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Abstract

The NOMAD experiment is a short baseline 1/, appearance search, using a

kinematic method to identify the decay of tau leptons produced in 1/7- + N ——>

7" +X interactions, above a background due to neutral— and charged—current

interactions of other neutrino species. A search for “three prong” tau decays

in the NOMAD data is developed, based on a fundamental analysis of the

kinematics of such decays, and the neutral current background.

It is found that the traditional “transverse plane” description of candidate

tau decay events, when employed together with the isolation method more

recently developed, introduces a pronounced and complicated correlation be—

tween the descriptive kinematic variables. Beginning with the isolation cut,

a consistent set of kinematic variables is developed, describing candidate tau

decays in a more transparent manner. After taking into account a kinematic

effect of the invariant mass of the tau decay product, it is found that the

most important kinematic features may be described by just three variables.

Variables sensitive to the “internal structure” of tau lepton production

and decay are also studied. It is found that only the invariant mass variables

contribute significant discrimination power.

After implementing additional measures to reject charged—current events,

a search for three—prong tau decays is carried out for the 1995—96 data, based

on simple cuts in the kinematic variables. It is found that at present, a back—

ground process—most probably a charged-current background—contributes

surviving events at a higher level than predicted by the Monte Carlo simu-

lation. After correcting for this background we find no evidence for 1/“ —+ 1/7-

oscillations, setting a limit in the mixing parameter

sin2 26 < 0.020

for large mass—squared—differences, at 90% confidence, based on the three-

prong tau decays alone. The present sensitivity of the analysis to the mixing

parameter is found to be 0032.

An independent body of work on particle identification techniques is also

described, and its potential application is discussed.
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Preface

This thesis is a report of work carried out for the degree of Doctor of Phi—

losophy at the University of Sydney. It describes the NOMAD experiment

and the neutrino oscillation search carried out there, in particular presenting

techniques for observing three-prong tau decays in the NOMAD data, as a

signal of tau appearance. A search for such decays in the 1995-96 data is

performed, and both the results and their implications for the work presented

here are discussed. Independent studies of particle identification techniques

for the NOMAD experiment are also presented.

The first chapter describes our developing understanding of neutrinos,

neutrino mass and mixing, and the phenomenon of neutrino oscillations.

The motivation for the present neutrino oscillation search, and the present

evidence for oscillations due to other experiments, are also discussed. The

NOMAD experiment is then described in chapter 2, paying attention both to

the strategy of the neutrino oscillation search and the design of the detector.

The principles of the three-prong decay analysis are then developed in

chapters 3 and 4. Chapter 3 presents an analysis of three—prong tau decays, as

distinguished from neutral current interactions, in the approximation where

particle masses and the invariant masses of systems of particles are ignored.

This analysis is then extended in chapter 4 where the “structure” of tau

production and the 7'" —> 1/77r‘7r+7r' decay are taken into account.

Techniques for discriminating between particle species, based on infor-

mation from the NOMAD Transition Radiation Detector (TRD), are then

discussed in chapter 5. The standard algorithm for electron/pion discrimina—

tion is presented, and its application to the rejection of electrons in hadronic

decay and other analyses is discussed (section 5.2). Tools for discrimination

between other particle species, based on ionisation energy deposited in the

TRD straw tubes, are then developed, and their performance and prospects

for their use are assessed (section 5.3).

Returning to the tau decay search (chapter 6), the reconstruction of

the total event momentum, quality cuts on the data, and other technical

details are discussed in sections 6.2 through 6.4. The background due to

charged—current events, and techniques to suppress it, are then discussed in

sections 6.5 through 6.7.

The search for three—prong tau decays itself is presented in chapter 7,

where its results are also discussed. A summary of the findings of this analysis

is then given in chapter 8.
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Chapter 1

Neutrinos and neutrino

oscillation

1 .1 Introduction

Experimental results on neutrinos are of very wide interest. Their importance

is due in part to our imperfect understanding of neutrinos—questions which

have long been answered for quarks remain unresolved for neutrinos—so that

even rather basic information can make a significant contribution to the state

of our knowledge. Neutrinos are also intrinsically interesting because they

hold the privileged position of participating in the weak interaction alone

among the fundamental processes.

This present work describes a search for neutrino oscillation, the trans-

formation of one neutrino species into another as it propagates, analagous to

the well—known phenomenon of mixing in the quark sector. The observation

of neutrino oscillation is one of the principal goals of contemporary neutrino

research as (inter alia} it would establish that at least one of the species of

neutrino is massive. Such a result, although widely anticipated, would be the

first definite signature of physics beyond the present Standard Model and,

depending on the neutrino mass involved, could have cosmological implica—

tions.

A very light, neutral particle with a small cross—section for interactions

was originally proposed in order to explain the spectrum of electrons in beta

decay. The neutrino was thus introduced in entirely negative terms, and

without any clear hope that it might be observed in its own right. Nonethe-

less, the successful theory of weak interactions was built on this foundation

and neutrinos themselves were eventually observed in 1953. This early work

and the basic properties of the neutrino are reviewed in section 1.2, while the
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place of neutrinos in the now—Standard Model of the fundamental particles

and interactions is briefly described in section 1.3, where a framework for un-

derstanding neutrino mass is also presented. The long—standing discrepancy

in the observed neutrino flux from the sun, the so-called solar neutrino prob-

lem, is discussed in section 1.4.1, together with the concept of neutrino oscil-

lations which provides the most appealing way to explain the phenomenon

(section 1.4.2).

The interpretation of other experiments searching for neutrino oscillation

is discussed in section 1.4.3. The experimental and cosmological motiva-

tion of the current round of accelerator—based V” —> VT appearance searches

is then briefly reviewed (section 1.4.4) and the implications of the recent

strong claim to have observed oscillation through the disappearance of “at—

mospheric” (cosmic—ray induced) V“ are discussed (sections 1.4.5 and 1.4.6).

The West Area Neutrino Facility at CERN and the NOMAD experiment,

where the present study was conducted, are described in some detail in chap—

ter 2. The method of analysis and results are then discussed in the third and

following chapters.

1.2 The neutrino as a light, weakly interact—

ing particle

The particle later known as the neutrino was first proposed by Wolfgang

Pauli in 1930 to explain the continuous fl decay spectrum (Pauli, 1934):

decays of the form

A —+ A’ + e‘ + u

provided for a range of electron energies, rather than the unique energy which

would be required by energy and momentum conservation if the reaction

had the form A —+ A’ + 6‘. This hypothesis, together with ideas from the

then newly—developed quantum electrodynamics, was used by Fermi (1934)

to construct a theory of ,3 decay by a new weak (nuclear) interaction. Even at

this early stage the key properties of the hypothetical neutrino were already

established:

1. it was known to be light (ml, é me) from the shape of the fl decay

spectrum;

2. it was known to be weakly interacting in the colloquial sense, i.e. pos-

sessing a small cross—section for interactions with matter, from the lack

of direct observation.



1.2 The neutrino as a light, weakly interacting particle 3

This second property was soon underlined when Bethe and Peierls (1934)

used the Fermi theory, and observed rates of nuclear fl decay, to make a

quantitative estimate of the cross—section for the inverse process

u+A’——>e=F+A

and found a < 10‘44 cm2, yielding a mean free path of g 1019 metres in

matter.

Despite the embarrassment of there being “no practically possible way

of observing the neutrino” (so Bethe and Peierls) the Fermi theory enjoyed

continued experimental success, including in particular the discovery of the

K-capture process in gallium

67Ga+e'———>67Zn+u+7

by Alvarez (1938), exactly the type of inverse process which occurs naturally

in the Fermi theory but would by no means follow from other explanations of

the beta decay process (energy/momentum non—conservation at the event—by-

event level, and the like). After 23 years the neutrino itself (strictly speaking,

the antineutrino) was observed by Reines and Cowan (1953) through the

interaction
U + p —> e+ + n

in the unprecedented antineutrino flux made available by nuclear reactors,

first at Hanford, and later at Savannah River (Cowan et al., 1956; Reines

and Cowan, 1956).

By this stage the nuclear capture of the ,u‘ (at this point known alterna—

tively as the “p meson” or the “mesotron”) had already been interpreted as

a weak interaction process

u' + p —> z/ + n

(Pontecorvo, 1947; Lee et al., 1949) with the same coupling constant as that

in beta decay. Together with the continuous spectrum of electrons produced

in the decay of the if (Hincks and Pontecorvo, 1949; Leighton et al., 1949),

interpreted as due to final state neutrinos

,u‘ —-> 6—1/1/

(Lee et al., 1949) the most basic feature of the modern understanding of

leptons—that a universal weak interaction couples the charged leptons cf, p;

and the much—later discovered 7'; to the neutrinos—had been put in place.

While neutrino interactions are now routinely observed in large num—

bers, using tertiary beams of neutrinos produced at particle accelerators,

all attempts to date at direct measurement of a neutrino mass have failed.

Experiments instead have set rather stringent upper limits:
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o A sustained effort at measurement of the electron neutrino mass by

fitting the tritium beta decay spectrum near its endpoint has proved to

be limited by systematic errors not presently understood, including the

two recent careful analyses of Stoeffl and Decman (1995) and Belesev

(1995). While this precludes setting a formal limit based on these

experiments, the Particle Data Group conclude that a mass my: >

10 ~ 15 eV would distort the spectrum in a manner not observed in

the data (Caso et al., 1998).

o Meson decays 7r+ —) “+11“ allow a measurement of the mass of the

“muon neutrino” (see the next section), with the best current result

setting an upper limit of my” < 0.17 MeV/c2 at 90% confidence (As—

samagan et al., 1996).

o The most recent measurements of the mass of the tau neutrino V1- in

three— and five—prong tau decays sets an upper limit my, < 18.2 MeV/c2

at 95% confidence (Barate et al., 1998).

The experiments described to this point all rely on the effect of neu-

trino mass on the kinematics of a particle decay, although the experimental

method varies from case to case. The observation of interactions from neu—

trinos produced in the recent supernova 1987A (Hirata et al., 1987; Bionta

et al., 1987) introduced neutrino mass measurement based on a completely

different effect: the joint measurement of the arrival times and energies of

the neutrinos allows for the detection of any relationship between energy and

apparent time—of-flight. Based on these data Loredo and Lamb (1989), using

a likelihood method and carefully taking into account effects due to neutron

star formation, neutrino mass and the acceptance of both the Kamiokande—II

and IMB detectors, set a conservative upper limit of 23 eV/c2 on the electron

neutrino mass.

So although the current limits on muon— and tau-neutrino mass allow for

electron—like masses, the electron neutrino has a mass several orders of mag-

nitude smaller, if its mass is indeed non-zero. The muon— and tau—neutrino

are similarly limited to masses orders of magnitude smaller than their cor-

responding charged leptons. This raises the question of whether neutrinos

have a mass at all, and on what grounds one might judge the probability of

neutrinos possessing mass, short of a direct measurement. Such questions,

and an understanding of the different types of neutrino which we have so

far introduced without discussion, requires that neutrinos be set within a

broader theoretical framework.
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1.3 Neutrinos and the Standard Model

As a unique probe into the weak interaction, neutrinos have played an impor—

tant role in establishing the Standard Model of the fundamental interactions

and particles. This role, together with the place of neutrinos in the Standard

Model and in possible extensions of that model, is reviewed in the following

sections.
The experimental results establishing the existence of different neutrino

species and their behaviour, leading to the idea of successive families or gen-

erations of fundamental particles, are discussed in section 1.3.1. The current

understanding of the weak interaction, based on the electroweak theory, is

then briefly reviewed in section 1.3.2. The existence of mixing between quark

eigenstates of the weak interaction, and the quark mass eigenstates, natu-

rally raises the question of whether mixing also occurs among the leptons.

This brings us once again to the question of neutrino mass: the theoreti—

cal apparatus for describing and understanding possible neutrino masses, in

extensions of the Standard Model, is discussed in section 1.3.3.

1.3.1 Key experimental results

Parity, and the 11,, as a separate or “sequential” neutrino

As noted in the previous section, the continuous electron energy spectrum

in muon decay had been firmly established in 1949: together with the non—

observation of other particles, or gamma rays in these decays (Hincks and

Pontecorvo, 1948; Sard and Althauss, 1948; Piccioni, 1948), this made the

interpretatidn that these decays possessed two neutrinos in the final state

if —> 6—1/1!

an increasingly natural one. The long muon lifetime also suggested that

the process was due to the weak interaction. Pontecorvo (1947) had earlier
suggested that the capture of muons on nuclei could also be understood by

analogy with the fl—decay process, and this idea was cast in quantitative and

wide—ranging terms by Lee, Rosenbluth, and Yang (1949) who noted that

the three processes of ,6 decay of nucleons, the fl-like decay of muons shown

above, and muon capture, which they interpreted as

u’+p—+n+va

could all be interpreted as Fermi-type interactions with coupling constants

within an order of magnitude of each other. Such a “universal” Fermi inter-

action would perhaps (they speculated) be mediated by a field with respect

to which all particles had the same “charge”.
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Since Fermi interaction in its original application to [3 decay coupled the

electron to the neutrino, the application to muon decay raised a question as

to the identity of the neutrinos produced in muon decay. Konopinski and

Mahmoud (1953) argued that both particles were alike, Le. that a neutrino

pair 1/1/ rather than a V7 combination was produced. Within a framework

where a universal Fermi interaction directly coupled combinations of four

fermions to each other, it was necessary to explain why many new processes

such as ,u' —> e'e+e' were not observed. These authors proposed that

only interactions where two particles (as opposed to a particle—antiparticle

combination) were annihilated and two particles produced, and the processes

related by crossing, were allowed: identifying the [1+ as the particle and ,u'

as the antiparticle then immediately allowed for p’ ——> e'z/z/ but not the

muon—decay—to—electrons or many other processes which were not observed

in nature. This argument is the antecedent of the modern idea of lepton

number conservation.

The identification of the particles in muon decay was made more difficult

by the confusion then—current concerning the Lorentz structure of the weak

interaction. This was subsequently determined to be an equal combination of

vector and axial vector couplings (Sudarshan and Marshak, 1958; Feynman

and Gell—Mann, 1958), with opposite signs (“V — A theory”) to account for

the non—conservation of parity (invariance under spatial inversion) in the

weak interaction, suggested by Lee and Yang (1957a) and established in the

fl decay of 6000 by Wu et a1. (1957). This allowed for the interpretation of

the neutrino as a massless particle of fixed helicity (Lee and Yang, 1957a;

Landau, 1957), determined to be negative or left-handed by Goldhaber et a1.

(1958). Experimental spectra then required that the neutrinos produced in

muon decay had opposite helicities

'11— ——> 6—1/Rl/L

(Nishijima, 1957) so that the interpretation opposite to the one given above,

namely that a neutrino and anti-neutrino were produced,

,u— ———> e'fiu

became the natural one.

The non-observation of processes such as [f —> e‘e+e‘ and ,u —) e + 7

was then most readily understood if the weak interaction coupled electrons

and muons to dificrcnt neutrinos, 1/6 and V” respectively, with lepton num-

bers for both electron— and muon—type particles being separately conserved.

Encouraged by the detection of U interactions—now interpreted as interac-

tions of the state Ue—Pontecorvo (1959) proposed that this idea be tested by
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producing a beam of 17# in 7r -—> n decay at an accelerator, and determining

if the reaction

U” + p ——> e+ + n

took place. An experiment according to principles suggested independently

by Schwartz (1960) was subsequently carried out at the Brookhaven AGS,

where electron—producing reactions were not observed but the reactions

'17p+p—),u++n

Vu+n—‘>H_+P

were seen (Danby et al., 1962). The modern understanding of different fam—

ilies or generations of particles, within which a charged lepton and its corre-

sponding neutrino are coupled by the weak interaction, was thereby estab—

lished.

The r lepton and the third generation of fermions

A similar scheme of generations of fundamental particles was subsequently

developed to describe the hadrons. Soon after the introduction of the mix—

ing angle 00 by Cabibbo (1963), describing the weak interactions of the

hadrons then—known, quarks were proposed as fundamental building-blocks

for the hadrons (Gell—Mann, 1964; Zweig, 1964a,b). At this stage three

quarks were envisaged, a doublet (subsequently the up and down quarks)

and a singlet (strange) to account for hadrons with “strangeness” S aé 0.

A fourth or charm quark was suggested as early as 1964 by Bjorken and

Glashow and was given strong phenomenological motivation by Glashow, Il—

iopoulos, and Maiani (1970) who showed that such a particle would cause

various higher—order weak processes which violated observed selection rules

(6.9. strangeness—changing neutral currents) to be suppressed. In the result—

ing scheme there were two generations each of leptons and quarks, with the

weak interaction coupling the particles within each doublet (up to the effects

of Cabibbo mixing, to be discussed further below).

Although a charmed state had not yet been observed, additional fifth and

sixth quarks were suggested when Kobayashi and Maskawa (1973) found that

at least three generations of quarks would be required if violation of the CP

symmetry, observed in the neutral kaon system, was to be accommodated

within the electroweak theory, then recently developed (see the next sec—

tion). As it happened, the third generation of fermions was first found for

the leptons with the discovery by Perl et a1. (1975, 1976) of the tau lepton,

through pair production 6+6— -—> 7+7“ at the SPEAR electron-positron col—

lider, followed by decays ri —> IF and Ti -) ed: with significant missing
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energy. Subsequent studies soon found that the decays of the tau involved

a final-state neutral of significantly smaller mass, and that a weak interac-

tion coupling of the V — A form, just as for (V5, 6) and (um ,u), was favoured

(Perl et a1., 1977). In other words the new tau lepton could consistently be

interpreted as a successor to the electron and muon, coupled by the weak

interaction to a neutrino VT, which was itself presumably to be distinguished

from the other neutrinos.

By contrast, although bound states of the fifth (beauty) quark were found

later in the same year, the third generation of quarks was not formally com—

pleted until 1995.

The number of “light” neutrino species

Thus the leptons, and in particular the neutrinos, played a key role in de—

termining the picture of successive generations of particles. They were also

to provide clear evidence that the sequence of generations does not continue

beyond the three described so far. With the development of electron-positron

colliders able to reach a CMS energy equal to the mass of the neutral weak

intermediate vector boson Z0, a copious and clean source of decays to fermion—

antifermion pairs

Z0 —> q?

——> 6-6

—> WW
——> T_T+

+

and in particular

——) V3

became available. One of the earliest results was a determination that the

number of light neutrino species was 2.8:1:0.6 (and < 3.9 at 95% confidence),

in a measurement of the Z0 width by the MARK—II collaboration (Abrams

- et a1., 1989). This measurement was subsequently confirmed and refined by

the four experiments at the Large Electron Positron collider (LEP), using

striking fits to the hadronic cross-section for e+e‘ centre—of—mass energies

close to the Z0 mass (figure 1.1).
More recent results use the “invisible width” I‘m 0f the ZO—Calculated by

subtracting the width due to Z0 decays to charged leptons and jets (quarks)

from the total width—and form its ratio with the partial width to massless

charged leptons F1 (very close to the width to electrons Fe). Since the Stan—

dard Model predicts the ratio of neutrino to charged lepton widths to high
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Figure 1.1: Cross-section for e+e‘ -—) hadrons near the Z0 mass in

the ALEPH data at LEP, with the expectation for 2, 3 and 4 light

neutrino species superimposed. (ALEPH (1993); cf. Decamp et al.

(1992), figure 12.)

precision ((Fu/F1)5M = 1.991 :1: 0.001), the number of light neutrino species

may be determined from the double ratio

Finv/Fl

Nu = -—-—-— 1.1

(Pu/mm ( l

= 2.993 d: 0.011, (1.2)

fitting to all of the LEP data (Caso et al., 1998).

Here “light” means significantly below %mzo = 45.6 GeV so that rather

heavy neutrinos are also encompassed by the result. In any of these measure-

ments the assumption is that the invisible width of the Z0 is due entirely to

particles which have the Standard Model neutrino couplings to the Z0. They

thus carry out the double function of testing the Standard Model itself, in

that the number N, is consistent with being an integer, and (if this first test

succeeds!) counting the number of species with standard neutrino couplings.
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1.3.2 Neutrinos as members of weak isospin doublets

In the preceding sections we have reviewed the role of neutrinos in establish—

ing the now—Standard Model of the fundamental particles and their interac—

tions. We now turn to a brief description of the Standard Model itself, as it

applies to the neutrinos.

The electroweak theory

The weak interaction as originally introduced by Fermi was built on an anal—

ogy with quantum electrodynamics. The electroweak theory at the heart of

the Standard Model completes this analogy by describing the electromagnetic

and weak interactions as manifestations of a single underlying interaction.

The lepton states of this model are

(26h (117% (Ugh (1.3)
6R [JR TR

where the subscripts indicate left— and right—handed states of the chirality

operator 75. The left-handed states in each doublet are coupled by the ex—

change of intermediate vector bosons Wit, while the right-handed singlets do

not engage in these charged-current interactions: this reflects the observed

V — A nature of the weak interaction, discussed above.

The possibility that the weak interaction was mediated by a field with

heavy quanta of this kind, along the lines of the theory of Yukawa (1935),

had been apparent from earliest times. The electromagnetic interaction is

described by a Lagrangian density

fl = -J'£e)($)A”($)
= —(-ie)¢e($)7u¢e($)A“($) (”0

where an electron current jff)($) interacts with the radiation field A“(:z:)

describing the photon. The weak interaction responsible for (say) beta decay,

by comparison, is described by the interaction of two currents

GF . .c = 73]“ (WWW)
—%M‘u —gm>¢.$n.(1—75)¢u (1.5)

(N)
(dropping the spatial dependence (3:) for clarity): a nucleon current j” (3:)

coupling the proton and neutron, and a lepton current j£1)(m) coupling the



1.3 Neutrinos and the Standard Model 11

electron and neutrino. In the heavy-intermediate—boson interpretation, each

current couples to a new field Wu(m) by analogy with the electromagnetic

case (1.4): its quanta are charged, Wi, accounting for the charge—changing

currents; they are also massive, accounting for the Fermi coupling constant

which is both dimensional, and small (GF 2 1.166 x 10'5 GeV—2). Lee and

Yang, who had much earlier canvassed the idea of heavy field quanta when

proposing the universal Fermi interaction (Lee, Rosenbluth, and Yang, 1949),

also noted that the nonlocal effects produced by a boson W:t propagating for

a finite distance—rather than supposing the four fermions to interact at a

point—might be observed in the muon decay process (Lee and Yang, 1957b).

The development of this basic idea into a workable theory proved surpris—

ingly difficult. The V — A character of the weak interaction was a crucial

element (Lee and Yang, 1957b), as was the assignment of unit spin to the

intermediate boson (Schwinger (1957) and Sudarshan and Marshak (1958),

contra Tanikawa (1957)). The theory of massless vector field quanta had

already been developed by Yang and Mills (1954) but the full theory of

spontaneous symmetry breaking, allowing the field quanta to acquire a mass

(without the cost of generating additional unknown massless bosons) was not

developed for another decade (Higgs, 1964b,a, 1966). It also turned out to

be difficult to explain the weak interactions then—known in isolation: based

on a study of symmetries Glashow (1961) proposed instead that there were

four related intermediate vector bosons, namely the photon 7 and the weak

intermediaries W+ and W‘, and an additional neutral weak intermediary,

the particle we call the Z0.

The now—accepted synthesis of electromagnetic and weak processes into

a single electroweak interaction, due to Weinberg (1967, 1971) and Salam

(1968), incorporates all of these features (note also the “speculation” of

Glashow et a1. (1970)). It posits underlying interactions coupling to weak

isospin, obeying the SU(2) symmetry group; and weak hypercharge, obey-

ing the U(1) symmetry group. Massless gauge bosons W+, W0 and W‘,

corresponding to the generators of the SU(2) group, couple the fermions to

each other according to their weak isospin T: the charged bosons Wi cou-

ple the left-handed leptons in the doublets (T = %) of (1.3) to each other,

while the neutral boson W0 couples each lepton to itself; the right—handed,

weak isospin singlet states 63, ,uR and TR, with T = 0, do not participate in

this interaction. The massless gauge boson B0, corresponding to the single

generator of the U(1) group, couples each of the particles, the right—handed

states included, to itself according to its weak hypercharge Y.
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The underlying symmetry

SU(2)L X U(l)y

is then spontaneously broken in such a way that a new, derivative U(1)

symmetry is still obeyed. The new boson corresponding to its generator is the

(massless) photon 7, and this group governs the electromagnetic interaction,

coupling to electric charge

Q = T3 + g, (1.6)

where T3 is the third component of weak isospin. The intermediate vector

bosons W:t acquire mass, as does a new boson Z0, a linear combination of

the isospin and hypercharge intermediaries

Z0 = cos BWW0 — sin OWBO;

the orthogonal linear combination yielding the photon

A = sin HWWO + cos «SlWB0

The observed neutral interactions of the theory, due to the massless 7 and the

massive Z0, thus “cut across” the underlying isospin/hypercharge structure.

A neutral current weak interaction, due to the Z0, is thus a straightfor—

ward prediction of this model. Strangeness-changing neutral currents were

known not to occur (or at least to be highly suppressed) amongst hadrons,

but general weak neutral current processes are experimentally difficult to

disentangle from the far more numerous electromagnetic interactions, which

also involve neutral currents. This difiiculty is not present, however, for inter—

actions of neutrinos (with charge Q = 0) and the prediction of weak neutral

currents was vindicated by the discovery of the processes

'17u+e‘——+7u+e— and

Vfl+N——>,u'+X

by the GARGAMELLE collaboration at CERN (Hasert et al., 1973b,a), later

confirmed by results at Fermilab (Benvenuti et al., 1974).
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The CKM matrix: mixing in the quark sector

The quark states of the Standard Model are

(ff/)1; (it (5)
UR CR in (1.7)

dB SR ()3

in a close analogy with the leptons, the key differences being the charge

assignments (Q = +§, —%) for the members of each doublet, rather than

(Q = 0, —1), and the additional right-handed singlets d3, 33 and bR. A very

important additional feature is the mixing of the weak eigenstates. Weak

interactions of hadrons with nonzero strangeness were long ago taken into

account by Cabibbo (1963), with the introduction of the mixing angle or

Cabibbo angle 60, which when cast in terms of quark states posits that the

weak interaction couples the up quark u, not to the down quark d, but to

the linear combination

d' = dcosélc+ssin90 (1.8)

including the strange quark s. This accounts for the relationship between

decays of the kaon, with quark content us, such as

K+ —> VII + ”+7

and decays of the pion, with quark content ad,

7r+ _—> VIJ- + ”+3

together with many other decay modes, in a consistent way. The generalisa—

tion to three generations of quarks leads to the mixing matrix

(1, Vud Vus Vub d

s’ = Vcd Vcs Vcb 3 (1-9)

5' th Vts Va» 5

called the CKM matrix after Cabibbo, and Kobayashi and Maskawa (1973)

who first noted that a third generation of quarks was needed to allow for

violation of the combined C'P symmetry within the electroweak model. To

a good approximation the up quark is coupled to the state shown at (1.8)
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above—mixing taking place between two generations only, with the single pa—

rameter sin 00 = 0.220i0.002—while full three—generation mixing has the My

determined by four parameters, which can be chosen as (for example) three

mixing angles and a complex phase, the latter being the as-yet—unconfirmed

source of the CP symmetry violation.

Mixing among the leptons?

The well—established mixing among quarks suggests that the same phenomenon

might also occur among the leptons. It is a matter of convention whether

mixing is ascribed to the isospin—up fermions (u,c,t quarks, or the neutri—

nos), or the isospin—down fermions (d,s,b quarks, or the charged leptons):

we will follow the near—universal convention of describing mixing in terms

of the isospin—down quarks, but in terms of the isospin—up particles—the

neutrinos—in the lepton sector.

Neutrino mixing would require at least one of the neutrino species to have

non—zero mass. This follows from a feature of mixing which we did not pre—

viously stress, namely that the weak eigenstates d’, s’ and 6’ defined at (1.9)

are superpositions of different mass eigenstates d,s and b. If these mass

eigenstates were degenerate, then we would be free to choose new eigenstates

by a unitary transformation, without observable consequences: in particu—

lar, we could choose the states (1’, s’ and b’. The generations would then be

completely decoupled, i.e. the quarks would not be mixed.

For neutrino mixing to take place, therefore, at least one of the species

must be non-degenerate in mass: (1 fortiori its mass must be non-zero. By

contrast, the Standard Model as described in this section assumes that neu-

trinos are massless. Indeed, the hypothesis that neutrino mass is vanishing

was important in the development of the model, since it implied the sim-

ple description of neutrinos by a fixed—helicity state, neutrinos being purely

left—handed (with both helicity and chirality -1), and anti-neutrinos purely

right—handed (helicity and chirality +1), the so-called “two-component the-

ory” of the neutrino. This allowed both the violation of parity conservation,

and the non—occurrence of various other processes, to be naturally under—

stood, and was the ground for the now-accepted V — A form of the weak

interaction (Lee and Yang, 1957a; Landau, 1957; Nishijima, 1957).

Together with the striking failure of attempts at direct measurement of

neutrino mass (section 1.2), and the very restrictive upper limits on neu—

trino mass set by those experiments, it has long been considered natural to

assign zero mass to neutrinos in the theory. Electroweak-singlet neutrinos

l/R, which we would otherwise expect by analogy with the quark states (1.7),

were therefore omitted from the table of lepton states (1.3), where we listed
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neutrinos only as part of the weak isospin doublets (V1, l)L. To assess whether

this is reasonable, we must first consider mechanisms which would lead to

neutrino masses in a “non—minimal” Standard Model, or in more ambitious

extensions to the Standard Model: these are the subject of the following

section.

1.3.3 Neutrino mass

The two—component or Weyl neutrinos described up to this point are massless

by construction: the relevant mass terms are missing from the electroweak

Lagrangian, and right—handed neutrino states are absent from the Standard

Model by fiat. As neutral particles, however, neutrinos could be given mass

in a surprising number of ways, of which we will consider only the most

important.

Dirac and Majorana masses

The most straightforward source of neutrino mass would be the existence of

Dirac mass terms by analogy with the other fermions. Given the presence

of terms

.CD = — (WMDVL + VZMDVR) (1.10)
mass

in the Lagrangian, neutrinos acquire a mass in the same manner as the other

states of the model. The fields 111, and [/3 contain creation and annihilation

operators for the weak eigenstate neutrinos: in the single-generation case, MD

is a number giving the Dirac neutrino mass; in the case of several generations,

where the 11L,R terms are vectors

Ve Ve

VL = V), , VR 2 Up a

”T L VT R

MD is a complex 3 x 3 matrix describing both mass and mixing, which we

diagonalise to find the appropriate mass eigenstates 11,- and their masses mi.

Since both left— and right-handed states are necessary for the generation of

mass in (1.10), and right—handed neutrinos are omitted from the lepton states

at (1.3), neutrinos have no Dirac mass in the minimal Standard Model.

There is however an additional mass—generation mechanism made possible

by the vanishing charge of the neutrino. Majorana (1937) proposed that the

neutrino was its own antiparticle: we would write

VM = CVMC_1

d_efc
VM (1.11)
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where C is the charge—conjugation operator and we use the superscript C' to

denote a charge—conjugate state. Writing Lagrangian contributions in terms

of chiral states as in (1.10) it is possible to add Majorana mass terms

. 1 __

= —§ (VEMLVL + ELMLVE) (1.12)

for such a neutrino, Where ML is the Majorana mass in the single-generation

case, and a mass/mixing matrix as above in the case of several generations.

We write the mass as ML since we have not had to introduce any additional

right—handed states in order to construct the mass terms (1.12), the conjugate

1/? being in fact the right-handed anti—neutrino of the minimal Standard

Model. If we posit an additional right-handed neutrino state 1/3 then further

terms 1

E (VgMRl/R + FRMRVg)

may be added, with the left- and right—handed Majorana masses different in

the general case, ML 75 MR.

A Majorana neutrino thus introduces neutrino mass very economically

into the theory, since no new states are required: by setting the neutrino

to be its own antiparticle, however, we have immediately discarded lepton

number conservation as an exact property; if we write the neutrino in terms

of physical rather than chiral states, then

VM =VL+VS, (1-13)

where the two terms have lepton numbers +1 and —1 respectively. Amongst

other effects, this allows for the rare second-order weak process of double beta

decay to proceed through a neutrinoless channel

ZA —+ (“M + 2e" (1.14)

in addition to the conventional channel

ZA ——> (2+2)A+2e‘ +273. (1.15)

In (1.14) we may consider the antineutrino from the first of the two beta-

decay processes to couple as a neutrino to one of the remaining neutrons,

inducing the second beta decay. Such a process would add a characteris-

tic line signature to the continuous energy spectrum of the two electrons

in (1.15), and has been the subject of many experimental searches. The

interpretation of Majorana masses (or mass limits) in such experiments is

not straightforward as in the general case more than one mass eigenstate
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contributes to the process (1.14), and cancellations occur among the masses
due to the complex phases of mixing terms. With this caveat in mind, ex—

periments to date set limits on neutrinoless double beta decay rather than
making definite observations of the process: the limit has recently been im-

proved by the Heidelberg-Moscow experiment, requiring an “effective mass”

of 0.2eV or below at 90% confidence (Baudis et al., 1999).

The place of massive or massless neutrinos in the theory

Given that neutrinos belong only to left—handed doublets of the electroweak
model, and that lepton number is conserved, neutrino mass finds no place in

the theory. Together with the role of vanishing neutrino mass in establishing
our understanding of the weak interaction (discussed above) and the failure
to measure neutrino masses, this has made the assignment m,, = 0 appear the
most natural one. A contributing factor has been the fact that if neutrinos

were to have mass, the masses involved would be on a much smaller scale

than those of the other fermions: the two assertions

0 <m,,e <<me,

taken together, appear unmotivated.

Over time this understanding has changed, in part due to the consid-
eration of effects beyond the Standard Model. Since the Standard Model

cannot be extrapolated to indefinitely high energies—certainly not as high

as the Planck mass—it has become increasingly natural to interpret it as an

effective field theory, valid for energies sufficiently below some scale charac—

terising “new physics”. In a theory describing such new processes, if higher—

dimension, non-renormalizable operators occur, then the left-handed neutri—

nos of the Standard Model in general acquire Majorana masses

 m av?” (1 16)u MX -

where a is dimensionless, va g 250 GeV is the scale at which the elec—

troweak symmetry is broken, and MX is the scale of new physics (Shrock,

1994, 1996). In the case MX > va neutrino masses are not only generated
in a natural way, but are automatically small compared to the other mass

terms in the electroweak theory.

If the smallness of supposed neutrino masses can be understood, however,

there is still the impediment of lepton number conservation, which even if

interpreted as an approximate rather than a fundamental feature—so that

Majorana neutrinos (1.13) may occur—is known to hold to very high accu—
racy. Here too it turns out that a very small, but nonvanishing violation
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of lepton number conservation may occur as a matter of course. Lee and

Shrock (1977) have shown that in arbitrary SU(2) x U(1) gauge theories,

with states similar to those at (1.3) and (1.7), there is a natural suppression

of lepton—number violating effects, so that lepton number conservation holds

as a good, but approximate symmetry.

The see-saw mechanism

In the case where we suppose that electroweak singlet neutrinos l/R are to be

added to the states at (1.3), there is a further mechanism by which very small

neutrino masses can be generated.1 Allowing for both Dirac and Majorana

mass terms in the Lagrangian, we may write for the general case

mass
LD-M = —% (70sz +sz/C) (1.17)

where we have combined the left-handed states into a vector

def 1/1/ = (1%) (1.18)

so that the mass operator is a matrix

_ Ah Nb .M _ (MD MR), (1.19)

cf. the expressions (1.10) and (1.12) for Dirac and Majorana mass terms. If

we also allow for several generations at (1.18) then the mass terms ML, MR

and MD generalise to N X N matrices as in the preceding cases.

Considering one generation only, in the limit

MR>>MD,ML (1.20)

 

lDespite first appearances there is no restriction on right—handed states due to the

SLC/LEP bound on the number of light neutrino species (1.2). Right-handed neutrino

states, by analogy with the right-handed charged—lepton states 83,113,171, would be weak

isospin singlets (T = 0), so that they would not couple to the bosons W3t or W0. The

physical ZO boson does however couple to the [3 due to the weak hypercharge of these

states, and it might be supposed that it would couple to V3 in a similar manner. In fact,

due to the construction of electric charge at (1.6), the weak hypercharge of hypothetical

right-handed neutrinos is constrained to be

Y=2Q—T3

:0

so that these states do not couple to the hypercharge intermediary B0, and hence have no

(standard) electroweak interactions at all.
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the matrix (1.19) diagonalises to yield mass eigenvalues

m Mt+iM£
m1 _ MR , m2 E MB (1.21)

describing essentially decoupled states, one of small mass M12) /MR (if we

set ML = 0) and another close to the large mass MR. In extensions of

the Standard Model which involve a much larger symmetry group, sponta—

neously broken to give 5'U(3) of colour and the electroweak SU(2)L X U( l)y

groups—such as the left—right symmetric model, Pati—Salam SU(4)0, 50(10)

and the like—this mass typically corresponds to the scale at which the higher

symmetry is broken. In this case the limit (1.20) is satisfied as a matter of

course, and the smaller eigenvalue m1 is driven to a very low mass, much

smaller than the other fermion masses, by the large mass MR—the see-saw

mechanism.

Other limits give other mass spectra—if MD > MR, ML, for example, the

eigenstates are conventional VL, and corresponding sterile species Vs nearly

degenerate with 1/1; in mass—and mixing effects between generations can

produce additional complex effects which we will not consider.

Summary

There are thus a number of ways to account for neutrino masses, if right—

handed states are allowed or the “law” conserving lepton number is relaxed.

Nothing is thereby lost from the Standard Model picture described in the

previous section: while historically the V — A coupling and other features of

the electroweak theory were established (at least in part) by the massless—

neutrino hypothesis, they may stand without it. Furthermore, as noted

above, it is possible to understand the extremely small masses of the neutri—

nos (supposing them to be non-zero) without recourse to conspiracy between

terms in equations, couplings set to small values by decree, or other unmoti—

vated postulates.

In this case neutrino mixing, discussed at the end of section 1.3.2, becomes

a general expectation. It is somewhat artificial to argue in this way, however,

since the longstanding indirect evidence for neutrino mixing—manifested as

neutrino oscillation—has been instrumental in rehabilitating the idea of neu—

trino mass. For the remainder of this chapter, then, we consider the present

evidence for neutrino oscillation, and the motivation for the present search

and other studies of the phenomenon.
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1.4 Neutrino oscillations

There are a number of observational and experimental results which are most

naturally understood if the different neutrino species are mixed: if the weak

eigenstates are linear combinations of the (different) mass states. The long—

standing solar neutrino problem, the most important of these phenomena,

is described in section 1.4.1; its potential resolution if neutrinos mix, result—

ing in neutrino oscillation, is then discussed in section 1.4.2. The principles

and sensitivity of other neutrino oscillation experiments are then briefly de—

scribed in section 1.4.3, and the motivation for the CHORUS and NOMAD

experiments is presented in section 1.4.4. The recent claims to have observed

neutrino oscillation, and their implications for the present study, are then

discussed in sections 1.4.5 and 1.4.6.

1.4.1 The solar neutrino problem

Observation of the solar neutrino flux

In section 1.2 we noted that the existence of the neutrino was finally con—

firmed using the large antineutrino flux from nuclear (fission) reactors: the

dominant source of neutrinos in the vicinity of the earth is the nuclear fusion

process taking place near the centre of the sun, with net effect

4p + 26— —> 4He + 2% + (26.73 MeV — EV). (1.22)

From 1970 onwards Davis and collaborators endeavoured to measure this

neutrino flux in an heroic radiochemical experiment at the Homestake gold

mine in South Dakota, based on the inverse beta. decay process

116 + 3701 ——) 37Ar + e' (1.23)

in a target of 615 tonnes of liquid C2C14. The 37Ar atoms produced in

these reactions (% 0.5 per day) were extracted by purging the system with

helium gas, and then counted by observing their slow radioactive decay due

to electron capture, in a. proportional counter. The rate of reactions (1.23)

observed over three decades has been consistently less than half that expected

from solar models (Cleveland et 31., 1998).

These models of the sun and the fusion reactions taking place at its core

have been continuously refined, taking into account measurement and mod—

elling of nuclear reaction rates, measurement of element abundances in the

sun, and, more recently, the effects of “heavy” element diffusion. Helioseis—

mological measurements of the speed of sound in the sun as a. function of
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Figure 1.2: The solar neutrino spectrum predicted by the standard

solar model. Solid lines show the spectra for the pp chain, and
the dashed lines the spectrum for the CNO chain; see the text.

The detection thresholds for the gallium and chlorine experiments,

and the Kamiokande detector are also shown: note their positions

relative to the spectra, in particular the 8B spectrum and the second

7Be line. (Figure due to J.N. Bahcall, taken from Caso et 31., 1998).

radius have also recently supplied strong constraints on the temperature and

relative element-abundance profiles of solar models: Bahcall et a1. (1997) find
that the best solar models agree with these constraints to within 2 parts in a

thousand. With the possible exception of some of the nuclear reaction rates

under solar conditions, the key processes are believed to be well—understood.

The neutrino spectrum expected from the so—called Standard Solar Model

(SSM) 0f Bahcall and Pinsonneault (1995) is shown in figure 1.2. The neu-

trino flux is dominated by the “pp” neutrinos produced in the process

+ —)2H+e++1/e 1.24p p

at the base of the chain of fusion reactions. The rate of (1.24) largely deter-

mines the rate of the net reaction (1.22) so that the observed solar luminosity

strongly constrains the pp neutrino flux. Also showu are the monoenergetic
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neutrinos produced in electron capture on beryllium,

e" + 7Be ——} 7Li + 116 (1.25)

and the relatively rare pep process

p+e‘+p—->2H+ue (1.26)

which proceeds as an alternative channel to (1.24). The high-energy portion

of the spectrum is supplied by neutrinos from the decay

8B —> 8Be* + e- + Ve (1.27)

of boron produced in the rare reaction

p+7Be——>8B+'y (1.28)

occurring as an alternative to (1.25) about one time in a thousand. There is

also a very small flux due to the “hep” reaction

3He+p ———)4He+e+ +1/e (1.29)

Neutrino rates due to reactions in the competing CNO cycle, catalysed by

the nuclei of carbon etc., are also shown, dotted.

The reaction (1.23) on chlorine has a threshold of 0.814 MeV (see fig—

ure 1.2), so that the Homestake experiment is sensitive to

o the 8B neutrinos, contributing a small fraction of the solar neutrino

flux;

0 the monoenergetic pep neutrinos; and

o the second neutrino line from the electron capture (1.25),

the last of which turns out to be important in the following discussion. More

recent experiments detect solar neutrinos via the scattering

Ve+e_ ——>1/e+e_ (1.30)

in the Kamiokande and Super-Kamiokande water Cerenkov detectors. The

thresholds for these experiments are instrumentally determined and have

been continually reduced, but even the recent Super—Kamiokande threshold

of 6.5 MeV provides sensitivity to the boron neutrino flux alone. However the
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Experiment inverse B inverse ,6 8B flux
on 37C1 on 71Ga
(SNU) (SNU) (106cm"2s‘1)

SSM prediction 9.3ii32 137:r8 6.6(1.00tg;}§)
Homestake 2.56 :l: 0.16 d: 0.16 — —

GALLEX — 69.7 :I: 6.713;: —
SAGE — 7332i? —
Kamiokande — — 2.80 :l: 0.19 :l: 0.33

Super—Kamiokande — — 2.42 i 0.06t3;3,$ 
 

   
  

Table 1.1: Event rates for the five solar neutrino experiments, as

predicted by the SSM of Bahcall and Pinsonneault (1995), and as
observed: results are taken from Cleveland et a1. (1998) for Homes—

take, Hampel et a1. (1996) for GALLEX, Abdurashitov et al. (1994)
for SAGE, Fukuda et al. (1996) for Kamiokande and Fukuda et al.
(1998b) for Super-Kamiokande. One Solar Neutrino Unit (SNU) is
10‘36 captures per atom per second. (SSM prediction taken from
Caso et al., 1998, page 329.)

radiochemical experiments GALLEX and SAGE, utilising the inverse beta

process on gallium

l/e + 71Ga ——) 71Ge + e" (1.31)

with a threshold of 0.233 MeV, are sensitive to each of the neutrino sources,

in particular the pp neutrinos which dominate the flux.

Taking these differing sensitivities into account, the signal expected for
these experiments may be predicted from the Standard Solar Model: these

predictions are shown in table 1.1 for the SSM of Bahcall and Pinsonneault
(1995), and compared with the observations. In each case a significant deficit
is seen, with roughly half the expected rate observed for the gallium experi—

ments, 36% in Super-Kamiokande and a quarter of the expected rate observed

in the chlorine experiment. This discrepancy, its persistence over time and

presence over a range of experiments with differing techniques, is known as
the solar neutrino problem.

An astrophysical solution?

The hypothesis that the observed solar neutrino deficit is due to experimen-
tal errors, which was economical when only the Homestake experiment was

operating, is increasingly untenable. A deficit is seen across five experiments
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using three different techniques (four, if the completely different chemical

processes of GALLEX and SAGE are taken into account), with agreement

on the flux observed between the two gallium experiments, and (separately)

the two water—Cerenkov experiments. Furthermore, in addition to the tests of

atom extraction efficiencies etc. previously carried out, GALLEX and SAGE

have calibrated their detectors using bright artificial neutrino sources with

neutrino energies close to the two solar 7Be lines (Hampel et al., 1998; Ab-

durashitov et al., 1999). Both experiments find a response consistent with

that quoted for solar neutrinos, with statistical errors of z 10%.

This then suggests that the prediction for the solar neutrino flux may be

in error. A number of different solar models have been proposed, varying one

or other feature or making different assumptions concerning nuclear reaction

rates etc.. Of those listed in the review of Nakamura (1998) all predict fluxes

well above the data shown in table 1.1, with the exception of Dar and Shaviv

(1996) who predict a 8B flux consistent with that seen by the water Cerenkov

detectors (based on different reaction rates, equation of state etc. to Bahcall

and Pinsonneault (1995)). The predictions for the signal in the chlorine and

gallium experiments from this model, however, while lower than those of

Bahcall and Pinsonneault, are still inconsistent with the data.

We have already noted that the sensitivity of the gallium experiments to

the neutrinos from the principal reaction (1.24) allows the neutrino flux to

be constrained by the observed solar luminosity. The analysis by Hata and

Langacker (1997) furthermore finds that even if the relative fluxes of solar

neutrinos from the reactions (1.25) and (1.27) are allowed to vary freely, with-

out concern for realistic modelling, the fit to the combined data is extremely

poor, excluded at 99% confidence. This situation remains even if one of the

three types of experiment (chlorine, gallium or water-Cerenkov) is excluded,

or the solar luminosity constraint is omitted, with the fit to the remaining

data excluded at > 98% confidence in each case. This reflects the qualitative

problem that the observed deficit varies between the experiments in a man—

ner inconsistent with the neutrino flux originating with the reactions (1.24)

through (1.27): applying the 8B flux measurement of the water Cerenkov

detectors to the other experiments leads to a best-fit flux of 7Be neutrinos

which is significantly negative for the chlorine experiment, and even worse

for the gallium experiments if the solar luminosity is allowed to constrain the

pp neutrino flux.

Even if unlikely fits to the data or the exclusion of several experiments

are granted, we should note that the free variation of the 7Be with respect

to the 8B flux which seems to be required by the data is extremely difficult

to reconcile with the solar origin of the neutrino flux: 8B in the solar core is

produced from the 7B6 by the reaction shown at (1.28). By comparison, the
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consistency of the standard solar model with actual solar conditions may be

gauged from the helioseismological measurements, which agree at all radii to

better than 0.2%; the neglect of even the relatively subtle effect of heavy—

element diffusion, on the other hand, introduces disagreements as large as

1%, and 22 times larger in the mean than for the SSM (Bahcall et al., 1997).

For these reasons, even an astrophysical solution to the solar neutrino

problem seems increasingly difficult to support.

1.4.2 Solar neutrino oscillations

The concept of neutrino oscillations

By contrast with the difficulty of conventional explanations for the solar

neutrino problem, there are a number of elegant solutions based on neutrino

oscillations. Originally proposed in the form of 1/ (—> U oscillations by Pon-

tecorvo (1958), by analogy with the K0 — KO system, oscillations between

different neutrino species, 14 H V11, 1’ 75 i, follow generally from the neutrino

mixing canvassed in section 1.3.2 above. We set the weak eigenstates V1 to

be linear superpositions of mass eigenstates V",

In) = ZUzmlz/m) (1.32)

(c.f. equation (1.9) for quarks above) where U is a unitary 3 x 3 matrix,

assuming three neutrino species and the theory of section 1.3, including neu—

trino mass so that mixing is non-trivial. In this case a neutrino emitted as a

weak eigenstate 1/1 is transformed into a superposition of several weak eigen-

states (in general, all three) as it propagates. The “oscillation solutions” to

the solar neutrino problem propose that a fraction of the 116 formed in the

core of the sun are transformed into other species, to which the solar neutrino

detectors are relatively insensitive, en route to the earth.

Each of the mass eigenstates in (1.32) will, after a proper time 'rm, evolve

as

IVm(Tm)) = e'immfmlI/mw»
= e_i(Emt-PmL) ll/m (0))

where mm, pm and E'm are the mass, momentum and energy of the state, and

t, L its propagation time and distance in the laboratory. This yields

|Vm(L)) g e-i<m%/2Em)L|um(0)) (1.33)
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to an excellent approximation for highly relativistic neutrinos with Em >>

mm, as suggested by the upper limits on the mm.

A weak eigenstate thus evolves over a distance L to

|w(L)) a Z U,me—*<m?n/2Em>L1z/m)

: Z (Z Ulme-i(m?n/2Em)LU,";m> MI); (1.34)

l’ 'm

where expression (1.32) for the weak eigenstates has been inverted to ob—

tain the second form. That is, a weak eigenstate 1/; becomes in general a

superposition of all of the weak eigenstates 1/11. Assuming a superposition

sufficiently coherent that subtleties of wave packet analysis etc. may be ig—

nored, the probability for a neutrino formed as 1/1 to be measured as V]! after

propagating for a distance L is given by

P(Vz -> W; L) = I<VIIIVI(L))I2

Z Ulme—i(m3n/2Em)L U17,"

2

(1.35)
 

 

The name neutrino oscillations is based on the characteristic form of the

probability (1.35) as a function of L in the “two—flavour” approximation,

where only two weak eigenstates a and b, and two mass eigenstates l and j,

are significant. In this case the transition probability is given by

 

A 2.
P(Va —> Vb; L) = sin2 20ab sin2 < 47;”) (1.36)

in natural units, and

 

1.27 A ?. V2 L k

= sin2 20,“, sin2 ( mU/e ) ( / m)

E/GeV (1.37)

in conventional units. The parameter Gab fully describes the mixing matrix

in this approximation,

_ cos Bab sin Gab

U _ (— sin Bab cos Bab ’ (1'38)

and is known as the mixing angle. From (1.37) the maximum probability for

a transition 1/a ——> 111, is given by sin2 2001,, so that the mixing angle determines
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the strength or degree of mixing. The distance over which one period of the
sinusoidal variation of (1.37) occurs is known as the oscillation length

47rE

Amfj

2.48E/GeV= ———————— 1.
(Amfj/evz) (L/km) ( 39)

LOSC : 

The general case of “three—neutrino oscillations” is described by a mix—
ing matrix, the analogue of the CKM matrix, parametrised by three mix—

ing angles and an invariably neglected complex phase; and in addition, two

mass-squared differences Amfj, so that five parameters must in general be
considered. Experimental searches for neutrino oscillation typically interpret

and report results in terms of two-neutrino oscillations as the phenomenol—

ogy of (1.37) is straightforward; the general case, furthermore, reduces to the
two—neutrino case when all three mixing angles are small.

Vacuum oscillations

The vacuum oscillation solution to the solar neutrino problem is the ap-
plication of this theory to V6 from the solar core as they propagate to the

earth. Given an earth—sun distance of w 150 million kilometres, and a typical
neutrino energy of z 1 MeV, we see from (1.39) that the characteristic mass—
squared difference for such solutions will be of order 10‘11 eV2. From the large
suppression of the solar neutrino flux which must be explained, we see fur-

thermore that the characteristic mixing angles of such solutions will be large.
In a fit to all of the experiments Hata and Langacker (1997) find vacuum
oscillations to be consistent with the data, even in the two-neutrino approx—
imation, with three allowed regions in the range Am2 = (5 — 8) X 10‘11 eV2

and sin2 29 = 0.65 — 1.

Solutions of this kind are also known as “just—so” oscillations, because

energy—dependent suppression of the flux by a factor x 2 requires that the

oscillation length and the radius of the earth’s orbit be tuned to the level

of a few percent. Coincidences of this kind are widely felt to be artifical

and vacuum oscillation solutions have been disfavoured as a result. It should

nevertheless be stressed that such oscillations are presently consistent with

the full data set, and that where mixing between three neutrino states is

taken into account, constraints on individual parameters become less, rather

than more restrictive.
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Matter-enhanced oscillations

Much of the interest in neutrino oscillation solutions to the solar neutrino

problem is due to the alternative mechanism of matter-enhanced oscillations.

In this case, neutrino mixing does occur but the equations (1.33) and (1.37)

for neutrino oscillation are modified by an effect due to the medium through

which the neutrinos are propagating.

The potential due to interactions with electrons in the solar plasma is

significant, and electron neutrinos, which alone among the neutrino species

have charged— as well as neutral—current interactions with electrons, may

gain an effective mass as large as that of 12,, or some other (ordinarily) heav-

ier species. That is, the energy levels cross: however, the coupling intro—

duced between us and V“ (say) by neutrino mixing has the double effect of

forcing the two levels apart, and providing a continuous transition from a

high—density region, where the heavier state is essentially V6, to the lower-

density region, where this same state is essentially V”. Electron neutrinos

are thus transformed into another species, if their energy is sufficiently high

for the level-crossing to take place. The phenomenon is an example of the

well—known quantum—mechanical effect of anti-crossing, which occurs quite

generally in two—level systems where a perturbation is introduced (see for

example Cohen-Tannoudji et al., 1977, pages 405—411). The application to

neutrino oscillations in matter was first noted by Wolfenstein (1978) and

Mikheyev and Smirnov (1985, 1986), and is known as the MSW effect: it is

depicted in figure 1.3

The details of this process produce a complicated allowed region in the

parameter space (sin2 20, Am?) for a given experiment, shown schematically

in figure 1.4. Provided the resonant region is large compared to the oscillation

length 7rE/1.27Am2, the change in the energy of the levels as the neutrino

passes through the sun is too slow to perturb the states: V1 and V2 are

effectively stationary states of the full Hamiltonian and even a very weak

coupling (sin2 26 << 1) will efficiently transform Ve —> up; this “adiabatic”

MSW process is thus insensitive to mixing angle but rather fixes a narrow

region in Am2 (the upper branch in the figure). Where the resonant region

is comparable to or smaller than the oscillation length, the mass states V1

and V2 are no longer stationary states and the transition 11,. —) 11,, becomes

inefficient (as shown in figure 1.3). A strong vacuum coupling can offset

this effect so the solutions corresponding to this “non-adiabatic” process are

sensitive to sin2 20 as well as Am2 (the diagonal branch in figure 1.4). Finally,

if the coupling in vacuum is sufficiently strong (sin2 20 m 1) the transition

Ve —+ V“ takes place for a wide range of mass-squared differences Am2 (the

vertical branch of figure 1.4).
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Figure 1.3: Neutrino oscillations Us —-> 11,, through the MSW effect. In the hypo-
thetical case (a) where 1/6 and 11,, are massive (with masses m1 and m2) but not
coupled, the levels “cross” when the potential V due to interactions with matter

becomes sufficiently large, and 11e becomes the heavier species (m1 > m2). In the

case of coupling (b) the states V1 and V2 are forced apart in the crossing region,

where the mass composition of the Weak states also changes: below the crossing
region, 116 z V1, while above it, ye z V2, (m2 > 777.1). A sufficiently energetic V8

formed in the centre of the sun (1) is formed as the heavier state V2, and propa—
gates as 1/2 through the sun where the density p and hence the potential V falls

through the resonant region (2), and finally emerges from the sun as 11,, (3).
If the Us —> I!” oscillation length is comparable to or larger than the size of the
resonant region, there is a nonvanishing probability for the transition 112 —) V1 to

take place (shown dotted) so that the neutrino emerges from the sun as V3.



30 Chapter 1. Neutrinos and neutrino oscillation
 

 

adiabatic solution:
 

 

     
    

 

  

large

mixing

solution:

non-

adiaban'c

10 ' solutions

A
m
z

(e
VZ
)

   
 

sin 2 (26)

Figure 1.4: Typical allowed regions in the (sin2 20,Am2) plane for

the MSW interpretation of a solar neutrino experiment. See the

text.

As the gallium, chlorine and water—Cerenkov experiments sample different

parts of the solar neutrino energy spectrum, and this characteristic shape15 a

function of 7rE/1.27Am2, the sensitivity regions of the experiments are offset

from each other1n Amz. Requiring consistency between all experiments

therefore imposes rather strict constraints on the MSW interpretation of

the data. The analysis of Hata and Langacker (1997) however finds that

two regions are presently allowed by the full data set, even in the simplest

two—neutrino interpretation. both small— and large-mixing angle solutions

are possible, with Am2 ~ 10‘5 eV2 in each case. (See figure 1.5. Regions

excluded by an analysis of the E spectrum, to which the water—Cerenkov

detectors are sensitive, and also any additional matter-enhanced oscillation

effect for neutrinos observed at night, 216. passing through the earth’s core,

are also taken into account.)

In addition to its consistency with the data, this solution has what may

be considered the advantage of requiring no special tuning of the neutrino—

mixing and solar—system parameters.
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Figure 1.5: Allowed regions in the (sin2 20, Amz) plane for ye ——) V1 solar neutrino
oscillations by the MSW effect, assuming the SSM of Bahcall and Pinsonneault

(1995). Allowed regions are shown for the two gallium experiments (dashed),
the water Cerenkov experiments (solid line), and the Homestake experiment (dot-
dashed); the regions excluded by Kamiokande spectrum and day-night data are

dotted. The two shaded regions are allowed by the combined data at 95% confi-
dence. (From Hata and Langacker, 1997, figure 13.)
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1.4.3 Neutrino oscillation experiments

Apart from this important special case, experimental searches for neutrino

oscillations may be understood with reference to the expression for the two—

neutrino oscillation probability given above,

 ,
m2. 2

p0,, Vb;L)=sin2200bsin2(”
NA ,J/eV)(L/km))

(1.40)E/GeV

We suppose that a neutrino detector sits at a distance L from a source of

neutrinos l/a of energy E. In the case where the detector is sensitive to

interactions of the second species Vb, the experiment is known as an ap-

pearance search: a characteristic exclusion region in the parameter space

(sin2 29.11;, Amfj), assuming no evidence for oscillation is found, is shown by

the curve (a) in figure 1.6. Supposing that Ami-L/E >> 1 in the units shown

(the limit of “large” Amfj) the second term in equation 1.40 is extremely sen-

sitive to the exact propagation length and energy of the neutrinos, which are

in general imperfectly known. As far as the sensitivity of the experiment is

concerned, then, this term is replaced by its average value over an oscillation

“cycle” and the oscillation probability is just

1
P(Va —) 111,; L) = §Sin2 20,11, (1.41)

for large Amfj. A limit on the oscillation probability P < Pzim thus translates

straightforwardly into a limit on the mixing angle

Sin2 20a!) < 2PM” (1.42)

with no discrimination between nearby Amfj values. The “reach” of an

experiment in sin2 20a; is therefore directly related to the size of the sample

of neutrino interactions, and the suppression of backgrounds.

At large mixing angles sin2 200.1), on the other hand, the probability re—

duces to the second term of (1.40), with the limit for maximal mixing sin2 260.1) —>

1 being given by

Am2 V Plim

‘1' < l.27(L/km)/(E/GeV)' (1‘43)

In this case, while a large dataset and well-controlled backgrounds will im-

prove the limit (as x/fi), the experimental reach in Amgj is set in practice by

the characteristic L/E involved. An imprecise separation of experiments into

short baseline and long baseline neutrino oscillation searches is made based on
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Figure 1.6: Exclusion regions in the two—neutrino oscillation param—

eter space (sin2 20, AmZ) for appearance and disappearance experi-

ments. See the text. (From Groom, 1998)

L/E, with L/E of order 1km/GeV or less as a short baseline, and L/E >> 1

in the same units as a long baseline. We should note that the important

quantity is not the source—detector distance L, but rather L/E , so that an

accelerator—based search with L % 1km and E z 25 GeV (such as the NO—

MAD and CHORUS experiments) has a short baseline (L/E << lkm/GeV)

while a reactor-based experiment with the same physical baseline but much

lower energy E = 1 ~ 10 MeV has a “long” baseline (L/E >> 1km/GeV).

Experiments of this second type are more typically disappearance searches,

so-called because they are insensitive to the second neutrino species Vb. Ex—

periments using a nuclear reactor as a source of 175 and searching for oscilla—

tions is —) 7,, or D} are of this kind, as the respective interactions have too

low a CMS energy to produce a ,u or 7' lepton. While the limits in the cases
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of “large” [37713 and large mixing are given by equations (1.42) and (1.43)

as for the previous case, disappearance searches are qualitatively different

in that low oscillation probabilities P cannot in practice be ruled out: the

signal for oscillations is an observed number of interactions Nob, < No, where

N0 is the expected value; but the expected statistical fluctuations on N are

of order m so that the limiting Pym scales only as 1/x/IV0.

Where the expected neutrino flux is known, the expressions quoted above

apply, and the typical excluded region for an experiment is given by the

curve (b) in figure 1.6: the limit in the mixing angle is poor, as just discussed,

but the experiment is sensitive to small mass-squared—differences due to the

long baseline. The most sensitive limit of this kind at the time of writing is

quoted by Apollonio et al. (1998), searching for disappearance of '17,, from the

nuclear reactors at Chooz in the Ardennes, in France. They exclude Am;-

above 9 X 10—4 eV2 at 90% confidence.

A forthcoming paper by the same group improves this limit to 7 X 10‘4 6V2

and conducts an analysis of a second type, which does not rely on the knowl-

edge of the expected flux but compares the event rate at different baselines

L, in this case due to the two reactors at different distances from the detector

(AL 2 117 In; Apollonio et al., 1999). The typical exclusion region for an ex-

periment of this type is shown as the curve (c) in figure 1.6: there is a loss of

sensitivity at small Amfj, as the effective baseline is reduced (AL < L), and

at large Amfj as the analysis is insensitive to oscillations with Lose << Lmin,

where me is the smallest effective baseline in the experiment (cf. Apollonio

et al., 1999, figure 10).

In the categorisation of experiments defined in this section, the vac—

uum oscillation analysis of the solar neutrino experiments is a disappearance

search with a “known” expected signal (curve (b)) and exceptionally long

baseline (L/E = 1012 ~ 1013 km/GeV). If, as in the case of solar neutrinos,

evidence for oscillation is seen, the exclusion regions described in this section

must be replaced by allowed regions for the parameters sin2 20,11, and Amgj.

In the simplest case such a region is given by the area between two (displaced)

curves of the kind shown in figure 1.6: where the energy spectrum of events

and other details are also available, both the analysis and the allowed region

are more complex, and depend furthermore on the power of the statistical

technique used, as discussed (for example) by Feldman and Cousins (1998,

section V).
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1.4.4 The motivation for a short baseline VI, —) 1!,- ap-

pearance search

The present work describes a search for 14,043) —> VT oscillations in the NO-
MAD experiment, a short-baseline 1J7- appearance search (E z 24 GeV, L =

0.415 ~ 0.830 km so that L/E = 0.01 ~ 0.03 km/GeV; Altegoer et al.
(1998a)). Proposed in 1991, the experiment collected data from 1995 through
1998, concurrently with the CHORUS experiment (Eskut et al., 1997), pro-
posed the year earlier and operating with the same neutrino beam and (there-

fore) similar L and E. The motivation for these experiments was fourfold

(Astier et al., 1991a; Armenise et al., 1990):

1. the potential confirmation of the existence and behaviour of the u, by
observation of its charged—current interaction

VT+N—)T_+X;

2. testing for neutrino mass and mixing, of general interest due to the

place of neutrinos in the Standard Model (section 1.3), and increasingly
plausible given consistent MSW fits to the combined solar neutrino data

(section 1.4.2), in an experimentally accessible part of the parameter

space;

3. in particular, probing the Am2 > leV2 region, where the implied neu-

trino mass(es) m,- > leV are cosmologically interesting; and

4. addressing the controversy then—current surrounding the claim of a
signal for a heavy (17keV) neutrino contributing to certain fl decays
(Simpson, 1985; Simpson and Hime, 1989; Hime and Simpson, 1989),
with several papers supporting this claim appearing in the same year

as the experimental proposal (Hime and Jelley, 1991; Norman et al.,

1991; Sur et al., 1991; Zlimen et al., 1991).

The first of these motivations remains as an outstanding task for experimental
physics, at the time of writing; the last is no longer relevant, as the 17 keV
neutrino claims were discredited prior to the start of NOMAD datataking.

The parameter space for two-neutrino oscillations V” ——> V, excluded by

previous experiments is shown in figure 1.7. At large mass—squared difference

(Am2 > 2 X 102 6V2) the best limit was set by the Fermilab nuclear emulsion
experiment E531 (sin2 20 < 4 x 10—3; Ushida et al. (1986)); at large mixing

the best limit was set by the V” disappearance analysis of CDHS data for the

low-energy (E z lGeV) neutrino beam at the CERN Proton Synchrotron
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Figure 1.7: Exclusion regions in the (sin2 20, Amz) plane for 11,, —> 11.,

two—neutrino oscillations from previous experiments: note the best

previous limit due to E531 (Ushida et al., 1986), and the similar

limits due to CHARM II (Gruwé et al., 1993), CCFR (McFarland

et al., 1995), and the neutral- to charged-current ratio analysis of

the CHARM/CDHS data by Loverre (1988, 1996). The 11,, disap-

pearance analyses of CCFR (Stockdale et al., 1984), CDHS (Dydak

et al., 1984) and CHARM data (Bergsma et al., 1988) contribute to

the limit only in the low-Am2 region; see the text. The projected

sensitivity of the CHORUS experiment is shown: the sensitivity ul-

timately attained by the NOMAD experiment for its full dataset

(1995-1998) should be similar. (From Eskut et al., 1997, figure 1.)

(Am2 < 0.23 6V2). This second limit still represents the best state of our

knowledge for large mixing angles, and it is not foreseen that either NOMAD

or CHORUS will improve on this limit, while both experiments have already

published analyses improving on the E531 limit, based on a subset of their

data (Astier et al., 1999a; Eskut et al., 1998b,a). From this, and the pro-

jected sensitivity shown in figure 1.7, it is clear that the contribution of these

experiments (and any discovery potential) is in the large-Am2 region.
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Cosmological motivation

Apart from the general interest in the possibility of neutrino oscillations

I!” —> VT, mass—squared differences above 1eV2 would imply that neutrinos
are cosmologically important: this is the key motivation for an oscillation

search in this region of the parameter space.

In all of the foregoing discussion we have ignored, for obvious reasons, the
gravitational interactions of neutrinos. On a cosmological or even a galactic
scale, however, these interactions are potentially significant, because of the

large number density of “relic” neutrinos expected from the Big Bang: about

100 cm‘3 per species, with a 1.7K thermal distribution. If neutrinos are mass-

less, then the corresponding energy density is insignificant as a gravitational

source term; but even a small neutrino mass leads to a large gravitational
effect, with neutrinos contributing a fraction

_ Ea. mVa

9” _ 92hgev (1'44)

of the “critical” energy density required to close the universe. (Here Ea mud
is the sum of neutrino masses for a = e, ,u, ’T'; and he is the Hubble parameter

in units of 100 km.s‘1.Mpc_l.) By comparison, the critical density fraction

for baryons is limited by Big Bang Nucleosynthesis arguments and the ob-

served light element abundances to 93 < 0.024/h3 so that a total neutrino
mass of only 2.2 eV is sufficient for the gravitational effect of neutrinos to
exceed that of baryons on a large scale (Caso et al., 1998, sections 15, 16 and

18).
It has been known for some time that so—called dark matter—matter

without significant emission or absorption of radiation—is important for un-

derstanding the dynamics of galaxies, clusters, etc.. Studies of the rotation

curves of a large number of spiral galaxies (typical stellar speeds as a function

of radius from the galactic centre) show their mass distribution, especially for
smaller galaxies, to be dominated by a non—luminous component, extending

well beyond the optical radius of the galaxy (Persic et al., 1996); the im—

plied dark matter content is of order ten times the visible mass in a typical

case. The corresponding dark matter critical density fraction is Qdm % 0.05:

model—dependent studies of galaxy and gas motions in clusters (White and
Fabian, 1995), and galaxy motions on very large scales (Dekel, 1994), suggest
even higher density fractions, 0d", R: 0.2 and Qdm > 0.3 respectively.

Neutrinos contributing all or most of the dark matter would have masses
in the 10 eV region; in the case of a mass hierarchy this implies Amg2 z
102 6V2, in the range where the NOMAD and CHORUS experiments are
most sensitive. Both the NOMAD and CHORUS experimental proposals are
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cast in these terms (Astier et al., 1991a; Armenise et al., 1990), reflecting the

fact that neutrinos are the only non—baryonic dark matter candidates which

are actually known to exist.

A more sophisticated treatment of dark matter requires that the process

of galaxy formation from density perturbations etc. be modelled under dif—

ferent assumptions. For this purpose, contributors to the dark matter are

divided into two types: hot dark matter, which was relativistic during the

period of galaxy formation, and cold dark matter, which was not; massive

neutrinos, which would remain in the relativistic regime until temperatures

dropped to the electron-volt level, are the prototypical hot dark matter. This

area of cosmological study is in rapid flux, due to theoretical and modelling

developments, and in particular new observations by astrophysical satellites.

In recent years the fashion has shifted from models where all of the dark

matter is cold; to cold—hot dark matter models (Primack et al., 1995), where

an admixture of hot .dark matter (with, say, Ea mu“ m 5 eV) smooths out the

inhomogeneities caused by the cold dark matter, which would otherwise be

too large at early times; to, most recently, models with a significant cosmo-

logical constant, cold dark matter, and a possible hot dark matter admixture

(Primack and Gross, 1998).

The expected role of massive neutrinos in cosmology is not yet clear,

and while the very high masses originally considered (my g 10 eV) are no

longer favoured, so that neutrinos seem unlikely to dominate the dark matter,

neutrinos with significant masses (my g 1 eV) are under active consideration.

The information available from neutrino oscillation searches in the high-mass

region is therefore of continuing cosmological interest.

Sensitivity to Ve —) 1/, and three-neutrino oscillations

While the CHORUS experiment, with its dense nuclear emulsion target, is

unsuitable for tracking electrons, the NOMAD experiment was designed with

electron tracking in mind, in order to be sensitive to the 7" ——) VTUee" decay

(see the discussion in sections 2.3.4 and 2.4 of the next chapter). As a result

the detector is sensitive to charged current interactions 1/8 + N —> e" + X of

the 1/6 in the neutrino beam: it may also probe oscillations 1/” —> 1/8 through

the same interaction, although to do this a thorough understanding of the

expected neutrino spectra, especially for the V6, is required. The relevant

studies are still underway within the NOMAD collaboration.

Clearly, if oscillations 1/6 —) 11., take place, the experiment is also sensitive

to these, reinterpreting 7" appearance as a signal for 1/e —> 1/, rather than

11,, ——> 1/,- oscillation. At the time of the NOMAD proposal, 1/6 ——) 1/,- oscilla—

tions were of particular interest due to the 17 keV neutrino claim, which was
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most naturally interpreted as a sign that the weak eigenstate Ve possessed

some admixture of the heaviest mass eigenstate V3, which presumably domi-

nated the 1A,. Accordingly the test of this claim, which we listed at (4) above,
was included as a motivation for the experiment in the NOMAD proposal

(Astier et al., 1991a). While this specific interest in Us -—> z/T' oscillations

has since evaporated, the present experimental limits are weak: the CCFR

collaboration find sin2 206., < 0.21 at large Am2 in a V6 disappearance search

(Naples et al., 1998), while the Us disappearance search at the Bugey reactor

sets a limit on Us ——) UT oscillations, which may reasonably be transferred to

the V6 —> V,- case, sin2 26 < 0.15 at large Am2 (Achkar et al., 1995, all limits

at 90% confidence). The analysis of the NOMAD data for this hypothesis,
when complete, is expected to be more than twice as sensitive in sin2 26c?-

At the simplest level, an observation or limit on 'r‘ appearance may be

reinterpreted as an V8 —> V, oscillation signal by considering the V6 rather

than the V“ flux as the source of the 117-. More realistically, if 14, —> Mr oscilla-
tions are being considered we should perform an analysis of the general case
where mixing between all three neutrino species is considered. This is a much
more difficult task than a two—neutrino mixing analysis as the number of im-

portant model parameters is five, rather than two; a precise understanding of
the beam, in order to properly treat the (small) 14, component, is furthermore

required.

We noted in section 1.4.2 above that where all three mixing angles are
small, it turns out that the formulae for two—neutrino oscillations apply to
a good approximation, and this principle may be invoked to justify the use

of the two-neutrino model up to this point. Another case where this model

may be used as a guide is a hierarchy of neutrino masses 7713 >> m2 >> m1

so that two of the mass—squared differences are very close in value while the

third is much smaller, Am;2 % Amgl >> Amfz. In this case, the equation
for two—neutrino oscillation probability, (1.36) above, is replaced by

~ 2 - 2 AmgzP(z/,, —) 111,; L) : |2Ua3Ub3| sm (F) (1.45)

when an experiment is sensitive to the larger mass splitting Amg,2 % Amgl
but not the smaller splitting Ami? For T‘ appearance due principally to

l/u —-> VT oscillations, the reinterpretation of results due to (1.45) would be
modest, with limits being set on the product of matrix elements U,,3U¢3,

rather than on sin 20,”. Oscillations V5 —) V7- and V“ —) us however would be

governed by the mass splitting Amgz, rather than 13mg,1 and Am?2 as would
be expected from the two—neutrino oscillation formula. These additional
channels must therefore be treated with some care.
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1.4.5 Recent evidence for neutrino oscillation

Since the beginning of NOMAD data-taking two experiments have inter—

preted their results as evidence of neutrino oscillations. The first of these

was the somewhat unexpected positive result from the LSND experiment,

using as its neutrino source an 800 MeV proton beam incident on a water

target followed by a beam stop. The principal source of neutrinos is the

decay at rest of positive pions

7r+ —-> l/,, + [1+ (1.46)

followed by muon decay

)u'l' —)U,,+ue+e+ (1.47)

in which Us are not produced: the experiment is in the first instance a

7,, —> 76 appearance search. Despite the notorious initial confusion concern—

ing candidate events (Athanassopoulos et al., 1995; Hill, 1995), the LSND

collaboration have seen a persistent We signal above the expected background,

corresponding to a 7,, —> is oscillation probability of (0.31 :1: 0.12 :t 0.05)%

(Athanassopoulos et al., 1996). Significantly, they have also recently pub-

lished a u,, —> 14, analysis, with the 11,, produced by the minority of the

produced 1r+ which decay in flight, which finds a consistent oscillation prob—

ability, despite the rather different spectrum and background processes in

that channel (Athanassopoulos et al., 1998). The confidence intervals in the

(sin2 20, Am2) plane for both analyses are shown in figure 1.8. A search for

11,, —> Us oscillations in the NOMAD experiment, sensitive to some (but not

all) of the parameter space shown, is still in progress.

Less controversial was the recent claim by the Super-Kamiokande col—

laboration to have confirmed the neutrino oscillation interpretation of the

longstanding “atmospheric neutrino problem” (Fukuda et al., 1998a). Cos—

mic ray interactions in the upper atmosphere initiate hadronic showers in

which the pion decay sequence (1.46), (1.47) shown above, together with its

charge-conjugate, produces neutrinos with a ratio of (11,, + U“) to (Us + 79)

fluxes of approximately two. Some experiments sensitive to the interactions

of the different species have consistently seen a lower ratio: results are typi—

cally quoted in terms of the double ratio

def (V14 : Ve)data
R = —— 1.48

(V,, : Ve)MC ( )

taking into account detector acceptances and Monte Carlo simulations of

the cosmic ray airshower process, with values R = 0.72 :l: 0.19:8:8? seen at
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Figure 1.8: Confidence intervals in the (sin2 20, A7722) plane for the

LSND experiment 11,, —> 118 decay—in—flight analysis (solid line, 95%

confidence), and E, —) Fe decay—at-rest analysis (dotted line, 99%

confidence). (From Athanassopoulos et al., 1998, figure 33.)

Soudan 2 (Allison et al., 1997), and R = 0.601823: :t 0.05 for low—energy and

R = 0.57:3;3§ :l: 0.07 for high—energy events at Kamiokande (Fukuda et al.,

1994); a deficit is also seen in the IMB 3 detector (Becker—Szendy, 1992), and

found by Beier et a1. (1992) to correspond to R = 0.61 :l:0.11 :l:0.11 and R =

0.47 :l: 0.14 :l: 0.08 for the same energy—ranges used by the Kamiokande group.

Until recently, however, the statistical uncertainties on these ratios were much

larger, and a number of earlier experiments reported values consistent with

unity.

In the neutrino oscillation interpretation of this deficit, oscillations 11,, —)

11$ deplete the muon neutrinos en route to the detectors. As a further test

of this hypothesis, the experimental collaborations involved have considered

the rate of muons passing through their detectors, originating beneath the
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Figure 1.9: Confidence intervals in the (sin2 20, Amz) plane for the

V” —> VT two-neutrino oscillation interpretation of data from the

Super-Kamiokande experiment. The 90% confidence interval from

the Kamiokande experiment is also shown. (From Fukuda et al.,

1998a, figure 2.)

detectors and hence presumably due to interactions 11,1 + N —> p‘ + X of

atmospheric neutrinos. These neutrinos have travelled distances 2 104 km

from their production point in the upper atmosphere on the other side of

the earth, so that a significant depletion is expected for Low § 104 km. The

Super—Kamiokande collaboration have used the unprecedented size and large

counting—rate of their detector to combine these approaches, forming both the

double ratio (1.48) and a zenith—angle distribution for 1/3 and V“ interactions

in the detector. They find

R = 0.63 d: 0.03 :l: 0.05 (1.49)
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for the low—energy and

R = 0.65 :t 0.05 :l: 0.08 (1.50)

for the high-energy events, a strong zenith—angle asymmetry for the V“ + N —)

,u‘ + X interactions, but no significant asymmetry for the Us + N —) e' + X

interactions.

The corresponding confidence intervals in (sin2 20, Amz), interpreting these

results as a signal for V“ —> [/7- oscillations, are shown in figure 1.9. The alter—

native z/u ——) Ve interpretation is not favoured, as the expected zenith-angle

asymmetry in the 1/6 + N —> e‘ +X events is not seen; the relevant oscillation
parameters are in any case excluded by the results from the CHOOZ experi—
ment (Apollonio et al., 1998, 1999). The most straightforward interpretation
is therefore that the mixing between 11,, and 11.,- is near—maximal, with a mass—
squared—difference of order 10’3 eVZ, corresponding to an oscillation length

L036 % 2500 km for E, % 1GeV. Comparing this value with the baseline

of the West Area Neutrino Facility beamline (L < 1km for Eu % 30 GeV)
or considering the NOMAD and CHORUS sensitivity in (sin2 20, Am?) (fig-
ure 1.7), it is clear that the short baseline appearance searches would be

completely insensitive to oscillations of this kind.

1.4.6 The current experimental situation

We should however note that it appears impossible to reconcile all of the

present neutrino oscillation evidence with the mixing of only three neutrino

species. This may be seen by comparing the mass-squared—differences of the

different kinds of oscillation:

0 solar neutrino oscillations, the longest established, require Am2 = (5 —

8) x 10'11 eV2 (vacuum oscillations) or Am2 2 10‘5 eV2 (MSW effect)
for V8 disappearance;

o the LSND collaboration find Am2 > 10‘1 eV2 for oscillations 7,, —-> Be

and V” —> V8;

0 the Super—Kamiokande results require Am2 z 10‘3 eV2 for V” disap—

pearance.

These Am2 values are each of a different order of magnitude, so that for

three neutrinos, where the mass splittings obey the relation

Am§2 + Am;3 + Amg‘;1 = 0
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we cannot accomodate all three results. Some alternative explanations of

this situation are that one or more of the apparent results is in error; or that

a physical effect other than neutrino oscillations is responsible (say) for the

‘176 excess in LSND; or that neutrino oscillations occur, but involve more than

three species.

In the light of the result that only three light neutrinos couple to the

Z0, this suggests the existence of at least one species of sterile neutrino and

therefore the possibility of the active—to—sterile oscillation interpretation of

the Super—Kamiokande result, which is currently open. We should note that

the result of Fukuda et al. (1998a) may not be directly transferred to 11,, —> Vs

oscillations since there is a different matter effect in this case: both 11,, and 11.,

interact with matter as they pass through the earth While a sterile species l/s

does not. However an analysis of earlier Super—Kamiokande data taking this

into account finds a good fit in the large—mixing region (Foot, Volkas, and

Yasuda, 1998). Active-to—sterile oscillations also provide a possible solution

to the solar neutrino problem, both in the vacuum oscillations case, with the

same parameters as for the 1/5 —% 11,, interpretation; and for the MSW effect,

with allowed regions similar to those shown in figure 1.5, but with only the

small-angle solution allowed by all experiments (Hata and Langacker, 1997,

figure 14 and discussion).

There is an additional constraint on oscillations involving sterile neutrinos

due to the theory of Big Bang Nucleosynthesis, and the observed abundances

of D, 3He, 4He and 7Li in the universe (e.g. Caso et al., 1998, section 16).

The effective number of neutrino species is restricted to be N, < 4.0, and

rather stringent constraints on the properties of sterile species, and also on

the mixing angle and mass-squared difference for active-sterile oscillations,

follow from this bound. It has however been shown that these bounds do

not apply if there is a significant (> 10—5) asymmetry between neutrinos

and antineutrinos in the early universe: and, remarkably, that active-sterile

oscillations can generate just such an anomaly (Foot and Volkas, 1995, 1997;

Foot, Thomson, and Volkas, 1995).

The present situation is thus somewhat open. Once the possibility of

sterile neutrinos is admitted, it becomes unclear whether the solar or the

atmospheric neutrino problems are to be interpreted as due to active to ster-

ile oscillations—or whether both are due to such oscillations—without fur-

ther experimental tests. Accordingly, a number of new experiments designed

to discriminate between various neutrino oscillation scenarios are in con—

struction and development. As regards the existing short-baseline searches,

V“ —) VT oscillations within the sensitivity of NOMAD and CHORUS remain

an active possibility, so that the results of these experiments will help to

constrain any neutrino—mixing solution to the world’s neutrino data.
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The NOMAD experiment

2.1 Introduction

The CERN experiment WA—96, the “NOMAD” experiment, is a short—baseline

l/T appearance search. One of two such experiments which operated in the
CERN West Area from 1994 to 1998, its aim is to detect the appearance of

tau neutrinos produced by oscillations

uH—H/T

or
l/e —) VT,

through the charged current interaction

1!,» + N —-> 7'— + X

in the material of an active target.
The neutrino beam to the West Area is produced by the West Area Neu-

trino Facility (WANF), which is described in section 2.2. The beam is pre-
dominantly z/u, with a contamination of U,“ 116 and Fe, but negligible VT, so

that its principal purpose is to provide sensitivity to oscillations I!” -—> VT;

the median neutrino energy is well above the tau production threshold, so

that for tau neutrinos produced by oscillation, the charged current process

yielding the tau lepton is allowed.

The CHORUS and NOMAD experiments which share this beam rely on

complementary methods to detect the short—lived tau: the observation of a

short track followed by a decay kink in CHORUS (Eskut et al., 1997), and

the identification of tau-decay events based on their kinematic properties in

NOMAD. This kinematic method is presented in outline in section 2.3, where
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the various decay modes of the tau and the main experimental backgrounds

are also briefly discussed. The detector, which was designed with sensitivity

to the electronic decay
T_ —-> 117-1766—

in mind, is then described in some detail in section 2.4. Experimental trig-

gering, data acquisition and the event reconstruction code are presented in

outline in section 2.5.

This present work is concerned with the search for the so—called three-

prong decays
7" ——) 1/7-7T—7T+7r_ + n7ro(n Z 0),

which provide a rich set of kinematic variables, and quantities sensitive to

the structure of the decay product, as potential tools for analysis. These will

be discussed in detail in chapters 3 and 4 respectively.

2.2 The West Area Neutrino Facility

Neutrinos for the CHORUS and NOMAD experiments are produced in CERN’s

West Area Neutrino Facility (WANF), which first operated in 1976 and has

undergone occasional development, including substantial refurbishment in

1992—93 to suit the requirements of the present experiments (Acquistapace

et al., 1995). In its current form, a 450 GeV proton beam from the Super

Proton Synchrotron (SPS) interacts with a beryllium target, producing sec—

ondary particles which are focussed by a system of magnetic lenses, allowed

to decay—producing a tertiary beam of neutrinos—and then removed from

the beamline by extensive earth and iron shielding.

The elements of the beamline and its operation are discussed in more

detail in section 2.2.1, while the proton beam from the SPS which drives the

facility is briefly described in section 2.2.2. The resulting neutrino spectrum

is then discussed in section 2.2.3.

2.2.1 The elements of the WANF beamline

The beamline of the West Area Neutrino Facility is shown in schematic form

in figure 2.1. Protons of momentum 450 GeV are extracted from the SPS

onto the “T9” target station, consisting of 11 beryllium rods, each 3mm di—

ameter and 10 cm in length, aligned with the proton beam axis and separated

by 9 cm air gaps. Secondary particles produced in the p—Be interactions then

pass through a pair of coaxial toroidal magnetic lenses: the horn, so-called

because of the cone—shaped surface of its inner conductor, and the reflector.
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Figure 2.1: Schematic layout of the WANF beam line, with the
main elements shown (see the discussion in the text). Not to scale.
(Taken from Altegoer et al., 1998a, figure 3.)

The purpose of these lenses is to focus the positive secondary particles into

a parallel beam, while defocussing the negative secondaries: since the decays

of the positive (negative) particles yield neutrinos (anti-neutrinos), this ar—

rangement increases the flux of neutrinos in the experimental area, and at

the same time reduces the U/1/ ratio in the beam.

The hollow conical magnetic volume of the horn was designed so that

positive particles of a given momentum—in this case 50 GeV/c—emerging

at a range of angles from the target are focussed into a parallel beam. The

magnetic volume of the reflector was then designed to extend the focussing to

a broader range of momenta. Particles travelling parallel to and close to the

beam axis pass through the reflector undeflected; stiff high-momentum tracks

are bent further towards the beam axis, while low-momentum tracks, which

are over—focussed by the horn and would otherwise escape from the beamline,

are bent back towards the beam axis. The result is an approximately parallel

beam of positive particles across a range of momenta, as shown schematically

in figure 2.2.

A system of collimators suppresses particles which are outside the ac-

ceptance of the horn, as well as those which have been bent outside the
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Figure 2.2: The principle of the horn and reflector magnetic lens

system. Positive charged secondaries of momentum 50 GeV/c are

focussed into a parallel beam by the horn, while the reflector im-

proves the focussing of higher momentum tracks and corrects for

the over-focussing of low momentum tracks. Positive tracks only

are shown; not to scale. (Adapted from Acquistapace et a1. (1995),

figure [c9] by Boyd (1998).)

acceptance of the reflector. This ensures that neutrino—producing decays are

dominated by the focussed particles, further reducing the 3/11 ratio in the

beam. The focussed particles pass through two helium tubes along the beam

axis, of length 63m (between the horn and the reflector) and 18m (down—

stream of the reflector) to reduce particle absorption by the ambient gas.

The particles then pass into a 290 m vacuum tunnel, where they undergo

decays

1r+ —)I/“+/1r+ (2-1)

1/“ + [1+ 63.5%

K+ —+ 1/“ + ,u+ + 7r° 3.2% (2.2)

1/6 + e+ + 7r° 4.8%

{14‘ + p+ + 7r‘ 27.2%
K% —> (2.3)

1/6 + 6+ + W‘ 38.8%

and the appropriate charge—conjugates, producing the neutrino beam.

Undecayed particles are allowed to range out in the extended iron and

earth shielding (totals depths of 217 m and 144m respectively) the first stage

of which also serves as a beam dump for any beam protons which have not

interacted with the target (see the figure). A toroidal magnet is placed inside

the first stage of the shielding to focus any positive particles then—surviving

into the core of the subsequent iron and earth shield, and to bend surviving

negative particles away from the detectors.

Monitoring of the WANF beamline is provided by two beam current trans—
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formers (BCT) upstream of the target station, to measure the flux of incident

protons; secondary emission monitors (SEM) downstream of the target sta-

tion, to measure the rate of production of secondary particles; and a system

of silicon diode detectors (Heijne, 1983) to measure the accompanying muon

flux, and its spatial distribution, at three different depths in the iron shield

(the detectors are placed in “pits” at depths of 10.4 m, 30.9m and 51.1m

of iron respectively). These detectors are cross-calibrated using a. system of

moving reference detectors, and an absolute calibration is periodically carried

out using sheets of nuclear emulsion. The beam current transformers and sil-

icon detectors then provide independent measurements of the flux along the

beamline.

2.2.2 The SPS proton beam on the T9 target

During the operation of the WANF for CHORUS and NOMAD, the Super

Proton Synchrotron was run on a 14.45 cycle, in which the majority of the

protons in the machine were devoted to the Neutrino Facility. The early

part of the cycle—the one relevant to the WANF—is shown schematically in

figure 2.3.

The SPS was filled with protons in two injections from the Proton Syn-

chrotron, and the circulating protons then accelerated to the operating energy

of 450 GeV (figures 2.3(a) and (b) respectively). Protons were then extracted

onto the neutrino target T9 in two spills of § 6ms length separated by 2.6

seconds, the so-called flat-top, during which a proton energy of 450 GeV is

maintained by the accelerator. During the flat-top, protons were directed

to other targets continuously by slow extraction. Some of these targets feed

test—beams in the area upstream of the NOMAD, and muons from these

beams traversed the detector throughout this period.

Current to the horn and reflector was supplied in pulses co—ordinated with

the SPS extraction onto the T9 target (figure 23(0)). Also co—ordinated with

the SPS cycle were the main data—taking gates of the NOMAD experiment,

shown in figure 2.3(d). Two neutrino gates of 10 ms each, centred on the

two neutrino spills, defined the sensitive period of the NOMAD triggering

system for neutrino interactions. The 2 second muon gate during the flat—top

provided for triggering on throughgoing muons for subdetector calibration

purposes etc., as discussed in section 2.4 below where the various subdetectors

are described. Other data—taking gates were also defined as needed during

the remainder of the SPS cycle, which does not otherwise concern us here.

(The NOMAD trigger system is more fully described in section 2.5.1 below.)
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Figure 2.3: Schematic diagrams of the SPS cycle for the West Area Neutrino

Facility (not to scale). See the text.
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2.2.3 The expected neutrino spectrum at the NOMAD

A detailed GEANT—based simulation of the WANF beamline, prepared by

and for the NOMAD collaboration, has been used to calculate the expected
spectra of the various neutrino species at the detector (Ravndal et al., 1993);
these spectra are used as the first stage of the Monte Carlo event generation
process for the experiment. In addition to comparisons with the NOMAD
data we should note that measurements from the silicon detectors in the pits
in the iron shield provide an additional control on the simulation. The beam-

line simulation is undergoing continuous refinement, including incorporation

of the results of the dedicated CERN experiment NA-56 (SPY) measuring
the production rates of pions and kaons in proton collisions on a beryllium

target (Ambrosini et al., 1998a,b, 1999).

Secondary particle production in interactions in the target (and the sur—

rounding material) is simulated and the secondaries are then transported
through a detailed model of the beamline, allowed to decay as appropriate,

and the decay products themselves are then traced. If we consider muon
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Figure 2.4: Parent particles for 11,, passing through the NOMAD

fiducial volume, as a function of energy, from the NOMAD beamline

simulation (Godley, 1999).
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neutrinos passing through a fiducial area of 2.6 X 2.6 m2 at the NOMAD

position we find spectra of V“ due to the decay of 7r+,K+,K% and p+ as

shown in figure 2.4. As expected from the list of decays presented above

((2.1) through (2.3)) V“ are principally due to 7r+ and K+ decay, with 7r+

dominating the flux but K+ dominating in the high-neutrino—energy tail due

to the higher available energy in the kaon decay.

If we consider instead electron neutrinos, which are not produced in 71'

decays, the flux is much lower (only 1% of V“), but the average energy is

higher as the ye are produced in K+ and K2, decays. The predicted relative

fluxes of all four species 11min, 116,173 at the NOMAD are shown in table 2.1,

together with the average neutrino energies; the expected neutrino energy

spectra are shown in figure 2.5, where (e.g.) the high energy tail of the

V3 spectrum, due to K+ decays, and the absence of a significant low—Eu

component, are apparent.

+

 

 

Species (Eu(GeV)) Relative Number of

flux V/U CC
interactions

V, 23.6 1.00 1.15 x 106
17,, 22.7 0.07 0.39 X 105

vs 37.0 0.01 0.17 X 105

Us 33.2 3 X 10'3 0.22 X 104         
Table 2.1: Predicted relative abundances and average neutrino ener-

gies at the NOMAD for a 2.6 X 2.6 m2 fiducial area. The number of

charged-current (CC) interactions is normalised to 2.4 x 1019 protons

on target.

Also shown in figure 2.5 are the distributions of neutrino positions in the

plane transverse to the neutrino beam, where the effect of the focussing of

positive secondaries (section 2.2.1) may be clearly seen. The V“, principally

due to decays of well—focussed 71" and K+, are strongly concentrated in the

core of the beam, while the 7,” produced in the decay of defocussed 7r" and

K’, have a relatively flat radial distribution. Electron neutrinos form an

intermediate case as they are produced in the decays of focussed K+ and

un—focussed neutral Kg.

More relevant for the NOMAD experiment than the neutrino flux is the

expected rate of neutrino interactions in the detector: see the column of

table 2.1 where the numbers of charged current interactions for the different

species are shown (for a nominal two—year running period). The effect of the

linear increase of the V — N cross-section with energy is apparent (compare
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Figure 2.5: The predicted energy spectra and transverse position distributions of

the four neutrino species at the NOMAD. (Taken from Altegoer et al., 1998a,

figures 4 and 5.)
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the relative flux to the relative number of interactions for the energetic ye) as

is the lower interaction cross-section on nucleons for the antineutrinos. For

hypothetical 1/T produced in oscillations 1/“(1/6) —) VT, there is an additional

effect due to the tau mass, which introduces an energy-dependent suppression

of the interaction cross—section. The average suppression factor has been

estimated at

31 = 0.48 (2.4)
all

for analyses sensitive to deep—inelastic interactions VT + N —§ 7‘ + X in the

NOMAD, after weighting for the neutrino energy spectrum (Astier et 3.1.,

1999a). We should note that the choice of the 450 GeV energy for SP8

protons extracted onto the neutrino target—the maximum energy available—

was dictated by the need to produce muon neutrinos of as high an energy as

possible, in order to avoid too small a factor oT/au. Several changes to the

WANF beamline, such as adjustment of the horn and reflector positions etc.,

were motivated by this same need to harden the neutrino spectrum.

So far we have neglected the production of 1/7- and ET along the beamline,

which provides an irreducible background to the neutrino oscillation search.

The only significant mechanism for the production of the tau neutrinos, other

than the hypothetical Ugo/e) ——> 1/T oscillations, is the production of charmed

strange mesons in proton—nucleon interactions

1? + N —+ D; + X

followed by the decays

D; ——> V, + 7" (2.5)

and

T_ ——> VT + X' (2.6)

with the charge conjugate decay sequence beginning with the D: occurring

at a similar rate. Interactions of beam protons with both the beryllium target

and the iron beam dump must be considered. The rate of 1/7— charged current

(CC) interactions been estimated by Van de Vyver and Zucchelli (1997) for

the CHORUS location and fiducial volume at

VT CC
z 3.3 10—6

1/” CC — x
 



2.3 The strategy of the 'r search in the NOMAD experiment 55

using an empirical parametrisation of the D, production rate; Gonzalez-

Garcia and Gomez—Cadenas (1997) find an equivalent rate using calculations
based on the Quark Gluon String Model, and estimate the contamination at

the NOMAD to be

”7 CC “2* 4.5 — 4.9 x 10—6.
1/“ CC

This higher rate is due to the larger fiducial volume of the NOMAD, and the
fact that the prompt 11,, produced in the decays of unfocussed mesons, are

less concentrated in the core of the beam than the 1/“.
Such a rate corresponds to an expectation of less than one 1/7/37- charged—

current interaction over the whole NOMAD data-taking run. As the efficien—
cies of the various NOMAD tau decay analyses for tau decays are at the

percent level, the resulting background to the oscillation search is negligible.

 

2.3 The strategy of the 7" search in the NO-

MAD experiment

We now turn from the neutrino facility as a whole to the NOMAD exper-

iment, and the search for 1/7- appearance through the 117 + N ——> 7" + X

reaction. The technique of identifying tau decays via their kinematic sig-

nature, the approach chosen for the T search in the NOMAD experiment,

is outlined in section 2.3.1. The various decay modes of the tau are then

reviewed in section 2.3.2. After considering the experimental backgrounds
(section 2.3.3), the choice of decay modes for analysis is briefly discussed in

section 2.3.4.

2.3.1 The kinematic method for detection of 7' decay

The tau lepton is short-lived, with a proper decay length of only 87 pm,
so that even energetic taus produced in interactions of neutrinos from the
WANF would decay over lengths of order 1mm. The reconstruction of so
short a track requires a detector system with extremely fine spatial resolution,

such as the nuclear emulsion active target of CHORUS, or at least a high
resolution tracking system (silicon vertex detectors etc.) to recover the decay

vertex or the appropriate impact parameter of the decay product.

For the NOMAD experiment a complementary approach was chosen, re-

lying instead on the distinctive kinematic properties of tau decay events. Tau

neutrino interactions

VT+N-)T_+X
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followed by tau decay

7'- —-) u, + X’

exhibit the following features:

0 net event momentum in the plane transverse to the neutrino beam, due

to an energetic VT in the final state;

0 a visible decay product X’ which reflects the kinematics of the tau

itself, Le. carrying a significant fraction of the event energy, and having

opposite azimuth to the hadronic system X;

0 constraints on the visible decay product, and the missing transverse

momentum (reflecting the final state neutrino(s)), due to the tau mass.

A sufficiently accurate reconstruction of the momenta of charged tracks in the

final state, together with electromagnetic calorimetry to recover the neutral

component of the event, should allow each of these features to be observed.

The details of the analysis of course depend on the specific tau decay in

question, and the properties and rate of the other neutrino interactions which

act as a background. We discuss these in the following sections in turn.

2.3.2 Tau decay modes

Due to its large mass the tau lepton has a rich set of decay modes, and in

an experiment with a sufficiently large ’7' sample (such as the experiments at

the Large Electron Positron collider etc.) each of these modes would need to

be considered. In our case, since even at the previous experimental limit for

1/“ —+ 1/, oscillations the 7' sample would be small (section 1.4.4 above), we

may restrict our attention to decay modes of high branching fraction (BHF)

and/or those which offer the prospect of very efficient identification along

with suppression of backgrounds.

Leptonic decays

Most important are the leptonic decay modes

Ti,- B.. .T __) {1/ 1/ e F 17 8% (2.7)

Vffipp‘ B.F.17.4%

which in addition to having large branching fractions, provide a tagged decay

product (e/p) and an enhanced decay signature in the plane transverse to

the neutrino beam due to the additional final state neutrino. In these decays
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the neutrinos VTUe/M carry the majority of the energy of the tau lepton, so

that the “missing” momentum in the transverse plane closely reflects the

transverse momentum of the 7' itself. The charged lepton furthermore will

in typical cases emerge at some angle to the direction of motion of the 'r so

that a separation of tau decay events from the charged current backgrounds

(1/6 + N —> e‘ + X and 1/” + N —> ,u' + X respectively) may take place based

on the measurement of the 6/}; direction, and not on its energy alone (see

the following sections).

One-prong decays

The remaining branching fraction is dominated by the “one—prong” decays

1/771" B.F.11.1%

11.,7r'7r0 B.F.25.3% (2 8)
7' —> .

11.,7r'7r07r0 B.F. 9.2%

VT7I'_7I'07FO7I'O B.F. 1.1%

so—called because there is a single track in the decay product. The neutral-

bearing modes together make up the majority of the branching fraction for

decays of this type, but require the reconstruction of the 7r°(s) from calorime-

ter clusters and/or photon conversions for the decay-product momentum to

be properly recovered. The practice in the NOMAD experiment has been to

perform a dedicated analysis for 7" —) u,7r‘7r° which contributes a full quar-

ter of all tau decays, and to carry out in addition a consolidated one—prong

analysis, optimised for the T” —-+ 11m" decay but having some efficiency for

the other modes. When minor modes involving kaons etc. are included the

one-prong decays contribute a total branching fraction of 49.5%.

The T_ ——> 1/7-7l’_ decay has some of the large—missing-momentum char—

acteristics of the leptonic decays due to a 7' spin/polarisation effect: as the

’7'— and 1/7- are both spin—% while the pion is spin—O, there is a preference for

the (negative helicity) neutrino to be emitted in the direction opposite to the

tau spin. For energetic taus from 1/T + N —) 7" +X, the spin is itself partially

aligned opposite to the laboratory momentum [5} (see section 4.5 below) so

that the 1/, is emitted in preference along the ’7’ direction. The partitioning of

lab-frame energy between the VT and the pion therefore favours the neutrino.
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Three-prong decays

By contrast with the preceding channels, the visible decay product tends to

take a large fraction of the tau energy in the “three-prong” decays

V77r’7r+7r' B.F.9.6%

7' —-> VT7I'_7T+7T_7T0 B.F.4.4% (2.9)

VT7T—7T+7I'_7I'O7TO B.F.0.5%

where the multiparticle final state moreover offers a rich set of variables

sensitive to the decay structure. The most important of these is the invariant

mass of the three charged pions M312, which has a special meaning in the case

of the 37r decay, being dominated by the decay to the pseudovector meson

(11—:

T ——) Vfaf (2.10)

followed by

a; —> pow" (2.11)

and

p0 —> m: (2.12)

In this case the 37r mass recovers the large a," mass (mal = l.23:t0.04 GeV/cz)

while the invariant masses of two-pion combinations are sensitive to the p7r

substructure of the al decay.

As with the one—prong decays, the practice to date has been to perform

a consolidated analysis on all of the three-prong modes, which (including

minor modes involving kaons etc.) contribute a total branching fraction of

15.2%. The use of the 37r mass in the analysis is not inconsistent with this

practice as the width of the al— is large (between 0.2 and 0.6 GeV/cz), so

that the mass distributions of 371' systems from 7" —) VT7T_7I'+7l’—7TO and

T‘ ——_) 1/7-7T—fl'+7l'—7I‘O7TO decays overlap the distribution due to the a;.

Special modes

The analysis effort within the NOMAD experiment has been concentrated on

the decay modes described above, Le. the modes (or groupings—of-modes such

as the one—prong decays) with large branching fraction. We should however

note the existence of decay modes with branching fractions at the one percent

level, and very distinctive decay products:
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1. The decays involving a Kg meson

'r' VTKgfl'_ + mro (n 2 0)

VTKgK' + n7r° (n 2 0)

contribute a total branching fraction of 0.8%, with a strong tag on one
decay product (the K2) and, in the case of the VTKgfl' mode, a decay
through the moderate-width resonance K*(892)‘.

_ lawn—
T —>

VTwK'

0

2. The decays

followed by

w —> 7r+7r_7r

have a total branching fraction of 1.7% (rising to 2.1% if decays with
additional 7T0 are considered) and while lacking a tag, proceed through
an extremely narrow resonance (PM = 0.0084 GeV).

In both cases the branching fraction is small compared to the decay modes

considered above, but the decay product offers the prospect of eflicient iden-

tification in the case of tau decay coupled with a powerful rejection of back-

ground processes. Whether the rejection of the background in either case is

powerful enough to offset the modest branching fraction, requires a dedicated

study which has not been carried out to date.

2.3.3 Experimental backgrounds

The decisive factor in choosing tau decay modes for analysis is the potential

background from other neutrino interactions. We will briefly consider the

principal backgrounds to each category of tau decays in turn.

Leptonic decays

For each of the leptonic decay modes

7' —+ VTfill’

the principal background is the charged current interaction of the correspond—

ing neutrino
1/1 + N —) l— + X
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from the WANF neutrino beam. In this case the lepton l' is interpreted as

the tau decay product and the hadronic system X is interpreted straight-

forwardly. Since charged—current events are balanced in momentum perpen—

dicular to the neutrino beam, up to Fermi motion effects, there must be

a significant mis—reconstruction of the event—due to missed particles, mo—

mentum resolution effects, or bremsstrahlung in the case of an electron—t0

mimic the signature of the final state neutrinos 1/771 from tau decay.

Consulting table 2.1 above we see immediately that this will be a much

more serious background for the muonic decay of the tau, since the rate of

1/“ charged-current events exceeds that of the 1/8 by two orders of magnitude.

There is however an additional background to the electronic decay from 1/”

neutral current interactions

V#+N—>V#+X

not only from electrons in the final state X (such as from Dalitz decay of en—

ergetic 7r0) but more seriously from hadrons 71", K‘ if they are mis—identified

as electrons. In this case the final—state neutrino 1/” mimics the expected 1/773

signature from the tau decay; but to form a tau—decay—like event, the mis—

identified hadron must also be well—isolated from the rest of the final state,

and together with the missing transverse momentum due to the neutrino

etc.) it must be consistent with belonging to a tau decay product 117-1736_.

One-prong decays

Neutral current events of this type also provide the principal background to

the one—prong decays

7'— —+ 1/771” + n7ro(n Z 0)

in the same manner, with the added disadvantage that no particle mis-

identification is required for the hadron to be interpreted as the decay—

product 7r‘.

There is a further background to the one—prong analysis from the charged

current interactions

V1+N—)l—+X

in cases where the lepton is mis—identified as a 71". As with the 1/” CC

background to the electronic decay, however, there must be significant mis-

measurement of the event in order to mimic the final-state neutrino from the

tau decay.
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Three-prong decays

The backgrounds for the three—prong decays are similar in origin to those for

the one—prong. The severity of these backgrounds is however more difficult

to assess because of a number of competing effects. In the case of the neutral

current background,

1. as the decay product contains three visible tracks 7r‘7r+7r', a single iso—

lated energetic 7r‘ in the hadronic system cannot mimic a tau decay—

instead the hadronic system has to possess two energetic groups rela—

tively isolated from each other; but

2. there is a “combinatoric” background in high-multiplicity events, where

of the many possible 37r groupings, one may have the right properties

to pass kinematic (energetic and isolated 37r) and tau structure (e.g.

three-pion mass) cuts.

Similarly for the charged—current backgrounds, a mis—identified lepton

does not by itself constitute a three-prong decay candidate. However for the

numerous 1/” + N —) ,u" + X interactions there is an additional problem in

that muon identification relies in general on penetrating power, so that low-

momentum muons are difficult to identify. The sharing of the tau momentum

among several decay products in T_ —) VT7r"7r+7r‘ + n7r°(n Z 0) means

that single decay tracks have a lower momentum on average than the pion

in the one—prong decay (say), so that 1/“ CC interactions with intermediate-

momentum muons form a more dangerous background to this channel.

2.3.4 Choice of decay modes for analysis

Even from the brief survey of the preceding section it is clear that the decay

mode of choice for the kinematic method is the electronic decay

T" ——> 1/7785,

provided that electron/hadron discrimination in the detector can be made

sufficiently powerful to suppress the neutral current background. In this case

the remaining background is due to 1/6 charged current events, which are less

numerous than the corresponding 1/“ events by two orders of magnitude. This

disproportion between the 1/” and 1/6 samples offers the added advantage that

the charged current events

u,,+N—+p_+X
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may be used as a control sample, much larger than the 1/6 + N —) e’ + X

sample to be understood, to check the Monte Carlo simulation of the hadronic

system X, detector resolution effects etc..

The decision was accordingly taken to design the detector based on the

needs of the 7" ——> 1426‘ analysis. This design, and the detector per—

formance, are discussed in some detail in the remainder of this chapter. It

should however be clear that accurate reconstruction of both tracks and neu—

trals, sufficient to be sensitive to the momentum lost to final state neutrinos,

is a requirement for analysis of all of the tau decay modes, not just the

electronic decay. Furthermore some of the features of a detector optimised

for the electronic decay are a direct benefit to the analysis of the hadronic

decay modes (one prong and three prong): for example, accurate calorime—

try allows the recovery of 7r° for an analysis of the 7" ——> VHF—7T0 decay;

and electron/hadron discrimination allows the suppression of the 116 charged—

'current background to all of the hadronic decay modes (a question to which

we will return in chapters 5 and 6).

Analysis of the other decay modes has therefore been foreseen since the

earliest stages of the experiment (Astier et al., 1991b), and results have in

fact been presented for the one— and three—prong modes discussed in the

previous sections (Altegoer et al., 1998c; Astier et al., 1999a). In particular,

the search for the three-prong decays

7'_ ——> 11.,7r—7r+7r_ + n7r°(n 2 0)

is the subject of this work, and will be treated in detail in chapters 3 and

following.
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2.4 Detector design and performance

The Neutrino Oscillation MAgnetic Detector (NOMAD) was designed to
be sensitive to the electronic decay of the tau, 7'" —> VTUee‘, using kinematic

criteria only to distinguish this decay from charged current interactions ye +

N —> e“ + X. The principal requirements for the detector were therefore

0 accurate reconstruction of the full kinematics of the event, to be sensi—

tive to the missing transverse momentum 1539’” due to final-state neu-

trinos;

o efficient identification of electrons together with powerful electron/hadron
discrimination, to efficiently select electronic decay candidates above

the more numerous V” + N ——> ,u“ + X and V), + N —> 12,, + X back—
grounds;

. accurate electromagnetic calorimetry, to aid in electron identification

and to recover the electron energy in the case of bremsstrahlung (also
improving the resolution of ,5?“ by reconstructing photons);

o tagging of muons to both identify and reconstruct the kinematics of
the 11,, + N —> ,u‘ + X control sample;

0 a significant target mass in order to provide a large (z 106) sample of
ll“ + N ——> [f + X interactions, and sensitivity to low mixing angles for
the oscillation 11,, —) l/T.

These requirements and the basic design of the detector were laid down
by Astier et al. (1991a,b), with refinements to the proposed analysis later

in the same year (Astier et al., 1991c), and to the detector design during

construction and testing (NOMAD Collaboration, 1992, 1993). A description

of the detector and its performance has been published by Altegoer et al.

(1998a); an overview of the detector, as it appeared during the late-1995 and
1996 data—taking runs, is shown below as figure 2.6.

The various components of the NOMAD are described in the following

sections (2.4.1 through 2.4.10), noting the connection between the design and

the requirements of the analysis. A B4C—silicon target, added to the detector

in 1997 (Barichello et al., 1998a), is briefly discussed in section 2.4.11. The

triggering, data acquisition and reconstruction procedures are summarised

in section 2.5.
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Figure 2.6: The Neutrino Oscillation Magnetic Detector (NOMAD). (Adapted

from Altegoer et 31., 1998a, figures 1 and 2, together with Andrew Godley.)
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2.4.1 The NOMAD magnet and subdetector layout

In order to provide momentum reconstruction for charged tracks most of the

subdetectors of the NOMAD are located in a large-volume (3.5 x 3.5 X 7.5 m3)
electromagnet, as shown in figure 2.6. The magnet itself is recycled from the
UA1 experiment (Barranco Luque et al., 1980; Corden et al., 1985), and

produces a dipole field directed horizontally, as shown (figure 2.6(b)). The
operating field strength of 0.4 T was chosen as a compromise between accep—
tance and momentum measurement requirements; the operation of various

photomultipliers within the magnet volume (sections 2.4.5 and 2.4.8) also
favours a relatively modest field.

The modular iron—plate “C” pieces forming the flux return of the magnet
are uninstrumented (c.f Corden et al., 1985) while the former UA1 end-cap

pieces (“1” modules) have been rearranged: two modules at the front and
six at the back of the detector act as support pillars for a stainless steel

frame inside the magnet coil, supporting the various subdetectors against

gravity and holding them in position when the magnet is opened for detec-
tor maintenance. Both front and back supports have been partially instru-

mented to form iron—scintillator calorimeters, the front calorimeter (FCAL,
section 2.4.3) serving as a target for a high-statistics sample of neutrino inter—

actions, principally for multi—muon studies; the instrumented back support or

hadronic calorimeter (HCAL, section 2.4.9) providing additional calorimetry

for hadrons and providing the first stage of the muon filter.

Proceeding along the neutrino beam axis the detector consists of

0 several planes of scintillators providing a veto signal on throughgoing

particles (section 2.4.2);

o the front calorimeter (section 2.4.3);

and, inside the magnet volume,

0 drift chambers, whose self—supporting walls also provide the neutrino

interaction target (section 2.4.4);

0 two planes of scintillation counters providing the main event trigger

(section 2.4.5);

o a large transition radiation detector, providing electron/hadron dis—
crimination (section 2.4.6);

o a preshower detector and lead—glass electromagnetic calorimeter (sec-

tions 2.4.7 and 2.4.8);
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and finally, outside the magnet volume,

0 an hadronic calorimeter (section 2.4.9); and

o a muon detection system placed behind the back support, comprising

several scintillation counters and ten large-area drift chambers, with an

additional iron wall providing further suppression of non—muon tracks

for a subset of the chambers (section 2.4.10).

These subdetectors are described in turn in the following sections.

2.4.2 The veto counters

The neutrino beam at the NOMAD site is accompanied by a substantial flux

of muons (section 2.2.3): to suppress experimental triggers due to these and

other throughgoing particles, such as cosmic rays and products of interactions

in CHORUS and other material upstream of the detector, a large-area system

of scintillation counters is placed at the front of the detector to act as a veto.

An area of 5.4 X 5.0 m2 is covered by the counters, whose arrangement

is shown in figure 2.7; the active area of the drift chambers ((1.1).) is also

shown. The central bank of ten counters (shaded in the figure) called “V8” is

mounted on the front support pillar and acts as a veto for triggers selecting

neutrino interactions in the front calorimeter (q.v.). The remaining eight

banks of counters are arranged to cover the front—face of the magnet and flux

return, including the region behind the support pillar (note the longitudinal

placement of veto counters in figure 2.6). A small central region, occupied

by the girder connecting the front pillar and the steel frame of the central

detector, cannot be instrumented: interactions occurring in this area, and

in the front-face of the magnet coil itself, are rejected off-line based on the

reconstruction of the event vertex.

The counters, made from NE—110 scintillator, are 21 X 2 cm in cross—section

and either 210 cm or 300 cm in length. Most (56) are viewed at both ends

by photomultipliers; the remainder (3 short counters abutting the central

support girder) are read out at one end. For the double-ended counters timing

jitter is reduced by the use of mean timer modules (Cavestro et al., 1991),

each handling up to eight scintillators, which also provide a logical OR of

their outputs. A further OR of eight such mean-timer modules, encompassing

the output of fifty double—ended and the three single—ended counters, is used

to construct a 100 ns veto signal1 for the main experimental trigger. The

veto fires at a rate (790 :t 140) per 1013 protons on target (p.o.t.) depending

 

1The width of veto signal is chosen to accommodate the timing jitter of the single—

ended trigger scintillators (q. u.) and the difference in relative timing of trigger and veto
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Figure 2.7: Front view of the NOMAD veto counters. The shaded
area shows the central bank of veto counters, “V8” (see the text),
and the dotted line shows the sensitive volume of the drift chambers
(q.v.). (Taken from Altegoer et al., 1999, figure 2.)

on neutrino beam conditions, corresponding to muon rates of (29 j: 5) m—2
per 1013 pct at the NOMAD front-face; this introduces a dead-time of
approximately 4% for the main experimental trigger.

A ninth mean-timer module handles the three counters at the upper-
left, and the three at the upper-right of the flux return, which lie outside

the acceptance of the trigger planes (q.v.) and are excluded from the veto
signal to reduce deadtime. The OR of the ten central counters (V8) forms a
 

signals for beam-accompanying and cosmic ray particles. Signals from the banks of veto

counters below the trigger planes, sensitive to backward-going cosmic rays for which the
trigger scintillators fire first, are arranged to arrive 25 ns earlier than the signals from other

banks.
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separate veto signal for neutrino interaction triggers in the front calorimeter,

as already noted.

The efficiency of the veto is monitored using flat—top muons, with the

aid of the spectrometer of the CHORUS experiment (Eskut et al., 1997),

and was stable within each year’s run at 95.2% (1995), 96.5% (1996), and

97.8% (1997-98). Photomultiplier high voltages and currents, and discrimi-

nator thresholds are set and monitored by a slow control program written by

the author; summary histograms are produced by a separate monitoring pro—

gram. The veto and trigger system is discussed in further detail by Altegoer

et al. (1999).

2.4.3 The front calorimeter

The front support pillar of the NOMAD comprises two of the UA1 “1” mod-

ules side-by—side, each consisting of 23 iron plates stacked longitudinally,

4.9 cm thick and separated by 1.8 cm air gaps. In 1995 the central region

of this pillar was instrumented to form an iron—scintillator calorimeter—

the “front calorimeter” or FCAL—as a large-mass active neutrino target

for multi—muon studies and searches for neutral heavy particles.

The first 20 air gaps were instrumented with NE102A scintillation coun—

ters of dimension 175 x 18.5 X 0.6 cm3, recycled from the CDHS experiment

(Holder et al., 1978); the last three iron plates carry the main support girder

for the NOMAD central detector and some related structures. Each gap con—

tains ten scintillators stacked vertically, in two groups of five placed above

and below structural rods at the vertical centre of the pillar, producing a

detector of active area 175 X 190 cm2 at the centre of the neutrino beam, five

nuclear interaction lengths deep with an instrumented mass of 17.7 tons (see

figure 2.8). By comparison the NOMAD drift chambers have an active area

of 260 X 260 cm2, so that muons from interactions in the FCAL are efficiently

tracked (while muons from a significantly larger target would suffer from lim-

ited acceptance due to bending in the magnetic field); and a fiducial mass of

2.7 tons, so that the sample of interactions in the FCAL is relatively large.

The scintillators are ganged together in groups of five longitudinally using

antlered light-guides, and read out at both ends by three inch photomulti—

pliers. The FCAL is thus divided longitudinally into four segments, each

consisting of a vertical stack of ten modules. Position resolution is lim-

ited by the size of these modules in the vertical and longitudinal directions

(dy = 5.8, 0;, = 9.7 cm), while the measured attentuation length of light in

the scintillators allows an estimate of the zit-coordinate of an interaction by

comparing the response at each end (a, = 3.8 cm; as discussed by Boyd,

1998, chapter 3).
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l v -beam   
I75 cm

(a) Top view.

 
(b) Front View.

Figure 2.8: The NOMAD front calorimeter (FCAL), with photomultiplier tubes
and Iightguides shown schematically. (a) Longitudinal groups of five scintillation
counters are ganged together and viewed by a single photomultiplier; the FCAL

is thus divided into four longitudinal segments. (b) The central 2 metres only of
the front magnet support are instrumented. The active area of the drift chambers

(q. 1).) is also shown, dashed. (Adapted from Boyd, 1998, figure 3.4.)
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Since the FCAL was built in situ, the energy calibration could not be

performed in the usual manner with a test beam. Instead the relative cal-

ibration between modules was performed using throughgoing muons in the

muon gate, while the absolute energy scale for the detector was set by a

comparison of distributions of energy deposited in charged current events

(11“ + N —) p‘ + X) in both data. and Monte Carlo under various cuts, and

neutral current events (11,1 + N ——> up + X) in the Monte Carlo; both this pro—

cedure, and the performance of the FCAL, are discussed in detail by Boyd

(1998). The energy resolution for interactions in the first three longitudinal

segments or “stacks” is estimated to be aE/E = 100%/\/E(GeV), apart

from the central gap where resolution is poorer.

The two data—taking triggers for interactions in the FCAL, incorporating

signals formed by the FCAL response discriminated at different levels, are

discussed by Altegoer et a1. (1999). The first physics results based on neu—

trino interactions in the FCAL, a study of opposite—sign dimuon events, are

currently being prepared for publication (Astier et 31., 1999b).

2.4.4 The drift chambers

The principal active target for neutrino interactions in the NOMAD is pro—

vided by a set of 44 drift chambers. They were built to a novel design to

effect a compromise between the requirements of

1. a small depth in radiation lengths for the detector as a whole, to min—

imise bremsstrahlung so that electrons can be tracked and their momen—

tum reconstructed (and to restrict photon conversions to manageable

levels);

2. a small depth in radiation lengths between successive track measure—

ments, to minimise the effect of multiple scattering on tracks, and both

secondary particle interactions and photon conversions near the event

vertex; and

3. a significant target mass to maximise the total number of neutrino

interactions.

Requirements (1) and (3) taken together dictate a target of material with low

atomic number (Z ), to minimise the radiation length for a given target mass

(as radiation length scales approximately as Z'Z); requirement (2) suggests

a low-density target with many measurement planes.

The solution chosen was to build large—area (3 x 3 m2) self—supporting drift

chambers whose walls act as the neutrino target. The walls are built from
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(b) Cross-section of a single drift cell.
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Figure 2.9: An overview of a NOMAD drift chamber. Both sketches represent a

cut by a y — 2 plane, in the NOMAD coordinates, (Taken from Altegoer et al.,

1998a, figure 7.)
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a honeycomb of aramid fibre, sandwiched between skins of kevlar and epoxy

resin to provide rigidity and flatness. A chamber consists of four wall panels

separated by three instrumented gas gaps as shown in figure 2.9(a). Any two

successive wire planes are separated by less than 1% of a radiation length

(0.01X0) in this arrangement. The total depth of a chamber is 0.02X0, for a

fiducial mass of 2.7 tons for the 44 chambers (within an area 2.6 X 2.6 m2),

reflecting their low average atomic mass: including internal supports, spacers,

etc., the chambers are 64% C, 22% O, 6% N, and 5% H by weight.

Each of the 8mm gas gaps is filled with a 40% argon, 60% ethane mix—

ture at atmospheric pressure, circulated in a closed circuit with a purifier to

remove both oxygen and water vapour contamination. Field— and sense—wires

are alternated at 3.2 cm intervals to form drift cells, as shown in figure 2.9(b).

Additional field shaping is provided by aluminium strips, printed onto mylar

sheets precision-glued (to better than 500 pm) to the chamber walls; strip

potentials are set to different values on the two sides of the gap to compen-

sate for the effect of the magnetic field on drifting electrons. The result is

a highly uniform drift field of 1kV/cm throughout most of the cell, and an

electron drift speed of about 50mm/,us.

Within each chamber the successive wire planes are inclined at —5°, 0 and

+5° respectively to the horizontal: in the ideal case Where a track leaves a

hit in each drift plane, this allows the resolution of the up—down ambiguity

in each plane and the recovery of an :c-coordinate estimate for the combined

measurement using the stereo angle. Any residual up—down uncertainty is

removed by staggering successive drift chambers by :l:1.6 cm in y (the verti-

cal). A Kalman filter technique is then used to fit the parameters of a helix to

particle tracks, taking multiple scattering in the chamber walls into account.

The momentum resolution thus achieved is

2~9§$0008P

p x/T; x/LS’

for p in GeV/c and track length L in metres; the two terms added in quadra—

ture correspond to multiple scattering and single hit resolution effects re—

spectively. Taking the residuals of drift chamber hits with respect to these

fitted tracks yields a measured resolution of 0y = 150 pm for tracks at normal

incidence, with or x 1.5mm.

An additional five drift chambers are interspersed with the modules of the

transition radiation detector (q.v.), to extend the reconstruction of particle

tracks into that region; this can be effectively carried out as each module of

the TRD contributes only 1% of a radiation length to the detector.

The drift chambers, together with various tests of their performance, are

further discussed by Altegoer et al. (1998a).

(2.13)
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2.4.5 The trigger counters

The main event trigger for the NOMAD is provided by two planes of scin-
tillators placed inside the central detection volume: the first at the end of

the active target, the second immediately following the transition radiation
detector ((1.1).; see figure 2.6 for the relative disposition of the subdetec—

tors). Each plane consists of 32 counters, made from BC—408 scintillator and
19.9 X 0.5 cm2 in cross—section: 28 counters of length 124 cm are arranged

horizontally while 4 counters 130 cm in length are placed vertically across

the lightguides of the horizontal counters, to increase the fiducial area to
280 x 286 cm2, matching the TED. This arrangement is shown in figure 2.10.

Each scintillator is read out at one end by a proximity mesh photomul-

tiplier (Hamamatsu R2490—O5); when oriented parallel to the magnetic field,

 

286 cm

 

  <—vertical counters

horizontal counters

280 cm light guides

<— phototubes

<—

B-field direction

Figure 2.10: Layout of a NOMAD trigger plane. Note the four ver-

tical scintillation counters (shaded), providing coverage in the area
occupied by the lightguides of the horizontal counters. The light—
guides of the vertical counters are bent to align the corresponding
photomultiplier tubes with the magnetic field axis (see the text).

(Taken from Altegoer et al., 1999, figure 4.)



74 Chapter 2. The NOMAD experiment

this type of photomultiplier suffers only a 30% loss of response in the 0.4T

field used in the NOMAD. The lightguides of the vertical counters are bent

through 90° to allow the corresponding photomultipliers to be aligned with

the magnetic field, as shown in the figure. Discriminated photomultiplier

outputs are sent to a logic unit which forms the OR of the outputs of the 32

scintillators in each plane (T1 and T2 respectively) and the logical AND of the

two planes (T1 x T2). Together with the signal from the veto planes in anti-

coincidence, this signal forms the main NOMAD event trigger (V X T1 x T2).

The average efficiency for minimum ionising particles across all counters

has been measured to be (97.1 :t 0.1)% in the NOMAD data; for neutrino

interactions with two or more tracks in the central detector, the efficiency

for the coincidence T1 x T2 is better than 99.6%. The design, operation and

testing of the trigger counters are discussed in detail by Altegoer et al. (1999).

2.4.6 The transition radiation detector

Purpose and configuration:

A large transition radiation detector (TRD) is placed between the two planes

of trigger counters. The purpose of the TRD is to identify electrons with high

efficiency while imposing a large rejection factor on pions and other particles,

suppressing the non—electronic background to the 7" ——-> VTUee‘ search—

in particular, the background due to isolated pions in 1/” + N —) V” + X

events (see section 2.3.3). Its intended performance is a rejection factor

of 103 or better against pions in a broad momentum range for an electron

identification efficiency of 90%: this must be combined with the rejection of

pions provided by the preshower and electromagnetic calorimeter (qq.v.), in

order to adequately suppress the background.

The distribution of subdetectors inside the NOMAD magnet volume is

driven by this consideration. Placing the TRD immediately before the calor—

imetry makes electron tagging by the full TRD available for almost all par—

ticles whose tracks are within the calorimeter acceptance; by the same token

tracks outside this acceptance, for which adequate pion rejection cannot be

available, usually lack TRD information as well. The TRD occupies a smaller

volume in this configuration than in one where it is distributed throughout

the detector , for equivalent electron rejection: this allows an increase in

the target mass of the experiment, granted that the the drift chamber walls

themselves serve as the neutrino interaction target, compacted into the first

four metres of the magnet volume (as discussed in section 2.4.4 above; see

also figure 2.6). As previously noted, an additional five drift chambers are

included in the TRD volume, to extend the reconstruction of particle tracks
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through this volume and up to the second trigger plane and preshower (Astier

et al., 1991b).

Design and calibration:
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Figure 2.11: Top view of a pair of TRD modules, and their associ—

ated drift chamber (left); structure of a TRD module (right). (From

Bassompierre et al., 1998a, figure 3)

The TRD is built from nine modules, each consisting of a radiator of 315
polypropylene foils (15 pm thick, spaced by 250 pm) followed by a detection
plane of 176 straw tubes of aluminised terphane (16mm diameter, 3m long;

tube wall thickness 28 ,um) each strung with a 50 um gold—plated tungsten

wire, and fed by an 80% xenon, 20% methane gas mixture. Its active area

(2.85 x 2.85 m2) is matched to that of the drift chambers and the electromag—
netic calorimeter (qq.v). The modules are deployed as four doubletsz, each

followed by a single drift chamber, with a single module followed by a single
drift chamber at the end of the TRD volume. This arrangement and the
main features of the TRD modules are shown schematically in figure 2.11. A

radiator depth of 1% of a radiation length (0.01 X0) was chosen so that only

0.02 X0 of material separates successive drift chambers in the TRD region,

limiting bremsstrahlung by electrons and the effect of multiple scattering on

all tracks (cf. the 0.02 X0 depth of a single drift chamber). Other features
 

2Four of the nine modules, found experimentally to have a lower photon yield than the

remaining chambers, were placed in the downstream position within the module doublets:

some fraction of photons not absorbed by the upstream module are then detected by the

downstream module, compensating in part for the lower yield.
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(foil thickness and spacing, the choice of foils over foam as radiator material,

choice and parameters of the straw tube planes etc.) were chosen on the basis

of simulation and test beam studies.

Electron/pion discrimination in the TRD is based on the difference in the

straw tube signal due to pions, depositing energy only by ionisation of the

gas; and electrons, for which soft X—ray transition radiation, emitted as the

electron crosses foil/gas interfaces in the radiator, is absorbed by the xenon

giving an additional signal. The response of a TRD module to a test—beam of

pions and electrons, both at 10 GeV/c, is shown in figure 2.12: the difference

in both mean response and distribution shape for the two species is clear.

Also shown is the response to 5.89 keV X—rays emitted by an 55Fe source, in

the form of a tape impregnated with 55Fe—sulphate solution, stretched across

the middle of each straw tube plane. These sources yield about 20 counts/5

per straw, which are histogrammed during the off-spill period of each data

taking run, providing run-by-run calibration of the gain for each straw.
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Figure 2.12: Response of a TRD module to 10 GeV/c pions and

electrons in a test beam, and to the 55Fe source. (From Bassompierre

et al., 1998a, figure 18)

Straw tube gain is a function of voltage, the temperature and pressure

of the gas, percentage of CH4 in the gas mix, and N2, 02 and water-vapour

contamination. These parameters, together with the gas-flow rate, are con—

stantly monitored by a slow control system; gas losses are compensated au—

tomatically by feedback-controlled Xe and CH4 input. 02 and H20 contam-

inations are limited by surrounding each module with an aluminised mylar

skin, and maintaining a flow of N2 between the skin and the straw tubes;
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residual contamination is removed by including a palladium catalysor (for

02) and a molecular sieve (for H20) in the Xe/CH4 gas circulation line. The

uniformity of response along the length of each straw tube, a function of

gas-flow rate and temperature profile, is monitored by histogramming the

response to throughgoing muons in the “flat top” between the two neutrino

pulses, about 50 ,u per accelerator cycle (see section 2.2). The gain of the

amplification chain for each straw—tube wire is also independently monitored.

Both the gain and uniformity of response of the detector have proven to

be remarkably stable throughout the life of the experiment.

The design, construction, testing and calibration of the TRD are more

fully described by Bassompierre et al. (1998a); the e/7r discrimination algo—

rithm and various tests of TRD performance are described in detail by Bas-

sompierre et al. (1998b). The discrimination algorithm and its performance,

together with various adaptions and extensions carried out by the author, are

also discussed in chapter 5 of this work: the e/7r discrimination algorithm and

its use in the task of electron rejection in the 7" ——) u,7r‘7r+7r‘ +n7r0(n 2 0)

analysis are treated in section 5.2; the general case of discrimination between

pairs of particles using information from the TRD is set out in section 5.3.

2.4.7 The preshower detector

The second trigger plane is immediately followed by two lead—antimony sheets,

4% antimony by weight and 9 mm in total thickness, on either side of a 2 mm

aluminium plate. This arrangement has a total depth of 1.6X0 and acts as a

converter, initiating electromagnetic showers for gamma rays originating in

the active target and TRD region. The converter is followed by two planes of

proportional tubes, of active cross-section 9 X 9mm2 with 1mm thick walls,

oriented horizontally (286 tubes) and vertically (288 tubes). Each tube is

strung with a gold—plated tungsten anode at 1500V and fed with a continu—

ously circulating 80% argon, 20% C02 mixture. The resulting “preshower”

detector, shown in figure 2.13, immediately precedes the electromagnetic

calorimeter (ECAL) and allows converting photons to be localised to greater

precision than would be possible with the ECAL alone. Since electromagnetic

showers are also initiated by electrons, while pions deposit energy principally

by ionisation of the proportional tube gas, the preshower also contributes to

electron/pion discrimination.

The gains of the individual preshower tubes are monitored run—by—run

using throughgoing muons from the SPS flat—top. The response of the com—

bined preshower—ECAL system to electrons and pions has been measured in a

test-beam, as discussed in the following section. The resolution of the impact

point of photons converting in the lead has been estimated to be a = 1cm,
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Assembly of the NOMAD Preshower
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Figure 2.13: An exploded view of the preshower detector. (Taken

from Altegoer et al., 1998a, figure 14.)

based on measurement of charge exchange interactions of 7r‘ in the converter

in test beam runs. Taken together With the ECAL energy resolution, this

implies a 7r° mass resolution of 11MeV/c2, in agreement with that found in

the NOMAD data. This measurement, and the design and operation of the

preshower, are discussed in somewhat more detail by Altegoer et 3.1. (1998a).

2.4.8 The electromagnetic calorimeter

Accurate electromagnetic calorimetry is required in the NOMAD in order to

1. recover the initial momentum of electrons from the energy deposited by

the electron track, and the energy of bremsstrahlung photons emitted

along the track (the tracking detector has a total depth of 1.1X0);

2. discriminate between electrons, depositing their entire energy through

an electromagnetic shower, and hadrons, depositing a fraction of their
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energy chiefly through ionisation, including the early stages of an hadronic

shower; and

3. reconstruct the 7r0 component of the hadronic system.

Requirement (1) reflects the need to reconstruct the tan decay candidate
for the 7" ——> VTfiee‘ analysis; imposing (2) allows, together with the e/7r
separation already provided by the TRD, the suppression of the isolated 7rd:

background to the 7" —> VTfiee‘ analysis; (3) reflects the need for accurate

reconstruction of the total transverse momentum in all of the tau—decay and

many other analyses. The dynamic range required is large (from 100 MeV
and less to 100 GeV) and a good energy resolution and uniformity are desir-

able. An electromagnetic calorimeter (ECAL) built from lead—glass Cerenkov
counters was chosen to meet these requirements.

The ECAL consists of a 25 x 35 grid of counters, each of cross—section
112 X 79 mm2 and 19 radiation lengths deep. The asymmetric shape is a
function of a 45° cut at the back face, to which a. 77mm proximity mesh
phototetrode (Hamamatsu 112186-01) is coupled. This arrangement, shown
in figure 2.14, allows the efficient operation of the tetrode in the NOMAD

magnetic field (there is a signal reduction of less than 20% With the tetrode

Lead-glass calorimeter cell
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B pholo—teu'odes

79 mm

Neutrino
Beam

B

112 mm Neutrino Beam axis

(a) A perspective view of a sin— (b) Top view of three lead—glass counters
gle lead-glass counter

Figure 2.14: The geometry of an ECAL lead-glass counter, with

the neutrino beam and magnetic field directions, and phototetrode
shown. Taken reSpectively from Schmidt (1997), figure 2.16 and

Boyd (1998), figure 2.11
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axis at 45° to the field) together with good collection of Cerenkov light from

the counter. The counter depth is a compromise between efficiency of light

collection, and longitudinal containment of electromagnetic showers. Each

tetrode is read out by a low-noise electronic chain providing a dynamic range

better than 4 X 103; in addition to the energy measurement, a fast signal is

also provided to allow off—line rejection of energy depositions out of time with

the event trigger, and (if required) to allow triggering of NOMAD data—taking

based on energy deposited in the ECAL (Altegoer et al., 1999).

The 875 counters were individually calibrated prior to assembly with a

10 GeV/c electron test—beam. Some non—linearity of response to electromag—

netic showers is expected, since the lead-glass is not perfectly transparent,

and the shower maximum moves deeper into the counter (and hence closer to

the tetrode) as energy increases. To test this effect a matrix of 10 X 5 counters

was exposed to electron test beams with energies from 1.5 to 80 GeV. The

deviation from linearity is well-described by a single logarithmic correction

___E__
—1+610gE/E0

/ (2.14)

where e = 0.038, using the test—beam calibrated energy E0 = 10 GeV/c as

a reference; this corresponds to a correction (E’ — E) of less than 10% for

energies from 0.5 to 100 GeV. A separate correction

E

Vcos 9

was found to describe the dependence of observed energy (E) on incidence

angle 6, based on both test-beam and Monte Carlo studies. The resulting

energy resolution is

 E” = (2.15)

(3.22 :1: 0.07)%
E(GeV) (2'16)5% = (1.04 i 0.01)% +

A further correction, based on the energy deposited in the preshower,

must be applied for both electrons and photons whose electromagnetic show-

ers begin in the lead converter. Since there is no such effect for pions, a

combined cut on the energies deposited in the preshower and ECAL provides

powerful discrimination between pions and electrons, where their momen—

tum is known. For particles of energy 2 to 10 GeV, a rejection factor of 103

against pions may be achieved together with 90% efficiency for electrons (see

figure 2.15). Electron/pion discrimination is also possible based on the fit of

the energy deposition pattern in an ECAL cluster to the well—parametrized

electromagnetic shower shape (Autiero et al., 1999).
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Figure 2.15: Scatter plots of the preshower vs. ECAL response to

a 5GeV/c test-beam of (a) electrons and (b) pions. A cut along

the contour shown has a 90% efficiency for electrons. (Taken from

Altegoer et al., 1998a, figure 32.)

Response is uniform across the face of the ECAL within :l:0.5% and the

ECAL is hermetic to better than 99%. The average position resolution for

isolated electromagnetic showers is 4mm (Autiero et al., 1999): the more

typical case, where electromagnetic showers overlap the broader energy de-

position by charged hadrons, may be resolved with the aid of the 1cm res-

olution of the preshower for showers beginning in the lead converter. The

ECAL is approximately 1.6 interaction lengths (1.6M) deep, so the major—

ity of hadrons begin the hadronic showering process within the lead-glass,

depositing a variable amount of energy over an irregular region which (al—

beit with low probability) may extend many counters away from the hadron

impact point (see for example Autiero et al., 1998, figure 2 and discussion).

These overlapping energy deposits must be resolved using a clusterization

algorithm, with the aid of the drift chamber tracking and the preshower.
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The response of each of the lead-glass counters is continuously monitored

off-spill using two blue light emitting diodes mounted on the same face as

the tetrode; each electronic chain is also monitored directly. An independent

check is provided by the response of counters to throughgoing muons from

the SPS flat-top: this has been found to be stable within :l:1%. The design

of the ECAL and its monitoring system, and the performance of the ECAL

prototype in a test-beam, are discussed in much further detail by Autiero

et al. (1996a,b, 1997).

2.4.9 The hadronic calorimeter

The back support pillar of the NOMAD comprises six of the UA1 I-modules

side—by—side, each consisting of 23 iron plates 4.9 cm thick and separated by

1.8 cm air gaps, as for the modules of the front support: the total depth of the

pillar is thus 6.7 interaction lengths (6.7/\1). It roughly matches the width

and height of the flux return (see figure 2.6) and greatly exceeds the cross—

section of the central detector, and thus functions as an effective muon filter

for the products of neutrino interactions in the central detector. The first

eleven of the twenty—two air—gaps have been instrumented with scintillator,

so that the support also acts as a crude hadronic calorimeter (HCAL), 3.1M

deep.

Scintillation counters of cross—section 18.3 X 1 cm2, 3.6 m long, have been

fitted with long, tapered light pipes at each end and threaded into the gaps

between the iron plates. A vertical arrangement of four groups of counters,

with modification to the height and shape of counters in the central region,

is required to accomodate the structural bolts holding together the back

pillar, as shown in figure 2.16. Comparison with the same view of the FCAL

(figure 2.8(b)) shows that a much larger region has been instrumented, since

the HCAL acts as a calorimeter for particles produced in the drift chamber

target (rather than a target for neutrino interactions, whose products are then

tracked by the drift chambers). The instrumented region is 3.6 x 3.5 m2, to

be compared with the 2.6 X 2.6 m2 fiducial area of the drift chambers.

One module of the HCAL consists of all eleven counters at a given height:

at each end, the light pipes of the counters are ganged together and read out

by a single five-inch photomultiplier. The HCAL thus has no longitudi—

nal segmentation. The energy deposited in a module is recovered from the

geometric mean of the phototube signals, while the horizontal position is

determined from the ratio of signals and the measured attenuation length of

the counters. Where more than one hadronic shower deposits energy in a

counter, individual energies and positions are determined using the extrap—

olated positions and momenta of the particles (and the deposition in the
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350 cm

    5' inch

Photomultiplier

Light Pipes Scintillator Iron Pillars Bolts

Figure 2.16: A front view of the hadronic calorimeter (HCAL). Note

the three vertical gaps between groups of counters, and the notches

in the eighth and eleventh counters, due to the bolts holding together

the iron plates. (Taken from Altegoer et al., 1998a, figure 18.)

ECAL, if any) as a guide.

A signal based on energy deposition in the HCAL is also provided for

use as an input to the NOMAD data-taking trigger, typically to exclude

events with a penetrating component when filtering for muon—decay events

(Altegoer et al., 1999).

As for the FCAL, the HCAL was built in situ and so could not be cali-

brated with a test beam. Its response to deposited energy has been estimated

using a large sample of Monte Carlo events, with the relative scale between

data and Monte Carlo being set by comparing the response to identified,

isolated muons; the calibration is thus able to track any changes in response

over time. An estimate of the energy of a hadron striking the HCAL (as

opposed to the energy deposited) is relatively difficult to obtain: the HCAL

is shallow (3.1M) and is preceded by a relatively large depth of material in

the electromagnetic calorimeter (1.6)1). Since a significant depth of unin—

strumented magnet coil (0.7)1) lies between the ECAL and HCAL, and the

HCAL is not longitudinally segmented, hadrons beginning to shower in the

HCAL cannot be separated from hadrons beginning to shower in the material

upstream. The energy deposited by hadrons must therefore be estimated in
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all cases using a combination of the ECAL response (where present) and the

response of the HCAL.

The procedure used begins with a linear combination of the ECAL and

HCAL responses, optimised for Monte Carlo hadrons. Based on a compari—

son with particle momentum for well—isolated hadrons in the NOMAD data,

a (nonlinear) correction is then applied to centre the energy estimate on

the actual particle energy. The resulting energy resolution in the data is

estimated to be

”E = J93“:— + 0.140; (2.17)
? p<GeV/c)

the derivation of this value, and the procedure of HCAL calibration, are

described in detail in an (unpublished) note of Hurst (1997b). The energy

estimate thus obtained is an adjunct to the well—measured particle momen—

tum for charged hadrons; for neutral hadrons, it is the only available energy

measure. The use of such measurements in analysis is discussed in chapter 6.

2.4.10 The muon detection system

Identification of muons is performed using a system of 10 large-area drift

chambers recycled from the UA1 experiment (Eggert et al., 1980). The cham—

bers, each with an active area of 3.75 X 5.55 m2, are arranged as shown in

figure 2.17 to cover the region behind the back support pillar (see also fig-

ure 2.6 for the relative arrangement of subdeteCtors). Each chamber consists

of two planes of horizontal drift tubes (staggered by half a tube—width to

resolve up-down ambiguity), followed by two similarly—staggered planes of

vertical drift tubes. The drift tubes are 14.9 X 4.4 cm2 in cross-section, with

a maximum drift distance of 7 cm, and are fed with the same 40% argon, 60%

ethane gas mixture used for the central detector drift chambers. The cham-

bers are arranged in pairs (or modules) as shown, with the two chambers in

each module separated by 75.5 cm for track segment reconstruction.

The muon detection system is divided into two stations: the first, con-

sisting of three modules3 immediately behind the back support, is reached by

muons with momentum p g 2.3 GeV/c; the second, consisting of two mod—

ules, is separated from the first station by an additional iron wall 80 cm deep

and is reached by muons with momentum p g 3.5 GeV/c, the threshold in—

creasing in both cases for muons at non—normal incidence. Between the 1995

 

3As shown in the figure, the third module of the first station (“module 5”) is oriented

at 90° to the others (Le. with its long axis horizontal rather than vertical), and placed

above them in order to provide sensitivity to muons emerging from the central detector

at large angles; its consitituent chambers separated by only 58.9 cm.
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(a) Side View. (b) Top view.

Figure 2.17: The NOMAD muon detection system. In (b) the posi-

tion of module 5 is shown dotted.

and 1996 data-taking runs, the first station was augmented by four large

scintillators (80 x 0.5 cm2 in cross-section, 200 cm long) recycled from the

CDHS experiment (Holder et al., 1978), placed as shown in figure 2.17 and

read out at one end by five—inch photomultipliers. This addition prevented

muons passing through the small gap between the modules of the first station

from escaping detection.

Track segments are reconstructed separately in each of the two stations,

from 3 or 4 hits per projection in the typical case, with an efficiency of 97%;

the reconstruction procedure is discussed in greater detail in section 6.6.1.

Residuals with respect to these track segments imply a single hit resolution

from as low as 350 to 600 ,um, depending on the gas quality. The chamber

performance is monitored continuously using high energy muons both in the

neutrino spills and the SPS flat—top.



86 Chapter 2. The NOMAD experiment

2.4.11 The silicon target

For completeness we should note that for the 1997 and 1998 data—taking runs

the first three drift chambers were removed and replaced with a prototype

silicon strip detector. Discussions of the design for a “next generation” ex—

periment to search for 12,,(1/6) —> V7- neutrino oscillations—one improving on

the sensitivity of NOMAD and CHORUS by an order of magnitude—have

centred on a sandwich of target plates with high resolution tracking detec—

tors, viz. silicon microstrip detectors, interleaved with conventional tracking

detectors inside a dipole electromagnet (Gomez—Cadenas et al., 1996; Gomez—

Cadenas and Hernando, 1996; Ereditato et al., 1996; Ayan, 1997). Such a

design would combine the reconstruction of event kinematics of the NOMAD

experiment with the selection of tau decay candidates by event topology that

is the basis of the sensitivity of CHORUS. Its feasibility turns on the perfor—

mance of silicon detector surfaces comparable1n size to the core of a neutrino

beam, say 1.5 x 1.5m2 for the WANF beam, yet constructed at modest cost.

A small module of such a detector was therefore incorporated into the NO—

MAD as a test of the technique.

The design of the NOMAD silicon target (STAR) is shown in figure 2.18.

The neutrino interaction target is provided by four plates of boron carbide

(B40), each 72 X 31.5 x 2 cm3, with a total mass of 45 kg; each plate is followed

4 B 4C plates (45 Kg)
20 cmH////\

Density: 2.49 g/cm3
Total thickness:

0.37 X0 ( X0 = 21.7 cm)

. 0.25 AI (AI = 32.4 cm)

V beam

Y

5 siliconlayers

Figure 2.18: Schematic side view of the silicon target. (Taken from

Barichello et al., 1998a, figure 2.)
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by a plane of silicon detectors, with a fifth detector plane added to ensure
that interactions in the last plate are followed by two measurements. B4C

was chosen for its high density, a low—Z material being required to minimise

multiple scattering.

Each silicon detector plane is made up of 10 overlapping modules, shown

end-on in the figure. Each module is a “ladder” of twelve silicon microstrip
detectors, each with a strip and readout pitch of 25 and 50 pm respectively,
and 640 strips read out (figure 2.19). The result is a detector with an active
surface of 1.14 m2 and a resolution of z 10 ,um in the vertical (y) coordinate,
based on charge—sharing between the strips (smaller ladders of nine detectors
were found by Barichello et al. (1998b) to have a resolution of 6 mm). The
low event rate and detector occupancy instrinsic to a neutrino detector make

possible the use of long shaping-time, low-noise readout chips for the detec-

tors, which in turn makes practical the long detector ladders (the longest

implemented at the time of writing).

The silicon target is installed at the beginning of the inner volume of the
NOMAD magnet, at its vertical and horizontal centre, coinciding with the
core of the neutrino beam. Small scintillator planes immediately precede and

follow the target to provide veto and trigger signals respectively for readout

of the STAR. The readout electronics, performance, trigger conditions and

data acquisition for STAR have been described elsewhere, together with a

much more detailed account of the detector design (Barichello et al., 1998a,b).
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Figure 2.19: Layout of an individual silicon layer. (Taken from

Barichello et al., 1998a, figure 3.)
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Results from the 1997 and 1998 data—taking runs will subsequently be pub-

lished by the same authors, but will not be incorporated into this present

work. The removal of the first three drift chambers in 1997 and 1998 to

accomodate the STAR of course required a change to the fiducial volume for

neutrino interactions in the NOMAD proper: this is discussed in chapter 6.

2.5 Data recording and handling

2.5.1 Triggering

The trigger logic for the NOMAD, and various bookkeeping tasks, are im-

plemented using a purpose-built VME-based module, MOTRINO (Schmidt,

1997). Two “master” modules, handling triggers in the neutrino gates and

the muon gate respectively,

0 generate timing signals synchronised with the SPS cycle;

0 form up to six triggers from eight subdetector signals using computer—

programmable logic, introducing artificial deadtime for trigger-rate mod—

eration where necessary;

0 calculate trigger livetimes from coincidences of the trigger inputs and

the detector busy—signal; and

0 count rates for the various trigger inputs.

Five slave modules, one for each of the VME modules controlling subdetector

readout (see the next section), transmit the global triggers, manage trigger

information generated by the subdetectors, and generate local triggers out-

side the physics gates for subdetector calibration purposes.

The main NOMAD event trigger in the neutrino gates is formed from

the coincidence of the OR signals from the two trigger planes, with the veto

counter signal in anticoincidence (V X T1 X T2, as noted in sections 2.4.2

and 2.4.5 above). The data used for the analyses presented in this thesis were

taken with this trigger condition. Its rate is z 5.0/1013 protons on target

(p.o.t.): about 10% of these triggers are candidate neutrino interactions in

the drift chamber target, the remainder being due to cosmic rays outside

the veto acceptance (at a rate equivalent to x 1/1013 p.o.t., depending on

the beam conditions), throughgoing muons for which the veto plane fails to

fire (m 1.5/1013 p.o.t.), and neutrino interactions in the magnet coil and flux

return (z 2/ 1013 p.o.t.). Events of these latter types are rejected offline using

various quality cuts, principally on the formation of a primary event vertex,
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consistent with a neutrino interaction, within the fiducial volume of the drift

chambers (see chapter 6).

The effective dead—time for this trigger is 15% on average, with fluctua—
tions of RMS size 3% due to variations in the intensity of the proton beam

on the T9 target, the width of the neutrino spills etc.. The dead—time, which

is constantly monitored, is estimated using a signal from intruments in the

WANF beamline which reflects the structure of the neutrino spill, so that
both high— and relatively low-neutrino—fiux periods are taken into account; it

is dominated by the readout of the subdetectors to the front-end electronics.

Throughgoing muons from the SPS fiat—top, which are extensively used
for monitoring and calibration of the subdetectors (qq.v.), are selected in
the muon gate by the veto and trigger planes in coincidence (V x T1 x T2),

moderated by an artificial deadtime to a maximum of (typically) 50 triggers
per gate; and a second, unmoderated trigger formed by the central veto
bank (V8, see section 2.4.2) in coincidence with the trigger planes and a low—
threshold trigger signal from the front calorimeter (V8 X T1 x T2 x FCAL’).
The second of these triggers is used to better populate the central region of

the detector—the majority of muons from the SPS fiat—top originate from

test-beams and other experiments upstream of the NOMAD and cross the

detector at an angle.

A range of other triggers are implemented in both the neutrino and muon

gates to study events in the FCAL (Boyd, 1998), neutrino interactions in the

ECAL (WeiBe, 1997), rare-process searches using the calorimeters (Steele,
1996; Altegoer et al., 1998b), events in the silicon target and simultaneous
interactions in the NOMAD and CHORUS detectors. Dedicated triggers
for measurement of subdetector efficiency, subdetector occupancy, and the
selection of muon—decay and delta ray events are also implemented. All of

these triggers, the subdetector trigger inputs and the MOTRINO module are
discussed in detail by Altegoer et al. (1999).

2.5.2 Data acquisition

Hardware and data acquisition software

The NOMAD data aquisition electronics and network configuration are shown

schematically in figure 2.20. Data from the various subdetectors are pro-

cessed by three types of FASTBUS modules: CERN-designed 12—bit charge

integrating ADCs (“cADC” in the figure) and 12-bit peak sensing ADCs

(“pADC”); and commercial 16—bit TDCs (LeCroy 1876 Model 100). Up to
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Figure 2.20: The NOMAD data acquisition system. (Taken from

Boyd, 1998, figure 2.14)

11648 channels4 are read out per event. The digitized information from all

events occurring within a given gate are bufferred internally on these front—

end modules.

The next level of processing is carried out by six VME—based boards

(FIC 8234): one “master” board, then one each for the drift chamber,

TRD, ECAL and muon chamber electronics, with a sixth board handling

the preshower and all the scintillation counter information. Each FIC runs

a data—acquisition process, the so—called stage, a data—driven program devel-

oped using the CERN-designed CASCADE package (Perrin et a1., 1993). At

the end of each gate the data from the front end modules are read into local

buffers by their respective stages, assembled into sub-events, then passed to

the stage running on the master FIC, the “event builder”, through a VME

interconnect (VIC) bus. Beam, scaler, monitoring and slow control data

are also passed by their respective-systems to the event builder. The event

 

4Excluding the silicon target, which contributes an additional 32000 channels: data

acquisition for the STAR is discussed by Barichello et al. (1998a).



2.5 Data recording and handling 91

builder stage assembles the various data into consistent events, which are

then written by a data-recording process to one of two nine-gigabyte disks

for temporary storage. A final process carries out a twice—daily transfer of

data from disk to the CERN tape vault for permanent storage.

Monitoring and control of the VME processors, the run control program,

and the central slow control program are executed by SUN workstations,

connected to the other electronics by ethernet. Individual subdetector slow

control programs are executed by dedicated Macintosh computers communi-

cating directly with the subdetector hardware.

Subdetector monitoring and slow control

Monitoring programs running on the SUN workstations connect to the stages

by ethernet, forming histograms of subdetector response in the neutrino and

muon gates, and also the response to calibration “events” off-spill (e.g. to

the LED light pulses and to directly injected charge for each of the counters

of the ECAL, q.v.). Trigger, sealer and beam data are also accessed by

these programs, allowing both histogramming of subdetector response by

trigger type etc. and monitoring of the beam and elements of the trigger

system. Histograms are variously recorded on a database as a first stage of

subdetector calibration (such as the response of the TRD tubes to the 55Fe

source), printed out at eight-hourly intervals as a reference, and continuously

updated to allow shift crews to monitor detector performance. Throughgoing

muons from the SPS flat—top are processed by a special implementation of the

event reconstruction code to allow calibration and monitoring of individual

tubes, counters etc. to deposited energy, with reasonable statistics.

The Macintosh computers connected to the subdetector electronics, and

various dedicated transducers, run “slow control” programs written in the

LabVIEW graphical language to monitor high and low voltages, currents,

gas flows, temperatures etc.. Subdetector voltage and other settings are

typically controlled by the same programs. Summary data, and alarms in

the case of readings outside the set tolerances, are regularly sent to a central

slow control program running on a SUN workstation. This program alerts

the shift crew in case of problems, and passes periodic data summaries, and

all alarm conditions, to the event builder stage for inclusion in the permanent

data storage.

Run control

High level control of the data acquisition system is carried out by a finite

state machine, written in C++ and interacting with the shift crew via an X-
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windows interface, so that the state of every stage and monitoring program

is visible “at a glance”. Definite rules are set down for transitions from

one state to another and the system operates semi-automatically, ending one

data—taking run at a specified point and beginning a new run immediately

all bookkeeping tasks have been performed; only occasional intervention by

the shift crew is required. Transitions between runs, and down-time due to

data acquisiiton and monitoring software problems cost less than 3% of the

potential data—taking time.

2.5.3 The event reconstruction code in outline

Reconstruction of events in the NOMAD proceeds in two broad steps or

“phases”. In phase one processing the raw data for each of the subdetectors—

tetrode output in the ECAL, timed “hits” in the drift chambers and muon

chambers, and so on—are converted to measurements in physical units using

calibration information stored in a database. (In many cases such calibration

is able to track small changes in subdetector response on a run—by—run basis.)

Measurements by a given subdetector are also assembled into higher—level

reconstruction “objects” during phase one: a Kalman filter process fits tracks

to the hits in the drift chambers, and fits these tracks to vertices; simpler

pattern—finding code fits straight-line tracks in the :1: — z view to hits in the

TRD straw tube planes; track segments in x — z and y — 2 projection are

formed from hits in the muon chambers, and then into tracks in space where

possible; a preliminary resolution of preshower and ECAL energy deposits

into clusters is carried out, etc..

During phase two of the reconstruction, objects from different subdetec—

tors are “matched” to form a picture of the event in the detector as a whole.

In the simplest case, track segments from the muon chambers are matched

to extrapolations of drift chamber tracks, identifying these tracks as muons,

when they are consistent in both position and direction. Re—fits of the sub—

detector data are triggered where appropriate: for example, track segments

from the TRD are refined as the phase—one segments are matched to the

longer three-dimensional fitted tracks reconstructed from the drift chamber

data. In other cases, complex subdetector information is only resolved at

phase two, such as for the ECAL, where overlapping clusters are disentan—

gled using preshower information to localise converting photons and shower—

ing electrons, and extrapolated drift chamber tracks to identify the impact

point of charged particles. The vertical “strip” of ECAL deposition due to

bremsstrahlung by electron tracks is also reconstructed, where possible, at

this stage.

The majority of phase two code is executed inside a loop, which is iterated
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until a consistent picture of the event emerges. This procedure was chosen

because the mode of reconstruction in one detector may depend on informa—

tion from another—as for pion— or electron-track hypotheses for the Kalman

filter, or ECAL clusterization—and preliminary identifications may change.

In most cases sufficient information is stored to vary the default particle iden—

tification choices at the analysis level, for example the use of TRD informa—

tion to separate pions and electrons (see chapter 5, especially section 5.2.4).

Information from the HCAL is especially coarse (see section 2.4.9) and in

most cases disentanglement of overlapping showers isstrongly dependent on

both track extrapolation and identification, and so HCAL reconstruction is

implemented as a special case outside the loop, when other subdetector in-

formation has been resolved.

Physics analysis is typically carried out on a reduced data format, the

so-called DST (“Data Summary Tape” format), reproducing the principal

“physics” information from the phase two reconstruction, such as particle

momenta, energies and positions, without some of the lower-level data. The

7‘_ —> V77r'7r+7r' + n7r°(n 2 0) analysis presented in this thesis was carried

out in this way. The full phase two output remains available, however, and

was used for parts of the particle identification studies reported in Chapter 5,

chiefly when the DST format had not yet evolved to include the necessary

information.



Chapter 3

Variables to distinguish ’7' decay

from neutral current events

3.1 Introduction

A search for three—prong tau decays

7" ——> Ufa—«Wr— + n7TO(n Z 0)

must in the first place distinguish such events from those caused by the neu—

tral current process 1/“ + N —> 1/” + X. In both cases there is in general no

muon or electron at the primary interaction vertex to “tag” the event, and

the visible event momentum has a component perpendicular to the neutrino

beam, due to the “missing” momentum of the final—state neutrino. We there—

fore seek a set of quantities sensitive to the differences which do exist between

these two classes of event. A 371’ candidate produced in the decay of a tau

lepton, itself a product of a deep inelastic scattering, should in general have

rather different properties to three pions chosen “at random” in a neutral

current event: our task is to quantify those differences.

The choice of variables to distinguish three-prong decays from the neu-

tral current background is discussed in this chapter and the chapter following.

General matters concerning the construction of analysis variables from event

measurements, and their classification, are treated in section 3.2; an his—

torical discussion of some variables used in three-prong analysis follows in

section 3.3. It turns out that the choice of variables to describe the overall

properties of an event is a surprisingly difficult problem, and we devote the

remainder of this chapter (section 3.4) to that task. The many variables

sensitive to the internal structure of the T —) 1/37r decay are then discussed

in chapter 4. In particular the selection of three pious from an event to form
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the tau decay candidate, a non—trivial task, will be discussed in sections 4.2

and 4.6. We will take this selection for granted in the present chapter in order

to focus on the overall properties of three—prong decay and neutral current

events.

3.2 The construction and classification of anal—

ysis variables '

At the simplest level a reconstructed event in the NOMAD can be considered

as a set of tracks and neutral objects, with the three—momentum and charge

listed for each. Once particle identification has been carried out, hypothet—

ical particle types, and hence masses and energies, can also be assigned to

each object. Moving to a further level of sophistication, the reconstruction

code returns an error matrix along with the momentum for each track, as

well as the beginning- and end-points of the track, number of “hits” in the

drift chambers and so on—the count has already reached sixteen quanti-

ties per track—while neutral objects in the calorimeter can be assessed for

their degree of overlap with other neutrals, or with clusters due to charged

tracks. This additional information, in various combinations, can be used to

carry out “quality cuts” on the data, as discussed in chapter 6, or to form

uncertainties on higher—order measured quantities such as invariant masses.

3.2.1 The kinematic variables

Obviously the three—prong decay analysis must be carried out using a greatly

reduced set of quantities: even the list of three—momenta for the tracks and

neutrals contains much “irrelevant” detail, and does not present the most

important information in an accessible form. At the simplest level we can

treat an event as consisting of two three-vectors only: the momentum of the

candidate 37r system, and the momentum of the remaining tracks and neu—

trals, which we denote “the hadronic system”. (Only in 7" —) 1/7-7T—7T+7l'—

events where we have correctly chosen the pious forming the 37r system, will

this actually correspond to the hadronic system properly-so—called; in neu—

tral current events all of the tracks and neutrals belong to the true hadronic

system. In all subsequent discussions, except where otherwise stated, we will

take the choice of the pions belonging to the “37r system” for granted, and

speak of the remainder as “the hadronic system”.) This approximation is

shown in figure 3.1.

For convenience we also define the “missing transverse momentum” as

the additional momentum required to achieve momentum balance in the
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Figure 3.1: A three—prong candidate event, where the “internal

structure” of both the 31r and the hadronic system has been ignored.

transverse plane:

~miss dif _ fitot
T

= —(.’3%" + 17?“), (3-1)

where the subscript “T” denotes quantities, especially 2-vectors, in the plane

whose normal is aligned with the incoming neutrino beam. The vector fiFi”,

which by construction is a function of the two three-vectors 13‘3" and jihad

which form the event in the simple approximation being treated here, will be

used repeatedly in all following discussions.

At this level there are only five degrees of freedom in the event: six

numbers are required to describe the pair of three—vectors, but we assume that

the azimuth of 13‘M d=ef (13'3" + 13'had) about the neutrino beam is irrelevant for

physics, whereupon we are free to make a rotation reducing the six numbers

to five. Any quantity which is a function only of these degrees of freedom,

we will call a kinematic variable. These variables, summarising the overall

properties of the event, will be treated in sections 3.3 and 3.4 below.

3.2.2 Definition of coordinate axes

We have already referred to a coordinate system for variables, which we will

now pause to define. The y—axis is given by the vertical, in the usual way.

The z—axis is given by the longitudinal axis of the NOMAD (figure 2.6, with

2 increasing from left to right), with the zit-axis then being determined by the

usual right-handed convention (zle. “into the page” on figure 2.6). Where
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absolute quantities are necessary the centre of the front face of the magnet

coil (see section 2.4.1) will be taken as the origin of coordinates.

This is the obvious physical coordinate system for the detector, but the

neutrino beam suggests a more useful set of coordinates for physics analysis.

The neutrino beam provided by the West Area Neutrio Facility is inclined

upwards (but not sideways, by construction of the detector) from the z-axis,

and we use its nominal angle a to define new coordinates

w' = m,

y’ = y cos(a) — z sin(a),

z' = z cos(a) + y sin(a),

a = 42.5278 mrad.

Thus the z’—axis is the axis of the neutrino beam, and the y’ — x’ plane is

the plane whose normal is given by the the neutrino beam, henceforth the

transverse plane.

Conservation of momentum dictates that if all outgoing particles in a neu-

trino interaction were detected, and their momenta ideally reconstructed, and

that the struck nucleon had no transverse component of Fermi momentum,

then the total momentum of the event in the transverse plane should be

identically zero. Thus the “missing” transverse momentum defined at (3.1)

above is the sum of the transverse momenta of all undetected final—state par-

ticles, with additional terms due to mis—reconstruction of detected particles,

and Fermi motion. To guide the analysis we will think of 17:?” as the trans-

verse momentum of a final-state neutrino, from a neutral current event or

7" —> VTTF_7T+7T— event as the case may be. Effects of mis-reconstruction

and Fermi momentum will be discussed in chapter 6.

We will use the subscript “T” throughout to label vectors, magnitudes

of vectors, or other quantities formed solely from vector components in the

y’ — a:’ or transverse plane.1

3.2.3 Internal structure variables

The approximation depicted in figure 3.1 effectively treats the 37T and hadronic

systems as massless particles, so that their three—momenta are the only rel-

evant quantities to be measured. The simplest extension of this approach

is to also consider the invariant masses of the two systems: M33; for the 37r

system, which we would expect to reflect the a; mass in the case of 7' —) 1/37r

 

1There is one, very important exception in the analysis variable called qT, described in

section 3.3.3 below: the name is retained here for historical reasons, 6. g. consistency with

published NOMAD papers.
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decay; and W for the hadronic system. Both quantities reflect the relative

momenta of the tracks (and neutrals) belonging to their respective systems,

and are sensitive to particle mass assignments, through the particle energy

terms.

More generally, we will call any quantity which depends on the relative

momenta of individual particles, or their mass assignments, or on selections

or maximisations etc. over sets of tracks or neutrals, an internal structure

variable. Variables of the 37r system are the prototype of such quantities:

opening angles of the 37r, variables sensitive to the ’7'" polarisation, and so

on; these will be discussed in chapter 4. But it is also necessary to construct

quantities which do not rely on the division of the event into 37r and hadronic

systems: for example, it is only by such a process that a 37r system can be

chosen in the first place, since events where at least one 37r system can be

formed (Le. events with n(7r") 2 2,n(7r+) 2 1) typically admit of many

37r combinations. This problem will be treated in section 4.6 of the next

chapter. Other internal structure variables, reflecting the shape of the event

quite apart from the model of 37r— and hadronic—systems, will be introduced

in chapter 6 in the course of suppressing the charged-current background.

3.2.4 Quality cuts

Most of the quantities mentioned at the beginning of section 3.2—error matri-

ces, positions, numbers of drift chamber hits and so on—are relegated to the

background of the analysis. We are assuming throughout the basic reliability

of the reconstructed momenta etc., relying implicitly on the previous experi-

ence of analysis, and tests of detector— and event reconstruction—performance,

some of which have been published by the collaboration (Altegoer et al.,

1998a, section 3). Where more basic information does come to the fore is

in decisions as to whether the event as a whole should be analysed or dis-

carded, or whether some reconstructed track or neutral should be included

in or excluded from the analysis. We will discuss quality cuts of this kind in

chapter 6.

3.2.5 Three-pion and three-prong events

In section 2.3.2 above we noted the existence of several “three prong” tau

decays: the three—pion decay proper, 7'_ —> VTTF_7T+7T— through the al—

meson; the modes including one or more neutral pion; and the relatively

rare modes including kaons. In common with other studies to date, we will

develop a consolidated three-prong analysis which is guided by the dominant

three-pion decay, but applied to a search for all of the three—prong decays:
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for example, except when a comparison is being explicitly made between the

different decay modes, Monte Carlo samples of the “signal” will be mixtures

of all of the three—prong modes in the appropriate ratio.

Clearly some loss of efficiency, or at least of precision, is implied by this

approach. Where neutral pions are lost entirely from the analysis, they will

contribute to the missing transverse momentum which our analysis ascribes

to the final—state neutrino: the resulting distortion of the analysis will be

relatively subtle. Tests which rely explicitly on the decay through the al—

meson are not strictly applicable to the other decays, but as we have already

noted the al— is a broad resonance centred at a large fraction of the 7" mass,

so that the 37r system in the other three-prong decays will often approximate

a; —> 7r‘7r+7r” behaviour. More serious is the case where one or both gammas

from the neutral pion decay(s) are reconstructed as part of the hadronic

system. Here both momentum and energy are being assigned to the “wrong

half” of the event in the 37r- and hadronic—system picture.

In the absence of dedicated analyses for the neutral—bearing modes, we

take the pragmatic approach that even a relatively low efficiency to detect

these modes will increase the overall sensitivity of the search for tau decays.

While undoubtedly there are gains to be made by a dedicated analysis of

these cases—in particular the four—pion decay 7" ——) VT7T_fl’+7I'_7To through

the narrow w resonance—there are also additional difficulties, notably the

relative inefficiency of 7r° reconstruction, and the additional combinatoric

problems due to the many neutral energy clusters in the calorimeter, which

arise before the combination of 7r’7r+7r' and 7r° is even considered. These

problems place such an analysis beyond the scope of the present work.

In all that follows we will use the terms “37r” or “three-pion” when it is

appropriate to emphasise the system in hand, which is being subjected to

analysis, and the term “three—prong” when the final aim of the analysis, Le.

sensitivity to tau decays, is in View. The misallocation of tau—decay 7r0 to

the hadronic system, discussed above, will be ignored.

3.3 Some variables previously used in three-

prong decay analysis

As we turn to the choice of kinematic variables for the analysis, it is useful

to review the most important quantities which have previously been used.

Section 3.3.1 presents the transverse momentum and azimuthal angle vari—

ables introduced when the kinematic method was first proposed, and their

adaption to the NOMAD case. Related quantities introduced within the
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NOMAD collaboration, to mitigate some of the resolution problems inher-

ent in the angular variables, are then discussed in section 3.3.2. Finally the
important isolation variable qT, which has become a key feature of most tau

decay analyses within this experiment, is presented in section 3.3.3.

3.3.1 Angles in the transverse plane: ¢37r_h and ¢m_h

The original discussion of the kinematic—variable method envisaged a search

for 7" ——> 147,41— decays above a background of I!“ + N —> ,u‘ + X in-

teractions: in this case the 11,, and V, were to be produced by the decays

of (respectively) D and D8 mesons in a proton beam dump (Albright and

Shrock, 1979). In this situation the muon is the tau—decay candidate; assum—

ing the ability of a detector to measure the direction as well as the energy

of the hadronic system, one constructs the missing transverse momentum as

discussed in section 3.2.1 above and makes cuts requiring

o transverse momentum imbalance greater than the resolution of the de—

tector, say Ifiq’Z‘ml > 1GeV/c;

o the muon at a large angle to the hadronic system in the transverse

plane, say 45”-}. > 90°; and

o the missing momentum opposite to the hadronic system in the trans—

verse plane, say ¢m_h > 120°.

miss

PT

¢m-h

X
pl‘ad E.) ,

Figure 3.2: The transverse plane for 1“ —) 147,41.“ analysis

These angles are shown, together with the type of configuration foreseen for

a 7" —) Vffiuy‘decay, in figure 3.2. The pair of neutrinos in the final state
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is the source of both the large missing transverse momentum, and the strong

anti—correlation between the directions of fiFi’s and 13%“.

In the NOMAD proposal, a similar analysis was foreseen for the electronic

decay 7" ——> V7756_, above the relatively low 145 + N ——) e’ + X background,

with the additional refinement that a contour on the plane ($7,141, ¢e_h) was

used to separate signal— and background—regions (Astier et aL, 1991a, fig—

ure 11, with the obvious ¢u—h r—> ¢e;h substitution).

The extension of the analysis to three—prong decays involved a number

of modifications, due to the dominance of the three—pion system over the VT

in such decays‘the opposite of the situation for the leptonic decays, where

the neutrinos V7246) dominate the lepton [f(e‘). Thus the roles of the two

azimuthal angles are reversed: one retains the structure of the analysis but

performs the substitutions

¢u—h H ¢m—h

¢m—h H ¢37r—ha

so that the tighter cut is placed on 453,-“ the various angles are shown in

figure 3.3.

 

Figure 3.3: The transverse plane for 'r' ——> 11.,7r‘7r+7r‘

In addition, the cut requiring large missing transverse momentum is replaced

with empirically determined cuts requiring

0 low missing transverse momentum, p'q’w‘i” < 1.6 GeV/c; and

0 large transverse momenta for the 37r and hadronic systems, 12%", 12’de >

1.6 GeV/c
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(Astier et al., 1991b). These changes also reflect the need to suppress a
neutral current background, where the typical pm” is large, rather than a

charged current background where pm” is small, being an artefact of the
event reconstruction.

3.3.2 Ratios of transverse momenta: p3"r and phad

During the course of analysis within the NOMAD collaboration, it became

clear that angular variables such as (19711—1; suffer from a serious flaw. In the

limit where Ifi’mssl —) 0, ¢m_h depends on the direction of the infinitesimal

5773"”, so that events in the small region of phase—space3with pm'”~~ 0 are
placed at arbitrary ¢m_h; similar effects occur when pT" or p14“ is small.

There are thus dramatic variations in event topology for small movements
on the plane (¢3fl_h,¢m_h), with the resolution in (¢3,_h,¢m_h) becoming

singular at the boundary of the physical region (Cousins, 1997a).

This problem is avoided if one uses ratios of transverse momenta, for

example

p31: p34” .

T1r+ phad + pgnss

had___ Pitadp ————.— (3.2)
T1r_+_ phad + pawmss '

These quantities are sensitive to both the relative size and orientation of
1533””, while events with similar topologies”are always close together in (p37', phad);
the only singularity occurs when all of p3 ,"p9”, pm‘” —> 0 (Cousins, 1997a).

At the same time, it became apparent that the empirically determined

two—dimensional cuts in (¢3W_h, q5m_h) etc. (Astier et al., 1991b, figure 12 be-
ing the three—prong example), whose exact position and shape would always
contain an arbitrary element, could be represented by simple cuts in ratios

of transverse momenta (Geiser et al., 1996). As a result, description of the
transverse plane in terms of the ratios (3.2) or similar quantities (see for
example Altegoer et al., 1998c, section 9.1) has become favoured.

Transformation between (¢3,_h,¢m_h) and (p3",ph“d)

The information in the angles (¢3,r_h,¢m_h) is reproduced in the ratios

(p37', phad): the transformations between them may be derived from the trans-

verse momentum triangle relation

_.

5%" +fi%“d+17¥“” = 0 (3.3)
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Figure 3.4: The transverse momentum vectors of figure 3.3 rear—

ranged to illustrate the momentum triangle relation, with angles

oz, fin! shown (their relation to the angles of the previous figure is

given at (3.4).

(c.f. (3.1)), defining interior angles

01 = 7r - ¢31r—h

5 = 7r — ¢m—h

7 = 7r — a - ,3 (3-4)

as shown in figure 3.4. The sine rule then immediately gives

31 sin fl

p =m
had 5111 ”Y

sinoz + sinfl + sin'y’

while setting
miss

miss : pT
p113; +pg‘ad +p?zss

had

p

= 1 - p3” — p
we may write the inverse transformation using the cosine rule:

(phad)2 + (p37r)2 _ (pmiss)2

2p31rphad

(phad)2 _ (p31r)2 + (pmiss)2

2phadpmiss '

(Following Cousins, 1997a, where the p variables were introduced).

 COSQ =

 cosfl =
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3.3.3 The isolation variable qT

An independent line of development in the analysis, specific to hadronic

decays of the tau, has sought to quantify the isolation of the 37r system

from the rest of the event. A very early expression of the idea can be found

in Sciulli (1978): in the NOMAD experiment a critical study of the early

prOposals for analysis has led to the use of the variable we call qT as a

measure of the isolation of the 37r system.

In the early NOMAD study of the three—prong decay already mentioned,

the final cuts on transverse momenta p31“, p?“ > 1.6 GeV/c yielded a rejection

factor of over 3000 in the Monte Carlo then used (Astier et al., 1991b, table 2;

the initial sample contained 3.7 X 105 events). In seeking the physical origin

of this rejection it was noted that in the neutral current background, all the

hadrons in the event are produced in the fragmentation of the struck quark

and nucleon remnant (Astier et al., 1991c). The distribution of such hadrons

in momentum perpendicular to the total hadronic system, (1 /pi)(dn/dp1),

exhibits an approximately exponential falloff (zle. equivalent to a Gaussian

distribution in 171), as shown in figure 3.5 for the NOMAD data and full

Monte Carlo.

This result is well—known from previous experiments (6.g. Arneodo et al.,

1984) and a strongly falling distribution of p_._ is expected from our under—

standing of the fragmentation process. In the Lund string model of fragmen—

tation (Andersson et al., 1983), momentum of hadrons perpendicular to the

total hadronic system is due to

0 Gaussian p1 of q'q pairs formed from the energy stored in the colour

“flux tube” (the “string” of the model: the functional form follows from

a quantum-mechanical “tunneling” argument);

0 decays of unstable resonances into pions etc.;

o “primordial” transverse momentum kL of the struck quark within the

target nucleon;

0 “soft” gluon emission; and

0 first order QCD processes,

the last of which is not expected to be significant in the kinematic regime

probed by NOMAD (see e.g. Jones et al., 1984). The first four sources

contribute approximately Gaussian terms of (pi) z 0.2 GeVz/c2 or less. In

NOMAD, where the most important constituents of the neutrino beam target
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Figure 3.5: The distribution 51:37": for all tracks except the muon,

measured relative to the hadronic system in identified up + N —-)

ir+X events in (a) the NOMAD data, and (b) the Vfl+N —> p," +X

Monte Carlo. (Compare the LEPTO simulation of Astier et al., 1991c,

figure 5).

are carbon and oxygen nuclei, there is an additional contribution due to Fermi

motion of the struck nucleonz, which will be discussed further in chapter 6.

As a result, three—pion systems chosen from such events also exhibit an ex—

ponentially falling distribution of momentum transverse to the true hadronic

system, which we can approximate by the total observed momentum in a re-

constructed event (Astier et al., 1991c, figure 6; see also figure 3.6(b) below).

 

2The NOMAD Monte Carlo event generator is based on the LEPTO 6. 1 program simu-

lating the deep inelastic neutrino—nucleon scattering process (Ingelman, 1992), incorporat-

ing JETSET 7 . 4 to simulate the fragmentation of the hadronic system (Sjostrand, 1994a,b);

NOMAD-specific code treats the profile of the neutrino beam from the WANF (section 2.2

above) and Fermi motion effects in the target. First-order QCD processes are switched off

in the code, while soft gluon effects are only partly taken into account, by broadening the

pi distribution used by JETSET. Some other parameters have been tuned to fit observed

distributions.
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For events which are “back-to—back” in the transverse plane (figure 3.3),

such as those selected by a tight cut in ¢3W_h (6.9. Astier et al., 1991b,

figure 12), momentum perpendicular to the total hadronic system (which we

have been calling pl in this section) is close to momentum transverse to the

beam direction, pT. The origin of the large rejection factor from transverse

momentum cuts pg", 19%“ > 1.6 GeV/c, referred to above, thus becomes clear

(Astier et al., 1991c).

In three-prong decay events, on the other hand, the weak final—state neu—

trino ensures that

1. the total observed momentum is close in angle to the neutrino beam

direction, and

2. the three-pion system carries a large fraction of the momentum, and

also the transverse momentum, of the tau lepton,
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Y

L 2’ (V beam

direction)

1: lepton

    
total visible

momentum

hadronic system

(a) Three—prong tau decay event. The qT of the 37r system reflects the momentum

of the 7'” perpendicular to the neutrino beam, due to the deep inelastic scattering

process.

outgoing Vp
9

y

L 2’ (v beam

direction)

 

true hadronic
‘ ‘hadronic ___________ system
system’ ’

(b) Neutral current event. The qT of the “31r system” reflects momentum

of the individual pions perpendicular to the true hadronic system, resulting

from the fragmentation process.

Figure 3.7: The physical origin of qT is depicted for (a) three—prong tau decay and

(b) neutral current events. The same outgoing lepton momentum (for the 1" and

11“ respectively), and the same true hadronic system momentum, have been used

in each case. For simplicity, events with the main vectors lying entirely in the

y’ — 2’ plane have been depicted. (This is a conservative choice: rotation about

their own axes of the tan decay in (a) 01' the true hadronic system in (b) would

reduce the resemblance between the events.)
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as depicted in figure 3.7. As a result, the spectrum of momentum perpen-

dicular to the total observed momentum for the three—pion system is hard

(figure 3.6(a)).

The dramatic difference in both the fundamental origin and the distri—

bution of this quantity has led to its use as a kinematic variable in its own

right—as the most important single variable of the analysis—replacing the

p31", p’fad cuts. In keeping with the now—established NOMAD convention (Al—

tegoer et al., 1998c) we will call this variable qT, pausing to stress that the

use of the subscript “T” is inconsistent with the usage of the rest of this

work, where it denotes quantities of the plane perpendicular to the neutrino

beam direction. The variable qT does not lie in the transverse plane (except

for the special case 1539‘” = 6) and its relationship with quantities in that

plane is complicated. This will emerge as an important point in the following

section.
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3.4 The choice of five kinematic variables

We wish to find a set of kinematic variables which is both complete, rep—

resenting all of the information present in the approximation of 37r— and

hadronic—system “massless vectors” (see section 3.2.1 and figure 3.1), and ef—

fective at separating three-prong decay and neutral current events. Following

the historical development just outlined, we begin with the transverse plane.

3.4.1 The transverse plane

Considering only quantities in the transverse plane, the event is represented

at this level by three two—vectors: the transverse momenta of the three—pion

and hadronic systems, and the “missing” transverse momentum, as shown in

figure 3.8.

 

Figure 3.8: The transverse plane for 'r‘ —) VT7r‘1r+1r—

Only two of these vectors are independent, as the missing transverse mo-

mentum is defined by imposing transverse momentum closure for the event

(definition (3.1)), Le.
4m'ss -‘ 7r -‘hpT’ = —(P% +prad)-

So four numbers are sufficient to define the transverse momentum vectors.

We are assuming that a rotation of the event about the neutrino beam axis

has no effect on the physics, so subtracting one quantity (by rotating the

event until one of the vectors is aligned with a predetermined axis, for ex—

ample) it is apparent that the event'has three degrees of freedom in the

transverse plane.
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As has already been noted, the ratios of transverse momenta introduced

in section 3.3.2, describing the relative size of the vectors, are also sufficient

to describe the angles between them, because of the momentum triangle

relation (3.3) above. It remains only to specify the size of the vectors in the

transverse plane, and so a suitable complete set is the pair of ratios (p3’r, phad)

together with the transverse momentum scale, 1.6. we use

Tfl'l' PT + PT

Phad =:TLfidd—In—
PT + PT +PT

M= pr" + Pi“ + I)?” (3-5)

where the name “M” reflects the interpretation that massless particles ra—

diating from a point with momentum vectors pT” , 137,3“, 5}"‘33 would have an

invariant mass equal to this quantity. We should stress that p31r and ph‘”l are

scalar quantities, constructed from the magnitudes of the transverse momen-

tum vectors: the momentum triangle relation between those vectors (3.3)

moreover places bounds on the p variables:

0< p3" <0.5
0< phad <0.5, (3.6)

had)
and since the quantity pm” = p?” /M = (1—p37r—p is similarly bounded,

the sum of our two variables has a lower bound

(p37r + M“) > 0.5 (3.7)

The physical region in (ps’r, phad) is thus a triangle with corners at (0, 0.5),

(0.5,0) and (0.5,0.5).

3.4.2 The plane of momenta

Turning now to the isolation variable qT, it is natural to consider the event

not in the transverse planebutin the plane of momenta, the plane defined

by the momentum vectors p31rand 13"”, shown1n figure 3. 9:

If we consider relations within this plane, and ignore for the moment its ori-

entation, then the event is a parallelogram with the 37r- and hadronic-system

momenta along adjacent sides, and the total momentum along the diagonal

emerging from their intersection; by construction, qT is the momentum of

the 37r system (or, equivalently, the hadronic system) perpendicular to the
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phad

Figure 3.9: The plane of momenta

total. This parallelogram has three degrees of freedom, of which qT is one:

it remains to make a suitable choice for the remaining two quantities.

From figure 3.7(a), it is clear that for tau decay events there will be a

correlation between the value of qT and the momentum of the 37r system,

p3", since large values of both quantities are associated with energetic 7"

and 37r decay product. For the neutral current background we do not ex—

pect as strong a correlation, as some of the sources of hadron momentum

perpendicular to the true hadronic system—specifically, pJ_ of qq pairs, and

decays of resonances—are not correlated to the longitudinal momentum of

the hadrons p“ (section 3.3.3; see the discussion in Andersson et al., 1983,

sections 3.2, 4.6.2).
Distributions of p37r in the Monte Carlo in bins of qT, shown in figures 3.10

and 3.11, support this line of reasoning: the distribution of p31r for the sig—

nal is harder and broader than the distribution for the background, and its

evolution with qT is more pronounced, especially in the high-qT region (fig-

ure 3.11). So p31r is a suitable choice for the second variable.

The remaining degree of freedom may be described by 12"“, or, consid-

ering the scale of the parallelogram to have been fixed by cuts in the other

two variables, by some ratio such as E31f / (E31r + Eh“). Geometrically this

quantity is just as important as the other two, but kinematically it is less sig-

nificant: in three—prong—decay and neutral current events alike, we are dealing

with systems of limited invariant mass boosted forward, so that cases where

either the 37r or the hadronic system are completely dominant in the labora-

tory frame will be unlikely. Indeed, by proposing variables such as (unsigned)

phad or E31r / (E31r + Ehad) we have left a whole class of geometries—where one

of 173": 13‘had emerges at greater—than-90° to their sum—out of consideration.
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Figure 3.10: Distributions of 31r-system momentum for signal and background

events in the Monte Carlo, plotted in bins of qT.
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Figure 3.11: Distributions of 37r-system momentum for signal and background

events in the Monte Carlo, plotted in bins of qT. Continued from figure 3.10 with

a change of horizontal scale.
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3.4.3 The correlation between (IT and (p37', phad)

Reviewing these two descriptions of the event—by three quantities in the

transverse plane, and another three quantities in the plane of momenta—it

is clear that some redundancy exists, as there are only five degrees of freedom

in the event at this level (section 3.2.1). More precisely, since the two sets of

three variables each cover their own systems, there must be some redundancy

between the set (p3",ph“d, M) and the set (qT,p3", fim).

We begin by considering the correlation between qT, the most important

variable of the plane—of—momenta, and the (p3", phad) variables of the trans—

verse plane. Monte Carlo distributions of (103", phad) in bins of qT are shown

in figures 3.12 and 3.13.

The (p37', phad) distributions for three-prong decays and neutral current

events at similar qT differ from each other, but there are no clearly—defined

signal— or background-regions. Certain trends are evident:

c at low qT the background is concentrated at the diagonal (p37r + phad =

0.5) boundary;

0 as qT rises there is an increasing concentration of the signal at high

p37r and phad z 0.5, leaving a signal—free region along the diagonal

boundary.

This effect can be understood if we consider figure 3.3 and the definition of

the p variables (3.2): events with p31r + pk“l —> 0.5 correspond to the back-

to—back configuration in which my” dominates the transverse plane and is

at % 180° to the (collinear) 17%" and 15%“. For three-prong decays, large qT

events correspond to cases where the 37r system is energetic and has large

transverse momentum, and so dominant VT (and hence 131?”) are disfavoured.

The distinction between signal and background is much more clear if

we suppress the dependence on qT, superimposing the distributions from

figures 3.12 and 3.13 to form summary plots for signal and background, as

shown in figure 3.14. Three—prong decay events are concentrated at the upper

boundary phad % 0.5 (“back—to—back” events with approximately collinear

13%" and fig“), while the neutral current events are concentrated along the

diagonal boundary (p?iss-dominated events) and in the upper—left corner

(p37', phad) x (0,05) (events where p33" is very small compared to the other

transverse momenta).

From the plots in bins of qT, it is clear that these distinct concentrations

of signal and background are a function of the harder qT—distribution of the

signal: the background concentration at the diagonal boundary is largely a

low—qT phenomenon, while only in the highest bins of qT are the (p37', phad)

distributions of signal and background clearly separated. On the other hand,
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Figure 3.13: The (1237', phad) plane for signal and background events in the Monte

Carlo, plotted in bins of qT, in the high-qT region. Continued from figure 3.12.
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Figure 3.14: Distribution in (p3’r,ph“d) plane for signal and back-

ground events in the Monte Carlo, qT > 0.7 GeV/c, Le. summing

all of the distributions from figures 3.12 and 3.13.

the differences between signal and background in (p3",ph“d) visible in fig-

ure 3.14 are not merely functions of qT, as the distributions of (ps’r, phad) in

bins of qT also differ. While a connection between the isolation variable and

the ratios (ps’r, phad) is therefore apparent, the way forward in the construc-

tion of the analysis is not yet clear.

3.4.4 The distribution of events in (p3",ph“d,M)

One approach to this problem is to (temporarily) set the qT variable to

one side and consider the distribution of events in the space describing all

configurations in the transverse plane: (p3", phad, M). A convenient way to

do this is to plot the distribution of three—prong and neutral current events in

(p37', phad) in bins of the transverse momentum scale M, effectively taking a

series of slices in the space (p3’r, phad, M). This succession of slices is presented

in figures 3.15 and 3.16 below.

There is a dramatic separation of three-prong decay and neutral current

events in this space, which can be'described by the contours shown on the

plots:

1. the diagonal contours separating high- and low-background regions;

and

2. the horizontal contours separating higher— from lower—signal regions.
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Figure 3.15: The (p37', phad) plane for signal and background events

in the Monte Carlo, plotted in bins of the pT-scale M. Contours

describing kinematic cuts are also shown: these are discussed in the

text.

Each of these “moving” contours—tracing out a surface in the space (p37', phad, M)—

may be described by a cut in a single variable, as described below for the

two contours in turn.

The low- and high-background regions

The most obvious feature of figures 3.15 and 3.16 is the low—background

region in the upper-right corner, Le. at large (p37r + phad), which expands

as the pT-scale M increases. The division into low— and high-background

regions is succinctly described by the diagonal contours shown on the plots,

corresponding to a fixed cut in the variable

d 1, -

3T 2 173:} +129“ no?“ (3-8)
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This quantity reflects the transverse component of the deep inelastic scatter—

ing process in ideal signal and background events, as depicted in figure 3.17:

miss

pT

 

had
P

 

(a)-r—+u31r (b)u,,+N—)u#+X

Figure 3.17: Transverse momenta for ideal signal and NC events.

For ideal 37r decays, as shown in figure 3.17(a), the transverse momentum

17%" is close to that of the 7", so the sum (13%" + p991) approaches twice

the transverse momentum of the deep inelastic scattering process (pg. 2

pg“); this quantity is then reduced by the relatively small p?” to yield 3T.

For ideal neutral current reactions, as shown in figure 3.17(b), the missing

momentum dominates the transverse plane, and (12%" + p9“) z 13?”, both

quantities estimating the pT of the final-state neutrino, so that 3T —) 0.

(Compare with the respective events in figure 3.7.)

Of course, neutral current events resembling figure 3.17(a) are possible—

given both a large energy—transfer y and a large hadronic system mass W—

albeit highly suppressed. The empirically-chosen cut shown in figures 3.15

and 3.16, at ST = 2.0 GeV/c, neatly separates the preferred from the sup-

pressed cases. The corresponding cut on (p3",ph“d) is increasingly loose as
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M rises, since from (3.8)

had _ miss
3T = Pi” + PT PT

2 M (p31 +phad _ [1 _ (p31r +phad)])

: M(2 [p31r +phad] _1)

so that the cut in 3T corresponds to a contour

[93’r + pm] = % (21,79 +1) , (3-9)

slowly approaching the physical boundary as M ——) 00.

The lower- and higher-signal regions

Also apparent in figures 3.15 and 3.16 is a concentration of the signal at the

upper boundary (large phad), tending strongly to the limiting value ph“d —) 0.5

as M becomes large. A division into lower— and higher—signal regions in the

high-M plots may be effected by the horizontal contours shown, correspond—

ing to a fixed cut in the variable

 

def - _. - _‘
MJ. : \flp?zss +13%! 2 _ (271111255 +19%”)? (310)

This is a “transverse mass” variable for the 37r-missing momentum system:

it constructs a pseudo—invariant—mass for the 37!" and the missing momentum,

here considered as the momentum of an escaping body (Le. the final-state

neutrino), using transverse momenta only.

For 7' —> V37l' events, where 57’?“ z {2}" up to effects of reconstruction

errors (which may of course be substantial), this quantity is bounded above

by the tau mass (a result proven in appendix B.4). For neutral current

events the tendency to large 51’3“” z {751, and opposite alignment of fifni”

and 17%" (cf. figure 3.17(b)), leads to large values of Mi, the natural limit

being imposed by the CMS energy of the event, fl >> m7.

The relationship between Mr and (p37’, phad) is non-linear:

 

M = x/(iorm + p??? — (23?“ + 27%"?
= W2 ([1 - p3" - phad] + 1"”)2 - M (p"““)2

= M (1 — My — (W02
= M 1 _ 2phad
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so that the cut in Mi, chosen at ML = 1.7GeV/c (reflecting the bound due

to the tau mass), corresponds to a contour

pm = g (1_ (%>2) (3.11)

which approaches the physical boundary at phad = 0.5 very rapidly as M be-

comes large. This reflects the distribution of the signal in (p37', phad): covering

the plot almost uniformly when M is low, but concentrated into a vanishing

region as M ——> 00.

3.4.5 Correlations between qT and cuts in the trans-

verse plane

We now return to the question of correlation between the plane of momenta——

specifically qT—and the transverse plane. From the results of the previous

section we take the distribution of events in the space (p31', phad, M) to be

usefully described by the variables ST and M_L, so we consider the correlation

between these quantities and qT.

Distributions of the transverse mass Mi are shown for three—prong decay

and neutral current events in figure 3.18, using broad bins of qT. As noted

in the previous section, the two samples have different scales in M_L: the

three—prong events exhibit a fast-falling tail above the tau mass, the neutral

currents a broad distribution more than twice as large in the mean. This be-

haviour is consistent across all bins and completely dominates over the slow

hardening of the distributions with qT, which occurs in both signal and back—

ground cases. So the distributions of events in ML are largely independent

of the isolation variable.

A very different situation is apparent in figures 3.19 and 3.20, where ST is

plotted in narrow bins of qT. There is a marked evolution of the distributions

with qT, particularly for the three-prong decays: the bulk of events form a

peak in the region qT < 3T < 2qT.

Neutral current events have a continuous distribution from a peak at

3T a: 0 through to a limit at 5T é 2qT, so that the distribution also evolves

with qT, but is markedly different from signal events in the same qT bin. Most

of this difference disappears, however, if a cut in the transverse mass is also

imposed. In figures 3.19 and 3.20 the shaded area shows the distributions

after the cut ML < 1.7 GeV/c used in the previous section—~the distributions

for three—prong decays and neutral current events in a given qT bin are now

very similar.
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In retrospect the reason for the correlation between sT and qT is clear.

Where the conditions that

1. p33“ is large, and

2. ML < 1.7 GeV/c, or some similar restrictive value,

are imposed, then from the definition (3.10) the missing transverse momen-

tum fiFiss is constrained to be small, or to be approximately aligned with

the 17731", or both. We have effectively imposed the first of these conditions

(where “large” means comparable to the tan mass, or rather to the cut in

Mr) by considering events with sizeable qT.

In such a case we are pre—selecting events with configurations such as the

“ideal T —-> V37r” case shown in figure 3.17(a). Once qT is specified the scale

of the pat", p55“ is set and ST is largely determined through the momentum—

triangle relation (3.3). Once a transverse mass cut has been applied, a cut

in ST will be equivalent to requiring large qT in the event—a requirement

which we are taking as given. This then is the key redundancy between the

plane-of-momenta (qT, p3”, ‘E3—f:E%fi) and the transverse plane (p37', phad, M)3

3.4.6 A unified description of the kinematic variables

Thus the transverse mass MJ_ is revealed as a natural variable of the analysis,

while the marked division of signal and background in (p3",ph“d, M) sum-

marized by the ST variable (section 3.4.4) turns out to be an effect of the qT

and Ml distributions acting in tandem. The clarity of the division by sT in

(p37', phad, M) (figures 3.19 and 3.20), and the connection between ST and qT

just discussed, raise the question as to why the correlation between qT and

(p37', phad), shown in figures 3.12 and 3.13, is relatively obscure.

Rotation of the plane of momenta

To clarify this it is necessary to set up a single framework within which the

five degrees of freedom of the event (in the “massless vectors” approximation)

can be described. An appropriate framework is provided by the plane—of-

momenta representation of the event, shown previously in figure 3.9: we

 

3111 passing we note that the analysis presented in this section is a variant on the argu-

ment of (Astier et al., 1991c), noted in section 3.3.3 above, explaining the high rejection

factors against neutral current events achieved in the inital study: the transverse mass cut

takes the place of the cut in (q53,r_;,, ¢m_h), an 3T cut replaces the 1233', p99“ cuts, with the

exponentially falling distributions of qT, much harder for the signal than the background,

taken for granted in both cases.
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treat the total visible momentum vector fit°tas if it were initially aligned

with the neutrino beam axis (the z’-axis of section 3.2.2) and then perform

two rotations,

1. a rotation about the y’—axis, tilting 13"“ away from the z’-axis; followed

by

2. a rotation about 17“”, twisting the plane-of—momenta about its own

axis,

to give the actual event. These successive rotations are shown in figure 3.21.

The angles 0 and d) correspond to the standard Euler angles describing an

arbitrary rotation in space with the origin fixed, as discussed in appendix A.

(The third Euler angle, 1,1), may be set to zero as we are ignoring the overall

azimuth of the event.)

The angle 0, or perhaps more intuitively the missing transverse momen-

tum p?” = |fit°tl sin 0, describing the tilt of the plane of momenta from the

neutrino beam axis, and the angle d) describing its twist about its own axis,

are respectively the fourth and fifth degrees of freedom of the event—the first

three being the variables (qT, P3", firm) of the plane of momenta. Clearly

the transverse mass

£55 2 "mi —‘ 2M = «pr +12%") — (pT .. +12%")
is a strong function of both p?” and ¢; the remaining dependence, on the

magnitude p33“ leads us to an interesting physical effect which will be dis—

cussed in the next chapter (section 4.3). For the present we note that the

transverse mass provides a suitable variable to describe differences between

three—prong and neutral current events in these two degrees of freedom.

 

The relationship between M and qT

Equipped with this picture of the event we return to the question of the

correlation between the qT and (p37', phad) variables. From section 3.4.4 it is

clear that the distribution of events on the (p37', phad) plane is a very strong

function of the transverse momentum scale M, and so we may recast the

question of qT—(p3",ph“d) correlation as a question about the relationship

between qT and M. For the p?” = 0 case shown in figure 3.21(a), the

relationship between M and qT is especially simple:

Pi" = qr

Pi“ = (IT
M 2 P?! + pliwad + p?iss

= 2qT. (3.12)
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phad LL. , y.._‘:l
phad

(a) The plane—of—momenta, for p5?" = 0

 

 phad

2' pimiss

(c) After a final rotation of ()5 about 17"”

Figure 3.21: A generic event, presented as a rotation of its plane—of—momenta

representation: the event is shown in m’ — 2’ projection on the left, and y’ — :8’

projection (Lee. the transverse plane) on the right. Beginning with the plane-

of—momenta in a standard position (a), we first perform a rotation of 0 about

the y’-axis (b), and then a rotation of 4) about the rotated z'—axis, Lee. the total

momentum 13"“ (c). The overall azimuth is irrelevant so we set the third Euler

angle zfi to zero, equivalent to determining in advance that 13"“ will be aligned with

the ar’ axis, as shown.
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For the “tilted” plane—of—momenta shown in figure 3.21(b), corresponding to

p’Tni” 75 0, (b = 0, and assuming p’Tm“ é 2qT (see appendix A2 for the exact

condition, and other details),

missp?“ = «n cos 6 + ka
p?“ = qr cos 6’ - (1 — 1012?”
M m 2qT + 2kpgi”, (3.13)

where the factor 0 S k S 1 represents the sharing of the momentum compo-

nent parallel to 13"” between the 37r— and hadronic systems: for the .1237r = phad

case, k = l and M £3 2qT + 19%;“; relaxing this condition, a correction as

large as flip?” can easily arise. For ¢ = 71', the roles of p333“ and p?“ are

reversed.

Even in this much—simplified version of the event it is clear that the po—

sition of an event in (p37', phad) will be a strong function of the relative sizes

of p?” and qT. Furthermore if the condition p?” g 2qT is not met, then

we have instead

miss
p3? = qT cos 0 + ka

Pi“ = —qT cos 9 + (1 - MP?”
M = 212?”, (3.14)

and qT has no influence on the value of M. -

Considering now a general event where p?” aé 0, 45 7E 0, corresponding to

figure 3.21(c), the situation becomes more complicated, but we can make the

simplifying assumption p37r = 19"“‘1 and consider the extreme case of (15 = 125,

where

- 2
pmtss

p?" = (1% + ( T2

pmiss 2

Pi?” = qi+ (L2)

and under the further assumption p?” g qT,

 

 

_ p?iss

M = 2qT + p?” (1+ ) (3.15)
Mr

A correction, nonlinear in 11?”, is thus introduced, and relaxing the assump-

tion 173" = phad, the two corrections will interact in a complicated way. The

size and exact form of the correction are functions of the Euler angle d).
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Figure 3.22: The transverse momentum scale M for signal and background events

in the Monte Carlo, plotted in bins of mu The shaded region shows the effect of a

cut M; < 1.7 GeV/c.
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The pT—scale M is thus seen to be a strong function not only of qT, but also

of p?“ = pm sin0 and the angle cf); there is also a dependence, represented

above by the factor k and the cos 0 terms, on the other degrees of freedom p37r

and fim- This is reflected in the broad distribution of M when plotted

in bins of qT, as shown in figures 3.22 and 3.23: especially in the neutral

current, and even after a cut in the transverse mass, a tail to large values is

apparent.

Summary

The dependence of the event distribution in (p37', phad)
obscure than the dependence on M because

on qT, then, is more

0 in addition to qT, the transverse mass Mi is an important and “nat—

ural” variable of the analysis, with a consistent, distinct and largely—
independent-of—qT difference of distribution between signal and back—

ground;

. the “footprint” of an ML cut on the (p37', phad)
to the square of M (section 3.4.4);

plane moves according

o M is a strong function of p?” and the Euler angle gb as well as qT,

with an additional dependence on the remaining degrees of freedom,

so that the distinct signal- and background-regions in (p37', phad, M), shown
in figures 3.15 and 3.16, are washed out when considering (p3’r, phad) in bins
of qT alone (figures 3.12 and 3.13). Rather than attempting to recover this

information through a complicated correlation of (p37', phad) and qT with other

variables, it is expedient to use the transverse mass Mr as the principal

variable to represent the fourth and fifth degrees of freedom, respectively
p?” (or 6) and d).

3.4.7 Choice of a fifth kinematic variable

Finally, one more variable is required to describe the (12%”, (1)) degrees of free—

dom. In seeking such a variable we take our one from the residual differences

in the plots of the transverse scattering variable 5T (figures 3.19 and 3.20),

and the pT—scale M (figures 3.22 and 3.23), even after the Mr cut has been

applied.

While for neutral current events the distribution of 5T = p?" + p’faad —

p?” is slightly softer, the distribution of M = p355” + p?“ + p?” exhibits

a tail to large values absent in the signal: comparison of the signs in the
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Figure 3.24: Mean values of the pT variables in the Monte Carlo in bins of qT,
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that the surviving neutral current events become softer in p31" than the tau decays

after the Mi cut is imposed. Missing transverse momentum in neutral current

events is reduced by the cut, but remains larger than 19?” for the tau decays in

the mean.
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formulae for ST and M suggest immediately a residual difference1n pm‘”

between signal and background. If we consider the evolution of the individual

pT variables with qT, with the transverse mass cut in place, we see that as

qT rises, pT7r becomes slightly softer for neutral currents than for three—prong

decays; both pm” and phad, on the other hand, remain systematically larger

for neutral current events (figure 3.24). The latter differences add to produce

the tail in M, while their near-cancellation limits the effect on $71.

This pattern of differences suggests a combination of the transverse mo-

menta such as
nT—_ Pgad + pmiss_ pT7r (316)

as a discriminator: this measure however has a very broad distribution in

both signal and background (figure 3.25) and evolves with qT. Dividing

through by either p33“ or M to obtain a scale-free variable yields a more

satisfactory behaviour but in both cases the resulting measure maps one—to—

one to p37r
phad miss 31r

+ PT — PT had 3 h d 3_3—_—___ _ + 1 _ 1r _ a. _ 7r

T1r+ phad + pmtss —p i p p ] p

= 1 — 2,03”r

while

phad +pmiss ‘1)?! — phad + [1_p31r __ phad] — i

pT” _ p3" P9?
1

— — — 2
—p31r

so for simplicity we choose p3”r itself as the final summary kinematic variable.

Distributions of p37r are shown for signal and background in broad bins

of qT in figure 3.26: after the Mi cut the p37r distribution for three—prong

decays depends only weakly on qT, while for the neutral current there is a

(desirable) qT-dependent effect, with the p37r distribution becoming very soft

for the small sample of large—qT events. There are clear differences between

the tau decay and neutral current distributions, but no signal- or background-

free regions, so that the additional discrimination power obtained is weak,

except for the very high-qT region.

A method for exploiting the difference1n distribution of p3"other than a

crude cut, such as a likelihood analysis combining 103’r with other variables,

would be useful at this point. In fact it turns out that a simple cut in a related

variable is sufficient for our purposes, but this requires that the 7‘ —> u37r

decay structure be taken into account: we will take up this question in the

following chapter (section 4.3).
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3.5 Summary: The five kinematic variables

In the approximation where the internal structure of the three—pion and

hadronic systems can be ignored, we describe the event by five summary

kinematic variables, viz.

0 variables describing the plane-of—momenta (see figure 3.9):

— qT, the isolation variable discussed in section 3.3.3,

- p3”, the three—pion system momentum, and

— E3"/(E3'" + Ehad), the three-pion energy fraction;

0 variables sensitive to its orientation (see figure 3.21):

— Mi, the transverse mass of the 37r—missing—pT system, and

— p3", the three—pion transverse momentum fraction.

The three variables qT, p37r and M_]_ are the most important for distinguishing

three—prong tau decay events from the neutral current background.

The kinematic method for identifying tau decays was originally conceived

using “transverse plane” variables: the magnitudes of significant transverse

momenta, the angles between them, and other variables related to these

quantities. We have found however that the transverse plane variables have

a strong and rather complicated correlation with the the isolation variable

qT. Since qT powerfully discriminates between tau decay and neutral current

events, and furthermore has a clear and fundamental physical meaning, it

is desirable to use this variable as the basis of our analysis. In this case we

need to find a consistent set of variables to complete the task of separating

the three—prong decays from the background.

The use of the q; variable leads us to consider the plane of momenta—

the structure describing the magnitudes and relative orientation of the 31r

and hadronic—system momentum vectors, while ignoring their overall orien-

tation. This accounts for three of the five degrees-of-freedom of the event

in the “kinematic” approximation, and suggests the 37r momentum 173’r as

an important variable. By then considering the orientation of the plane of

momenta in space, we can account for the remaining two degrees of freedom

in a natural way, leading to a set of five variables whose internal correlations

are minimised. As well as improving the clarity of the analysis, we find that

the most important quantities—the isolation qT, the three—pion momentum

p3", and the transverse mass Ml—all have a clear physical motivation.



Chapter 4

Variables sensitive to the

a; ——> 7T_7T+7T— structure

4. 1 Introduction

In the previous chapter we considered variables describing a simple approxi-

mation of a 7" ——> VT7r'7r+7r‘ candidate event: a pair of three—vectors, rep-

resenting the momenta of the 37r and hadronic systems respectively. While
there are several striking differences between true tau decays and the neu—

tral current background in this approximation, it is equivalent to treating

each of the 371’ and hadronic systems as featureless, massless particles. In

a true T— —) VTW—W+7T— decay, however, the 37r system has a well—defined

structure: the tau lepton decays to the massive pseudovector meson af,

7" —> VTaf,

which then itself decays to the observed three pions,

a1— —) 7r‘7r'Wr‘.

We now turn our attention to variables which are sensitive to this structure,

in order to improve the discrimination between tau decay events, and the

neutral current and other backgrounds.

The most obvious implication of the decay through the a; meson is that

the three-pion system has a significant invariant mass—the mass distribution

of the al‘ is centred at 1.23 GeV/cz—and that this mass is a large fraction

of the mass of the tau. Most of the quantities considered in this chapter

rely, in one way or another, on this fact. In section 4.2 we consider the 37r

invariant mass as a discriminator, along with the masses of pairs of pions

from the 37r system, reflecting the so—called “substructure” of the a; decay.
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In section 4.3 it is shown that the transverse mass variable MJ_ (introduced

in section 3.4.4 above) can be modified to take the 37r mass into account,

resulting in an improved rejection of the neutral current background. The

37r mass also proves to be an important influence on the opening angle of the

decay pions in the laboratory, which is discussed in section 4.4.

A more subtle effect concerns the polarisation of the tau lepton. The

effect of any tau polarisation on the T- ——> z/Tal' decay is complicated by

the unit spin of the al— meson: in contrast to the 7" —> 1/71r‘ decay, where

tau polarisation has a straightforward effect on the decay pion momentum,

the many polarisation-sensitive variables in 7" —+ l/T7I'_’/T+7T_ are compli-

cated functions of the momenta of the three pions. The feasibility of using

these variables to discriminate between tau decay and background events is

discussed in section 4.5.

Finally, in section 4.6, we consider the choice of the 37r decay candidate

in a given event where (as is often the case) there is more than one 7r‘7r+7r'

combination. A summary of the structure-sensitive quantities chosen for this

analysis is then presented in section 4.7.

4.2 Invariant masses of the 37r system

Unlike the other principal decay channels of the tau lepton, the 37r decay

through the al- meson, and the three-prong decays in general, have decay

products with a significant invariant mass, forming a large fraction of the

mass of the tau itself. In sections 4.3 and 4.4 below, treating the transverse

mass and opening angles of the 371' system respectively, some implications of

this large mass are drawn out. However as we now consider the 37r invariant

mass itself as a variable (section 4.2.1) it turns out to be more important

that it has a natural upper bound at the tau mass. Three-pion systems

selected from neutral current and other background events do not have this

bound, making the invariant mass a powerful tool for discriminating against

background.

The al— —-> 7r’7r+7r‘ decay also has a more complicated structure than

that due to the a,“ mass alone. The most straightforward way to approach

this structure is by considering the invariant masses of pairs of pions within

the 37r system: we turn to this question in section 4.2.2.
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4.2.1 The three-pion mass M317;

Forming the invariant mass of the three-pion system
 

M317; dzef (/(E1 + E2 + Es)2 — (51 + 52 + [792 (4.1)

where 17,-, E; are the momenta and energies of the three tracks, we expect to

recover the al— mass in the case of tau decays 7" —> VTal— ——) u.7r'7r+7r_.

In the Monte Carlo we indeed see a peak near the a; mass, with a small

tail out to high values of M3; due to reconstruction errors (figure 4.1). For
three-prong decays with one or more accompanying no, on the other hand, we

expect in general lower 37r masses, because the tau energy is being partitioned
among a larger group of particles. The distribution for 7" —> V37T + mro, n > 0

decays in the Monte Carlo is also shown in figure 4.1, where in addition to the
lower mean mass, we note a broader mass peak rising sharply from the lower

bound M317; 2 3m,., resembling the distribution we would expect from the

phase space of the decay alone, in the absence of a single object from which

the three charged pions, and only the three charged pions, are produced.
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Figure 4.1: Reconstructed three-pion mass M317; for T_ —)

u,7r‘7r+7r‘ (upper plot) and 7" ——+ VT7r‘7r+7r‘+n7r°(n > 0) decays

(lower plot) in the Monte Carlo.
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The distributions shown may not however be recovered in the data, be—

cause an event where a 37r combination may be formed—with at least two

negative and one positive track at the primary interaction vertex—~in general

admits of many 37r combinations. We must therefore select a 371' decay can-

didate from among these possibilities. A range of selection schemes has been

used within the NOMAD collaboration, from a simple selection of the most

energetic 37r combination (Astier et al., 1991b) to the selection of the 31r com-

bination which maximises a likelihood function constructed from a basket of

37r—structure—sensitive variables (Altegoer et al., 1998c; Astier et al., 1999a).

We will defer the discussion of this second approach to section 4.6, after the

full range of structure—sensitive variables has been considered. For the present

we will choose the 37r combination with the largest value of the dimension—

less quantity (lisp/13h“, Constructed as shown in figure 4.2. This quantity was

found to select the true 37r combination more efficiently than the 37r momen-

tum, in some early studies on event-level simulations of 7' —> V37l' decays (ale.

prior to the full detector simulation being carried out).

With this simple choice of 37r combination we obtain the M317; distribu—

p31!

missing

transverse

momentum

qlep

i1) 2’ phad

Figure 4.2: Construction of the quantity qzep/ph“d for ranking 37r

combinations. First we form the momentum of the 37r candidate

perpendicular to the remaining event momentum, called qzep as it

is used as a measure of the isolation of the lepton in the 7" —)

11,1766— decay search (Altegoer et al., 1998c; Astier et al., 19993.).

We then divide by the remaining, “hadronic system” momentum

11"“‘1 to provide a scale for the momenta involved.
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Figure 4.3: Reconstructed three-pion mass M3; for the first—ranked
37r candidate in three-prong tau decay (upper plot) and neutral cur-

rent events (lower plot).

tions shown in figure 4.3 for three—prong decays and neutral current events
in the Monte Carlo. The mass rises to a noticeable peak in the three-prong
sample, over a low spectrum extending to high values. In the neutral current
sample, on the other hand, we see a much broader structure consistent with
the origin of the 37r system as a combination of largely unrelated tracks.

Under cuts in the isolation variable qT and the transverse mass the dis-

tribution for three—prong decays retains the peak near the a; mass, which

also narrows; the neutral current distribution, on the other hand, broadens

and increases in mean value (figure 4.4). With the addition of an energy
cut, there is a small effect on the three-prong distribution, while the addi-

tional broadening of the neutral current distribution is marked (figure 4.5).

The difference in behaviour reflects the fact that passing kinematic cuts and

having a mass near ma1 are consistent in three—prong decay events, where a

true 37r decay product exists, but not in neutral current events, Where three

particles from the true hadronic system are being artificially grouped.

We may take advantage of this fact to suppress the neutral current back—

ground while losing very little efficiency for true three-prong decays. If we

modify the 37r selection procedure so that we first require a mass close to
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Figure 4.4: Reconstructed three-pion mass M3; for the first-ranked

37r candidate under kinematic cuts qT > 1.0 GeV/c and ML <

1.7 GeV/c in three-prong tau decay (upper plot) and neutral current

events (lower plot).

the peak in figure 4.4, 0.80 < M33; < 1.50 GeV/cz, and then choose the

surviving 37r combination with the highest value of qlep/phad (hereafter, the

highest-ranked combination), we lose only 7% of the three—prong events sur—

viving the kinematic cuts described, but reject more than 50% of the back-

ground (figure 4.6). Most of the three—prong decay events in figure 4.5 where

the selected 37r combination has MS; > 1.50 GeV/c also contain other 37r

combinations, high—ranked in qzep/pha“l and passing the kinematic cuts, but

with masses in the window (0.80,1.50): including, rather often, the true 37r

decay product. There is no such effect for the neutral current background

so that we retain most of the rejection power of a post-selection cut in the

invariant mass. This rejection of the background, as well as the efficiency of

the selection for three-prong decays, improve as the kinematic cuts are made

more strict.

For the remainder of this chapter we will use the selection requiring

0.80 < M31; < 1.50 GeV/cz, and then choosing the highest-ranked 37r com-

bination, as our default, before returning to discuss the problem of 31r selec-

tion in section 4.6. We will also use the earlier selection, of the first-ranked
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0.80 < M3;
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1111/

where a window cut in the mass,

< 1.50 GeV c2 has been im osed as a condition rior to selectinI P P g

the first-ranked 37r candidate. The distributions have been formed from the same

event sample that were used for figure 4.5.
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combination without restriction on the mass, from time to time when it is

convenient to avoid imposing a mass bias.

4.2.2 Two-pion masses: 37r “substructure”

We noted in section 2.3.2 above that the al— meson itself decays through

an intermediate state p07r’, rather than producing the final pions 7r‘7r+7r‘

directly.1 By forming an invariant mass from a 7r+7r” combination within

the 371’ candidate we therefore expect to be able to recover the rho mass

distribution as a peak of moderate width (m,, = 0.770,Fp = 0.151 GeV/c2).

It is not immediately clear which mass to choose, as two 7r+7r‘ combinations

are available: a simple approach is to form both masses and choose the one

closest to the rho mass. This quantity, which we will call M3", is plotted

for three—prong decays and neutral current events in the Monte Carlo in

figure 4.7.
A peak in the M3" distribution close to the rho mass is apparent for the

three—prong decays, but is also present for the neutral current background,

albeit with an additional shoulder to low values. We are in fact producing

this peak artificially by considering the two possible 7r+7r— invariant masses

and choosing the one closest to mp. The situation becomes even worse when

we apply restrictions on the 37r invariant mass in selecting our 37r candidate

(figure 4.8) and the tail to high M3" values is removed in the neutral current.

There is in any case a physical objection to the picture on which this

approach is based, Le. making a definite choice as to which negative pion is

the rho daughter. The two 7r‘ in the final state are indistinguishable, so that

both possible negative pion assignments in al— —+ 7r"p°, p0 —> 7r+71" must be

considered to occur (with some amplitude) and interfere.

We will therefore follow a conventional approach in the literature which

is to form both 7r+7r‘ invariant masses and order them in a consistent way,

which does not explicitly involve the rho mass. Writing 171 and fig for the

momenta of the two 7r", and [33 = 13’"+, we form the squares of the two—pion

invariant masses

31 = (E2 + E3)2 " (152 + 133? a

52 = (E1 + E3)2 — (P71 + 53)? (4-2)

Where 171* and 13'; are the momenta of the negative pions in the rest-frame of

the 371', we choose the pion indices so that

lfiJI > 1151* I (4-3)
0W0, 

1The alternative decay al’ ——) p‘ no leads to the one—prong decay product uf1r‘7r

of comparable branching fraction to the 7" ——) V17l'_1l'+7r— decay; see section 2.3.2.
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in which case,

31 > 52 (4.4)

always. The larger of these variables yieldsa mass (/5 which is similar in

distribution to the quantity MI?” defined above, but with some differences

(figure 4.9).

Distributions of the variables 31 and 32 are shown in figures 4.10(a) and (b)

respectively, for both three—prong decay and neutral current events under

kinematic cuts. A cut on the 37r mass has been imposed in the selection so

these distributions show differences between the samples in addition to those

described in the preceding section. Modest differences are apparent in both

variables: the peak in 51 near mg is less pronounced in the background, and

the distribution is more broad; by contrast 52 has a broad distribution in

the three—prong decays but is concave to the origin in the neutral current,
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above the rise due to the threshold at (27717,)2. Both variables however cover

the same range of values and are therefore unsuitable for use in simple cuts,

unless large losses in efficiency for three-prong decays are countenanced. An

appropriate way to exploit the differences in distribution would be to form

a likelihood variable combining the two quantities, and perhaps M317; itself,

since there are clear differences between the two samples in its distribution,

even after a cut in M317; has been applied (figure 4.6). We will return to this

question in section 4.7.

4.3 The choice of transverse mass variable

The three—pion mass is not the first mass-like quantity to have been intro—

duced into this analysis: we have already selected the transverse mass Ml,

as one of the one of the five kinematic variables describing the overall mo—

menta of the 371’ and hadronic systems. We now return to the transverse

mass, considering it from the perspective of the 7" ——> VT7T—7T+7T_ structure,

and more specifically the structure of the Sr system.

4.3.1 The transverse mass Mi

As noted in the previous chapter, the direction of the neutrino beam is known,

so the choice of this direction for the longitudinal or z’—coordinate axis im-

plies that the total event momentum in the (:c’,y’) plane—the transverse

momentum paw—should be zero up to Fermi motion effects. The so—called

missing transverse momentum

-¢miss d_ef __ -‘tot

PT PT

thus provides an estimate of the transverse momentum of any final—state

neutrino 15%, with lost or mismeasured final-state particles contributing an

error, often substantial, to this estimate. As the energy spectrum of the

neutrino beam is broad, there is no corresponding estimate of the longitudinal

momentum of the final-state neutrino pf.

It therefore makes sense to consider the “mass” of the combined three—

pion/missing-mornentum system, constructed from transverse plane quanti—

ties only, since we expect its value to reflect the tau mass in true 7" ——>

VT7T—7l'+7f_ decays. In section 3.4.4 above we introduced the transverse mass

M. = for” + per)? — W” + 5%")? (4.5)

which indeed proved to be a powerful discriminator between three-prong

decay events (with Mi values concentrated below the tau mass) and the
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neutral current background (with a distribution of Mi peaking above the

tan mass and extending to large values). While not a Lorentz invariant

quantity, M1 is a longitudinal invariant—its value is unchanged under any

boost along the neutrino beam direction—and its physical interpretation as

a measure of the mass of the three—pion/missing—momentum system is clear.

4.3.2 The “required mass” MR

A more careful approach to this question reveals that MJ_ is not in fact the

most natural choice of transverse mass variable for the three-pion/missing-

momentum system. By analogy with the construction of a true invariant

mass, we consider quantities M where

M? = (Em + Es)? — (23?” + 5%“)2; (4.6)
the relevant momentum vectors are shown in figure 4.11. That is, we identify

the missing transverse momentum fif‘i” with the transverse momentum of

a final—state neutrino 1/7, and form a mass for the presumed decaying object

7' —) 1/371’ using the 1/, and 37r transverse momenta only. It is natural to set

E5?” = 1255””, since we are assuming a final state 1/T with negligible mass.

The internal structure of the 371' system, on the other hand, presents us with

a number of choices for the three—pion transverse energy:

1. E51" 2 p33“, treating the 37r system as a massless vector, yields M = M1,

the variable previously defined (3.10);

2. E3." = Ewes” 1/7713, + (p})2, summing the transverse energies of the

constituent pions, yields another transverse mass we will call M = MT;

3. E?!“ 2 (M33)2 + (p§«”)2, which yields a third variable M = M3
which we will call the required mass, for reasons Which should become

apparent.

In passing we should note that all three definitions are equivalent for the

7' -> 1/76 decay, due to the negligible electron mass 7716 < m,; similarly for

v the 7' —> z/Up and 'r —% mr decays, the distinction between MJ_ and MT is

small, while the variables MT and MR are equivalent. The variables MT and

MR differ only for decays to multi-pion final states, 7' —> up, 7’ —> 1/37r, and

so on.
The choice leading to the variable MT,

E3" = Z x/m: + W,
«63w
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Figure 4.11: Momentum vectors for calculation of the transverse mass. The

hadronic system momentum is used indirectly, through the definition of the missing

transverse momentum 57’9"” = —(13'%" + 57’1”)
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recommends itself as taking some account of the internal structure of the 37r

system, which is ignored by the identification E1?" 2 p33”. The choice leading

'00 MR,

E3" = V (M31272? + (10W, (4-7)

introduces longitudinal momenta through M312, but we note that since M317;

is a Lorentz invariant it is a fortiori a longitudinal invariant: put another

way, M317; is sensitive to the relative pL of the three pions, but not the overall

pi". This choice provides the most straightforward way to take the three—pion

structure into account:

0 it effectively treats the 371' system as a single particle of mass M3;

(and is thus a generalisation from, say, the 7" —> var—case, where

E? = x/m?r + (PE’rV, to T” —> leaf);

0 the transverse energy2 then satisfies the relation

(E57152 = (133")2 - (19%")2- (4-8)

In an alternative approach, we may consider the identification of the

missing transverse momentum 1533”” with the transverse momentum of an

escaping neutrino 1775. On the hypothesis that the 371' system and this neu-

trino are the products of the decay of a particle of mass M, one can easily

derive the longitudinal momentum of the neutrino p‘f, In practice, a solution

for pi does not necessarily exist for fixed M = m.,: if we ask for the mini—

mum possible mass M for which a solution exists—so that the identification
5779‘” = 15'; makes sense—we find that it is given by M = MB. This rather

fundamental derivation of MR, which suggests the name “required mass”, is

straightforward but lengthy, and is presented in appendix B.

For any event there is a strict hierarchy in the values of the different

transverse masses,

Mi < MT 3 MB, (4.9)
 

2In relativistic kinematics, discussions of parton fragmentation and so on, the quantity

Mmz + 12% is called “transverse mass”, whereas in collider experiments etc. this name is

reserved for pseudo—invariant masses constructed using transverse momenta from both vis-

ible and invisible particles—we of course follow this second convention. It is therefore nec-

essary to have another name for x/mz + 107.2 = x/E2 — pi , and “transverse energy” seems

the most natural. We allow the same name for the quantities p33 and ZIE31r ‘ /m,2r + (pat)2

above, as approximations to (Min",,)2 + (1173')?
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*miss _

and on the assumption of perfect momentum reconstruction, including pT

fif’, the largest of these obeys the bound

MR S m7.
(4.10)

The comment in section 3.4.4 above that MJ_ is bounded by the tau mass

follows from the combination of (4.9) and (4.10). Both results are proven in

appendix B.

4.3.3 Relative performance of MR and Mi

The required mass MR has signal/background discrimination power superior

to Mi in the Monte Carlo. It is instructive to show this using distributions of

the transverse momentum fraction p3" = p?" / (pi;7r +12%“ +12%”): plots of this

variable after a cut MR < 2.2 GeV/c are included as figure 4.12 below, with

the effect of the transverse mass cut MJ_ < 1.7 GeV/c also shown. (The value

2.2 GeV/c was chosen to approximately reproduce the signal-efficiency of the

ML < 1.7 GeV/c cut. Note that a mass cut 0.80 < M317; < 1.50 GeV/c2 has

already been imposed in the selection of the 37r combinations for these plots,

so the effect of the differing mass spectra in three—prong and neutral current

events is removed to first order. In particular, neutral current events are not

failing the MR cut because their invariant masses M33; are too large.)

While the three—prong decay events are largely unaffected by the change

from an Mr to an MR cut, many of the low— and medium-p37r neutral current

events are cut away. While this is an “internal structure” effect—there is a

correlation between M33, p33“ and p?” values for three—pion decays which

is absent for 37r combinations in neutral current events—we can gain some

understanding of the phenomenon by treating the 37r invariant mass as fixed,

say

M3; = ma, constant,

=1.2GeV/c2.

In this case MR becomes a function of 17%" and 57’1“” only, and thus a kinematic

variable describing the transverse plane. As was done for the transverse

plane variables ST and MJ_ in section 3.4.4, we may express a cut in MR as

a surface dividing the (p37', phad,M) space—describing all configurations of

the transverse momenta—into two regions, one signal- and one background-

dominated. For a given value of the transverse mass scale M = pg." + p91“ +

p’q’w‘i”, this surface describes a contour on the (p3’r, phad) plane: the expression

for the contours is derived in appendix B.5, while the contours for a cut MR <

2.2 GeV/c are shown in figure 4.13 for the large—M region. The contours for
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Figure 4.12: The p3" variable for signal and background in very
broad bins of qT, after a cut MR < 2.2 GeV/c (shaded area), and a
cut M_]_ < 1.7 GeV/c (dashed curve). The statistics shown apply to
the MR—cut sample (compare with figure 3.26).

an MJ_ < 1.7 GeV/c cut are also shown for comparison (effectively these plots

are a detail of figure 3.16, with the MR contours added).

The MR contour effectively encompasses the high—signal region of the

plot in each bin of the pT-scale M, which was the reason for introducing

Mr in section 3.4.4 above, while excluding background otherwise accepted

by the MJ_ cut. We had noted much earlier (section 3.4.3) a concentration

of the background in the top-left corner (p3",ph‘“i) % (0,0.5), not present

in the signal: for genuine T -—> V37T events, the massive 37r system must

have significant pai'r’r—or else p?“ must be relatively small—otherwise the

difference in size between ET and pT terms in

 

M = «pres + Er")? — (firm + 5%")? (4.11)
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Figure 4.13: A comparison of MR and MJ_ cuts on the transverse plane. Three—

prong decay (left plots) and neutral current events (right plots) in the Monte Carlo

are plotted on the (p37', phad) plane in bins of the pT—scale M for the higher-M

region. The effect of a cut MR < 2.2 GeV/c (assuming a fixed M317; = 1.2 GeV/cz;

see the text) is shown with the solid contour; that of a cut Mi < 1.7 GeV/c by

the dashed line. Compare with figure 3.16: the vertical scale is expanded by five

for the upper three plots, by ten for the lower two plots; the sT cut is not shown.
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takes MR to large values.

The required mass M3 is thus a more powerful discriminator between

three—prong decay and neutral current events than the transverse mass Mi.

4.3.4 A kinematic effect of the three-pion mass

The physical basis of this extra restriction to which MR is sensitive may be
understood by considering the tau decays shown in figure 4.14, where high—

and low—pr}7r decays of a 7' with a given momentum are shown. In order to

achieve the low-p? configuration shown in figure 4.14(a), the neutrino must be
“thrown backwards” in the rest frame of the tau: naively one would suppose

that if the 37r system were thrown backwards with the same momentum, we

would achieve the low—p?r configuration shown in figure 4.14(b). However,
writing (E*,ii*) for the 37r four—momentum in the tau frame, (E43) for its
four—momentum in the laboratory frame, and ,6,7 for the tau velocity and

Lorentz factor respectively, we note that the Lorentz transformation between

the frames is

pH = 7(1)]? +flE*)

= 7(—q+flE*) (4.12)

‘c lepton
outgoing ------- T lepton
v "    

  

  

    

  

T

 

outgoing _ _________"

V ’31: system

ya ”’1’," yv

i ’ 31: system It

2’ (v beam 2’ (v beam

direction) direction)

(a) High—pg7r decay (b) Low-p?r decay

Figure 4.14: Tau decays with (a) high 12%?“ and (b) low 1%". The

1' decay from figure 3.7(a) has been used in (a); for (b) the 7' mo-

mentum has been retained, but the V7- and 371' momenta have been

exchanged and then rotated by 180° about the T momentum. Up

to polarization effects this configuration would seem equally likely

to (a), but in fact it is suppressed due to the mass of the 37r system,

as discussed in the text.
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where we have written pi‘i = —q, (q > 0) for the momentum component of

the 37r system along the 7' direction. For a given 37r momentum 13"“ in the

tau frame, E“ and hence p“ increases with the 37r mass,

A (massive) 37r system, thrown backwards by 17* in the tau frame, is

therefore more energetic in the lab than a (negligible mass) 1/T would be if

it were thrown backwards with an identical momentum 13*: the straightfor-

ward exchange of laboratory momenta which we assumed for the sketch in

figure 4.14(b) is in fact impossible. The required mass MR, taking the 37r

mass into account in the proper way, is sensitive to this physical effect; the

transverse mass ML, treating the 371' system as massless, is not.

4.3.5 Summary: MR as a transverse mass variable

We introduced the transverse mass Ml in section 3.4.4 as a means of sum-

marising the division between three-prong decay and neutral current events

in the space (p3",ph°d,M), i.e. the set of configurations of the transverse

momenta 5%" and 13%”. While M_L is well-justified on the pragmatic ground

that it discriminates well between three-prong decay events and the back-

ground, and is moreover compatible with the use of the isolation variable qT,

we also noted that M_L has a clear physical interpretation as a measure of

the mass of the three-pion/missing-momentum system.

Proceeding instead from this physical interpretation, we find ourselves

led to the required mass MR, which reduces to M_L in the limit where the

37r system is massless, but otherwise takes the 37r mass into account. This

quantity, which occupies a middle ground between the purely “kinematic”

variables of the previous chapter (describing the overall momenta of the 37r

and hadronic systems) and the “structure” variables of the present chapter

(sensitive to the al— —> 7r‘7r+7r‘ decay) provides a natural way of handling

a striking kinematic effect of the 37r structure: a bias towards cases where

the 37r system dominates in the transverse plane over the missing transverse

momentum, due to the 37r mass.
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4.4 Opening angles of the 37r system

In the laboratory frame one of the striking differences between true three-

prong tau decay and neutral current events is that the tracks of the pions of

the 37r system are more collimated in space. A natural way to quantify this

is to use an opening angle between the pions, and distributions of such angles

for tau decay and neutral current background are presented in section 4.4.1,

showing the clear differences between the two types of event. Critical ex—

amination however reveals that the differences in opening angle are due to
a kinematic effect (section 4.4.2) and a 37r structure effect (section 4.4.3)
which have already been taken into account in the analysis. While there are

some residual differences between the two cases, one of which is considered

in section 4.4.4, the apparently important angle variables prove to be of only

marginal use in improving tau—decay/neutral—current discrimination.

4.4.1 The opening angles and their distributions

A number of definitions of opening angle for a three-pion system are possi—
ble: two of the more obvious are illustrated in figure 4.15. We can choose the
largest angle in space between any two of the pions, which we will call 9”,

as a measure of the angular size of the system in the laboratory frame; alter—

natively, we can choose the largest of the angles between a pion momentum

fl.- and the total momentum of the 311' system 13'3", which we will call 6",“, as

giving the largest angular deviation between the direction of the hypothetical
decaying particle a1— and any of its decay products.

Distributions of both variables for three-prong decay and neutral current

events in the Monte Carlo are shown in figures 4.16 (6") and 4.17 (Hum).

31: total

momentum

 

Figure 4.15: An example of a 37r system, with the opening angles
0” and Gmax shown; see the text.
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tau decay (upper plot) and neutral current events (lower plot).
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In both cases there are very clear differences between the two samples. The

opening angles for three-prong decays are less than half as large in the mean,
and more concave to the origin than the neutral currents, and if a small

tail to large values is neglected, the three-prong distributions have a smaller
effective range: cuts at (say) 0,” < 0.5 or Omax < 0.4 would reject half of

the background while keeping most of the signal, and we would anticipate a

greater discrimination power than this if a likelihood approach were used.

4.4.2 The 1/'y37r scale of the opening angle

Thus it appears that the 371' opening angle offers strong discrimination be—

tween 371' systems produced in 7' decay and those selected from neutral current

events. At least part of the difference in opening angle distribution, however,

is due to kinematic effects which have already been described. In particular,

it is easily shown that for individual pions produced in a 37r decay, the open-

ing angle of the pion with respect to the 37r system, 0, is a simple function

of the 37r Lorentz factor:

Suppose we have a particle A, of mass M, travelling in some direction

in the laboratory frame with speed ,8 and Lorentz factor 7 = l / V1 — [32; it

then undergoes a decay A —> B + C (+D + . . . ), and we consider one of the
decay products B of mass m.

In the rest frame of the decaying particle A, the particle B has momentum

15"“, with components parallel to the motion of A3 and perpendicular to that

motion, p2 and p} respectively; there is no reference direction perpendicular

to the motion of A, so we will ignore the azimuth of 13'1”: throughout. If we

transform to the laboratory frame, B has momentum ff with components

m = 7012+ flE“), (4-13)

E* being the energy of B in the rest frame of A. The situation is shown
in figure 4.18 where A = 37r and B is one of the decay pions. When the
“opening angle”—the polar angle 0 of B in the laboratory, with respect to
the direction of motion of A—is small, we may write

6 2 tan 6

= P_T
PL

p}=__ , 4.14
7022 + BE“) ( )

3That is, opposite to the motion of the laboratory, as seen from the frame of A.
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.. ”47 31c
— direction

I; = v(p;+ BE*)

Figure 4.18: The opening angle 0 for a pion belonging to the 31r

system. The momentum of the pion in the laboratory frame 15', and

the direction of 15'3" in the lab are shown: 0 is the angle in space

between these vectors. The components of f)‘ are also shown, in terms

of the pion momentum in the 37r-rest frame, 17* (see the text).

Since the variation of fl : \/1-1/'y2 with 7 is small for 7 >> 1, we see

immediately that the distribution of opening angle 0 has a natural scale of 1/7

when the decaying particle is energetic: the other quantities in equation 4.14

depend only on the dynamics of the decay in the rest frame, and will not

vary with the boost 7 of A. That is, for 7 >> 1,

l
0 = T X {terms independent of 7} . (4.15)

As the opening angles of the individual pions scale with 73" in this way,

so will the largest of these angles Bmax, and, to a good approximation, the

largest angle between any two of the pious 0”.

4.4.3 The scale-free part of the opening angle

For true 7' —> V37T decays, then, the distribution of any of the opening angles

will be the product of a scale—free distribution dictated by the dynamics of

the T -> V37T decay, and a factor

1 M3"
_ —fl
73w _ E31r

so that the mean of the opening angle distribution will be inversely propor-

tional to the 37r energy.

For 37r systems selected from neutral current events, the situation is less

straightforward: for example, there is in general no true decaying system.

Indeed, if we multiply the largest of the individual opening angles, 0max, by
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Figure 4.19: The scale—free opening angle 73mm for the first—

ranked 37r candidate in three-prong tau decay (upper plot) and neu-
tral current events (lower plot). A weak cut E37r > 10 GeV in the
31r energy has been imposed.

the 37r boost 73" in order to recover a scale-free quantity 73"9max, signifi—

cant differences between the tau decay and neutral current events are still

apparent, as shown in figure 4.19.

Given the invariant mass M317; of such a 371' system, however, we may

transform to the rest-frame of the three pions, where the momentum vectors

of the pions will sum to zero, as for a true al— —> 7r'7r+7r' decay. This simple

manoeuvre turns out to be sufficient to derive strong conditions on the open—

ing angle, regardless of the origin of the three pions. We find (appendix C)
that requiring an max-like mass for M3" imposes the following form on the
distribution of 73"0max:

0 an approximate lower bound, 73mm»: g 0.8, which holds apart from a

small tail;

0 an upper bound, 73"0max g 5 ;

o a falling distribution up to the upper bound.
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Figure 4.20: The scale—free opening angle 73mm“ when a 37r mass

0.80 < M33; < 1.50 GeV/c2 is required prior to candidate selection:

most of the differences between the three—prong tau decay (upper

plot) and neutral current event distributions (lower plot) are thus

removed (cf. figure 4.19 above). A weak cut E3" > 10 GeV in the

371' energy has been imposed.

That is, the distribution is largely determined. If we once again plot the

distribution of the scale-free angle 73mm“ with an energy cut in place, but

include a cut in the invariant mass M33, in the 371’ selection, all of the features

listed are apparent, and most of the differences between the three-prong and

neutral current samples in the previous plots have disappeared (figure 4.20).

There is a residual difference in that the neutral current distribution is more

broad than the three-prong distribution, while respecting the same bounds.

Even here, however, we are to some extent considering an effect which has

already been noted elsewhere: the distribution of 37r invariant mass within

the window 0.80 < M33; < 1.50 GeV/c2 is biassed to large values for the

neutral current sample (cf. figure 4.6), and the probability of cases 2 g

73"0max g 4 rises with the maximum pion momentum [7* in the 37r rest

frame, which rises with the mass M33; (appendix 0.2, especially table 0.1).

It is worth noting how weak a condition we have imposed in order to
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produce the constraints listed. The a1 —+ p7r substructure of the ‘11— —>

7r’7r+7r‘ decay is not required, nor is any special momentum distribution

for the three pions in the 37r rest—frame. All we have required is an al-like

range of invariant masses for the 37r system: for any ’7' —) 1/37r analysis this is

an indispensible 37r—structure cut, and so the bounds exhibited above should

apply regardless of the scheme used to select the three pions, and of other

cuts.

4.4.4 The isolation angle

There is however an additional effect on the angles between tracks in the

event, due not to the 37r structure but to the structure of the hadronic sys-

tem in neutral current events 11,, + N ——> 1/” + X. In such events all of the

measurable particles arise in the fragmentation of the system X which is pro—

duced in the interaction of the target nucleon and the exchanged Z0 boson.

Apart from first order QCD processes leading to hard gluon emission etc.,

which we expect to be a small effect at NOMAD experiment energies, there

is no reason for such systems to produce “gaps”—significant angular regions

between subsystems in the final state where no particles are present.

For tau decay events, on the other hand, the 37r and hadronic systems are

produced from quite different objects, so such gaps are foreseen. A line of

reasoning of this kind suggested the variable qT to quantify the isolation of the

371' system as a whole (section 3.3.3) and we now seek a way of quantifying the

isolation of the 311' tracks from individual tracks in the hadronic system. One

suitable quantity is the isolation angle 0,501 defined in figure 4.21. Significantly

positive values of 0m; indicate a gap in space between the tracks of the 37r

and hadronic systems, while negative values indicate an overlap between the

systems.

Considering 37r combinations from events without other cuts, the differ—

ences between three-prong decay and neutral current events are in fact mi—

nor, as shown in figure 4.22. After kinematic cuts are imposed, the difference

between the two classes of event becomes more marked—with three-prong

decays having higher values of disc] than neutral current events—but recalling

the close relationship between the opening angle and the energy of the 37r

system (section 4.4.2) we should be careful to consider events of similar E3".

If we compare the distribution of events under cuts, in narrow bins of E3",

the difference between tau decay and neutral current events remains modest

(an example is shown in figure 4.23.)

We may understand this result by considering two effects which work

against the observability of an angular “gap” in tau decay events:



166 Chapter 4. Variables sensitive to the (11— —> 1r‘7r+7r’ structure

 

hadronic

system

(a) Well-separated 31r and hadronic systems.

 

hadronic

system

(b) Overlapping 371' and hadronic systems.

Figure 4.21: Definition of the isolation angle Bison the difference of the angle

between the 37r momentum and the closest track from the hadronic system (02),

and the angle between the 31r momentum and the 7r 6 37r track closest to the

hadronic system (01). For (a) well-separated 37r and hadronic systems, 0130. =

02 — 61 is positive; where the systems overlap, as in (b), 0m; is negative.
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Figure 4.22: Distributions of the isolation angle gisol for the first-

ranked 37r candidate in three-prong tau decay (upper plot) and neu—

tral current events (lower plot).

0 in both tau decay and neutral current interactions, the whole event is

boosted forward, which “bunches” most of the tracks together into a

relatively narrow angular region;

0 the mass of the tau is a significant fraction of the CMS energy of a

V,- + N —+ 7" + X event as a whole, so that the angular spread of

tracks in three-prong decay is comparable to the separation of the 37r

and hadronic systems—hence the occurence of negative values of 9,501 for

three—prong decays, even under cuts in the 37r isolation qT (figure 4.23).

In any case, due to the limited discrimination power which seems to be

available, we will omit the angle Bisol from the analysis of the event.
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Figure 4.23: Distributions of the isolation angle 91501 when a 37r

mass 0.80 < M311; < 1.50 GeV/c2 is required prior to candidate

selection, and kinematic cuts qT > 1.0 GeV/c and M; < 1.7 GeV/c

are imposed. In thise example events have been chosen in an energy

bin 10 < E3" < 15 GeV.
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4.5 Sensitivity to the ’7' polarisation?

We now consider the sensitivity of the NOMAD experiment to the polari-

sation state of the 7' lepton, which we have ignored in the discussion of tau
structure variables up to this point. The polarisation of taus in leptopro—

duction is discussed in section 4.5.1, while the quantities used to measure

tau polarisation in electron-positron colliders are introduced in section 4.5.2;

those quantities which are measurable in the rather different experimental

situation at the NOMAD are then constructed for the Monte Carlo data

in section 4.5.3. The consequences for the present analysis, and potential

analyses at the NOMAD and “next generation” detectors, are discussed in
section 4.5.4.

4.5.1 Polarisation of the 7' lepton in V7- + N —) 7" + X

Polarisation—sensitive variables are attractive as T—decay/neutral—current dis-
criminators in the NOMAD experiment because in leptoproduction, VT+N —>

7" + X, the tau lepton is fully polarised in its rest frame. This striking ef—

fect, and the direction of polarisation, may both be deduced from a simple

argument.

Tau polarisation in the quark-lepton frame

We consider the quarks and leptons taking part in the fundamental reaction

(1+ 11.,- —> u+'r_, in their centre-of—momentum frame as depicted in figure 4.24,

using the direction of motion of the u, as the reference (2) direction for spin;
we write s for the squared—total—energy of the quark—lepton system (é = :55,

where x is the Bjorken scaling variable and s the CMS energy-squared of the

full nucleon—lepton system). The spin of the left-handed VT, with mu, m 0,
will be aligned opposite to its motion, so Jg” = —%; the incoming d quark,

with an energy in this frame much larger than its mass (%\/§ >> md) may also
be treated in the ultrarelativistic approximation where positive (negative)

chirality implies positive (negative) helicity. The weak interaction couples

only the left—handed states of the particles and so negative chirality and
helicity are chosen: since we have chosen pf = — lfidl, J: = +%. The total

spin of the initial state is therefore zero.

In the final state the outgoing u quark is polarised by the same argument:

setting the z’ axis such that p: = — Ifi'“|, we have J: = +%. But conservation
of the total (zero) angular momentum requires the total Jz: = 0, so the tau

is constrained to have T - —%, Le. to be totally left-hand polarised. Any
2’—

deviation from this behaviour is due to the (small) masses of the quarks
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outgoing/

 

incomingv incoming d quark

—1>

spin

outgoing u qua/rk/d

/spin

Figure 4.24: Quark and lepton spin directions in the quark—lepton

centre—of—momentum system.

(terms of 0(2mu,d/\/§) << 1), rather than the large tau mass. Furthermore,

since the transformation from the quark-lepton centre-of—momentum frame

to the tau rest frame is a boost along the direction of motion of the tau, i.e.

parallel to the spin axis of the tau in the quark—lepton frame, the spin axis

is unaffected by this transformation: the spin vector of the tau in its rest

frame, 5}, is thus given by the negative of the tau direction of motion in the

quark-lepton frame:

'“r
_. _p__ql
3., = (4.16)

—|pql

A caveat

In fact the preceeding argument is incomplete, as it assumes that the quark—

neutrino system has overall angular momentum J: 0: the most general

combination of two J: -ésystems to give Jz =0 as shown would be a

superposition of J-—- 0 and2 J——- 1 states. A J——— 1 state would clearly allow

deviation from the behaviour described since JZI__ 0 would no longer be

required. Noting however that neutrino—quark scattering1s isotropic we may

deduce that only the J—— 0 component of the initial state contributes to the

scattered amplitude,1n which case the argument presented above would still
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hold.

A rigorous treatment of the interaction V,- + N —) 'r‘ + X in fact shows
that the J = 0 component alone participates in the scattering, and that the

T‘ is indeed fully polarised in its rest frame, left—handed with respect to its

direction of motion in the quark-lepton frame (Iacopini, 1997).

4.5.2 Measurement of 7' polarisation at e‘e+ colliders

We now turn to the appropriate technique for measuring this polarisation.

The literature, in the main, assumes that measurements are taking place at
an electron—positron collider—especially the Large Electron Positron Collider

(LEP) at CERN, where taus are produced in the reaction 6‘ + (2" —> Z0 -—>

'r" + 7+. The differences in the coupling of the Z0 to positive— and negative—
helicity fermions introduces a small polarisation of the tau leptons, which

may be accurately reconstructed from the distribution of the tau decays,

in an appropriate set of variables, over many events. We will follow the

treatment of Kiihn and Mirkes (1992a,b) where the 7" —-—> V77r'7r+7r' decay

is described by4

0 the three-pion mass M33;

0 the two—pion masses ,/51 and 1#52 discussed in section 4.2;

o the polar angle 9,, of the 37r system in the 7' rest frame, taking the

direction of motion of the T in the laboratory as the reference, which

may be recovered using the expression

(2me — m3 — (Mair)
(m3 - (ll/13’r )2) 1- "Li/(ET)2i711}

(4.17) cos 0,, =

where ET is the energy of the T in the lab and :c = E3"/ET;

O the polar angle flu of the normal to the 37r decay plane in the 371-

rest frame, taking the direction of motion of the laboratory (filab =

-}73"/ '1;st as the reference; and

o the azimuthal angle 7a of the odd—sign pion (the 7T+, in our case) in the
37r decay plane, relative to the plane defined by the normal to the 37r

plane 733;, and the direction of motion of the laboratory filab.
 

4Among the wide range of choices in the literature, we use the notation of Kiihn and

Mirkes, with an “a” subscript added to the angles (referring to the a1 or 31r system) to

distinguish them from the quantities with the same name used elsewhere in this work.
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A final angle an, giving the azimuth of the normal to the 37r decay plane,

cannot be measured unless the direction of motion of the T is known (see

the discussion and figures 1 and 2 of Kiihn and Mirkes, 1992b). This is in

contrast to the polar angle 0a, which is defined using the 'r direction, but

may be obtained from (4.17) given the tau energy ET, available in a collider

as %\/5.

The tau polarisation is then recovered by fitting a linear combination of

positive and negative helicities to moments of distributions of the quantities

listed above: cos 0a; and then each of (%(3 cos2 Ba - 1)), (cos 27a), (sin 2%),

and (cos Ba) as functions of cos 0a. This method is described in detail by

Privitera (1993), and used by the DELPHI collaboration to obtain the tau

polarisation presented by Abreu et al. (1995).5 Among these distributions,

cos2 [3a and cos 27a carry the bulk of the information.

4.5.3 Polarisation measurement in the NOMAD ex-

periment

Adaption of the method of moments

In the NOMAD experiment neither the tau direction nor its energy are re—

constructed, and so the angle 0,, is unavailable. The angles flu and 7,, may,

however, be recovered from the laboratory momenta of the three pions, using

 

133151 X 152)
COS ,Ba = —,*———,

4.19

WIT ( )
A3

COS a = T——,-—,
4.20

7 1pm «Ema ( l

, cos a A B — B — B

SlIl'ya = — T7 (BgA—; - —————221 3) a (4-21)

 

5The last two of these moments are sensitive to the ordering of the negative pions and

the full expressions read (5'12 sin 27“), and (5'12 cos ,6“), where

air 51 — 52 .
5'12 —- ———_l$1_ 52!, (4.18)

with the convention chosen at (4.3), $12 = 1 always so that the ordering is automatically

satisfied.

An alternative procedure for measuring polarisation, based on the same analysis of the

underlying physics, constructs a single polarisation-sensitive variable w from the quantities

defined here; this method is described and advocated by Davier et al. (1993) and used by

the ALEPH and L3 collaborations (Buskulic et al., 1993; Acciarri et al., 1994). Since it

is less transparent this method is less suitable for the adaption being carried out in this

section.
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where

E31r13'31r‘5 _ Ei (fi31)2

M31r ’
"I'll

A):

B. = (HEM -p:-- 153")? — (Mimmm:
 

(M312)
1T = 5 ——/\(BI,B2,Bs),

A(X,Y,Z) = X2 + Y2 + Z2 — 2XY — 2XZ — 2YZ

following Privitera (1993)

7

173

(4.22)

(4.23)

(4.24)

(4.25)

Since we cannot reconstruct 6a we are unable to use the method of the

previous section, which relies1n each case on distributions with respect to

cos 911- We may however take advantage of the kinematic cuts defined in
section 3.4, specifically the cut on the 371' momentum 103’r : the selection of

energetic 37r systems introduces a bias in the efficiency of the cuts towards
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7' —) V37r decays in which the 37r system is forward in the tau frame. So

we see in figure 4.25 that while cos 6a has an essentially uniform distribution

over all T— —+ 1/T7r'1r+7r_ decays, a strong cut in the decay product energy

E37r yields a distribution with a marked bias to large values of cos 0a.

Much of the pOWer of the moments analysis should then be recovered as

1. the distribution of cos flu changes only slowly with cos (9a, and clearly

distinguishes between tau polarisations P, = —1 and P, = +1 cases,

for decays in the range, say, cos 0,, > —0.2 (Rouge, 1990, figure 1); and

2. the distributions of (cos 2%) and (sin 27“) show the same evolution

with cos 0,, as does (%(3 cos2 flu — 1)) (Privitera, 1993, equations 28

through 30)

Plots of cos2 flu, cos 270 and sin 27,, may therefore be expected to discrim-

inate between positive— and negative—helicity T decays. In the method of

moments these three quantities are responsible for 93% of the sensitivity of

the measurement (Privitera, 1993).

Potential problems with this adaption

This adaption of the moments analysis may not in fact be appropriate for

our purposes, for two reasons:

1. We require discrimination between (the 100% polarised, P, = —1) V, +

N —-> T'+X interaction, and neutral current events containing isolated

37r combinations—~and it is unclear what the apparent “polarisation”

of these combinations of (unrelated) pions will have.

2. The treatment of Kiihn and Mirkes (1992b) assumes that the spin vec-

tor of the tau ET lies in the plane defined by filab and 73,, the direction

of motion of the tau as seen from the 37r rest frame. This follows from

the assumption that the tau is polarised along its direction of motion in

the laboratory, an assumption which holds at an e‘e+ collider—while

in leptoproduction, as noted in section 4.5.1, the tau is polarised along

its direction of motion in the center of momentum system of the inter—

acting quark and neutrino. In general this is by no means the same as

the direction of motion in the laboratory.

The derivation of the (cos 0a, cos ,BQ) distribution by Rougé (1990) de—

pends explicitly on this assumption.6 In the more complete, and com-

plex treatment of Kiihn and Mirkes the role played by this assumption

 

6Rougé calls these variables (cos 0, cos ¢).
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is unclear. A more general treatment, not relying on the alignment of
the tau polarisation and laboratory line—of—flight axes, does not seem

to be available in the literature.

We may gain some feel for the magnitude of this second problem by con-
structing the angle 6 between the direction of motion of the tau lepton in the
quark—lepton CMS, and in the laboratory. While there is a bias towards cases
where cos 6 > 0, there is no strong relationship between the two directions for

three—pion decays in general; a strong cut in the decay product energy E3",

however, introduces a very noticeable bias towards cos 5 > 0.4 (figure 4.26).
So while the laboratory flight direction and the polarisation axis are not the

same, there is for energetic 37r a relationship between the two.

For the purpose of this analysis we take the empirical approach of con-
structing the distributions of cos2 16a, cos 2% and sin 27,; for 7' —> 1/37r and

neutral current events, after the appropriate kinematic cuts, and testing these

variables for discrimination power. We rely at this point on the accuracy of
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Figure 4.26: The cosine of the angle 6 between the tau flight di-

rection in the quark-lepton CMS and the laboratory frame, for

T" —) VT7I'_7I'+7F_ events (upper plot), and after a strong energy

cut on the selected 31r combination E37r > 40 GeV (lower plot).
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event generation in the NOMAD Monte Carlo, which has been shown to pre-

cisely reproduce the results of the argument of section 4.5.1, and the rigorous

derivation of Iacopini (1997), in the 'r‘ ——> l/Tfl— case (Cousins, 1997b).

Distributions in the NOMAD Monte Carlo

Using a strong energy cut E3" > 40 GeV/c, distributions of cos2 ,3,,,<:os2 flu

and cos 27,; are shown for three—prong decays and neutral current events in

figures 4.27 through 4.29. In each case we see a similar effect: the distri—

butions differ significantly in the mean, but cover the same range with no

excluded regions; and the most noticeable differences are not the presence

or absence of concentrations at low or high values, but the relative sizes of

these concentrations. In other words, these variables are unsnitable for the

application of cuts to separate the two samples, and even combining the

three together by a weighting or likelihood method we would anticipate no

significant discrimination power at the event-by-event level. Over a sample
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of many events, on the other hand, some discrimination would clearly be

possible, but this is not the situation in the NOMAD experiment.

4.5.4 Prospects for the use of polarisation-sensitive vari-

ables

In the light of the distributions shown in the previous section, polarisation-

sensitive variables are not included in the present analysis. There is however

some potential for the use of these variables in an experimental design such as

those originally proposed for “next-generation” neutrino oscillation searches

in the CERN West Area (Gomez-Cadenas et al., 1996; Gomez-Cadenas and

Hernando, 1996; Ereditato et al., 1996; Ayan, 1997), or acting as a near

detector for long—baseline oscillation searches in the proposed CERN neutrino

beam to the Gran Sasso laboratory (Acquistapace et al., 1998).7

In such a design there is either high—precision tracking near the inter-

action vertex by silicon detectors, or an active target of nuclear emulsion,

or both: in the case of a three—prong tau decay this means that the decay

point, and hence the direction of tau flight, are recovered. Together with the

momentum of the decay product 173”, and the assumption of the tau mass

mT for the decaying object, this supplies a sufficient number of constraints to

solve for the momentum of the tau lepton in the laboratory, [2". Therefore

in addition to the variables available at the NOMAD, it would be possible

to recover not only the tau decay angle Ga but also the azimuthal angle an

which is not even available at an e+e‘ collider (section 4.5.2). This would be

an unprecedented experimental situation, and we should recall in addition

that unlike the collider environment, tau leptons produced in one of these

experiments would be completely polarised (section 4.5.1).

There is however still the difficulty that the tau polarisation axis is its

direction of flight in the quark-lepton CMS, and there is no obvious way to

recover this frame from the experimental data. As already noted there does

not appear to be a discussion of the recovery of tau polarisation information in

such a situation: in View of the otherwise complete information which would

be available in the type of experiment described, a sustained theoretical

treatment of this problem is called for.

 

7We should note that it appears that a near detection station is no longer foreseen for

this facility.



4.6 Selection of the 37r—decay candidate 179

4.6 Selection of the 37r-decay candidate

We now return to the problem of choosing the three—prong decay candidate——

that is, a 7r’7r+7r‘ combination—in any given event. Where necessary in this

chapter we have chosen the 37r according to one of the two schemes

(a) selection of the 371' combination with the largest value of qlep/phad;

(b) imposition of a mass precut 0.80 < M327; < 1.50 GeV/cz, selecting the
37r combination with the largest value of qlep/phad among those which

remain;

as discussed in section 4.2.1. The second of these schemes was used unac-

knowledged throughout chapter 3. As noted in section 4.2.1, the addition of
the precut in the 31r mass improves the rejection of the neutral current back—

ground, but the efficiency of the three-prong decay selection is still rather

poor: in the Monte Carlo, the selection (b) chooses the correct three tau de-
cay tracks in only 61% of cases (figure 4.30(b)). There is some improvement
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Figure 4.31: Improvement in 37r selection efficiency when weak kine—

matic cuts, qT > 1.0 GeV/c and M; < 1.7 GeV/c, are imposed.

Compare with figure 4.30 above.

when kinematic cuts are imposed, so that where the true three—prong decay

product is reconstructed, and has qT > 1.0 GeV/c and ML < 1.7 GeV/c, the

selection (b) chooses this combination in 73% of cases (figure 4.31(b)).

In interpreting this performance we should note that nothing in the anal—

ysis actually relies on the selection of the correct 37r combination.8 A number

 

8In vertexing studies it has been noted that the quality of the fit at the primary vertex

can be poor in the case of tau decay Monte Carlo events, reflecting the origin of several

tracks at the tau decay point, a millimetre or more from the true primary vertex in

energetic events. In other words, the NOMAD experiment does appear to have some

modest sensitivity to the tau decay length. Exploitation of this in the three~prong decay

analysis would require (say) the removal of the decay candidate tracks from the primary

vertex, together with a trial fit to vertex of their own, and a study of the X2 of the fit

and various other properties such as the distribution of implied flight distances, leading

to a figure of merit which could be used to discriminate between true tau decays and

backgrounds (Geiser, 1997).
In such a case it would clearly be of great importance to identify the correct decay pions

in an efficient way in the analysis. However no such study has been carried out to date,

and none is presently foreseen.
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Figure 4.32: The improvement in the efficiency of the simple 37r selection proce-

dure described in the text, as kinematic cuts are tightened. If the precut in the

invariant mass is omitted, the corresponding efficiencies fall to 77%, 69% and 79%

respectively.
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of possible indirect effects may be identified:

1. “false” 37r combinations will not necessarily have the same distributions

of 37r structure quantities as the true decay products;

2. since at least one track is not produced from the tau decay, false 37r

combinations may not be as energetic as the true 371', or may otherwise

fail the kinematic cuts;

3. in the case of the selection (b), and many other selection schemes, when

the true 37r combination is not selected, it may be that no combination

passes the precut, so that the event in question is lost from the analysis.

The first of these effects we may suppose to be minor, as we have found

throughout this chapter that 37r structure effects are dominated by the 371'

invariant mass: any false 371' combination selected (at least by scheme (b))

will have M3" in the same range as a true decay product; we are further—
int}

more relying only on M:3” and MR which is a function of M1372], among the
1717/!

structure—sensitive variables. Effects (2) and (3) have been anticipated in fig—

ure 4.31, where for true three—prong decay products passing cuts, we show for

the two selections respectively the cases where no 371' candidate is selected,

where a “false” candidate is selected but itself fails the cuts, where a false

candidate is selected and passes the same cuts as the true 37r, and where the

true 37r combination is identified.

For our purposes the last two categories are indistinguishable. We there—

fore find that under the weak cuts shown, 87% of the potential 37r combi-

nations are effectively recovered; as cuts are made more stringent, the case

where the true 371' is recovered becomes dominant, and the total efficiency

improves slightly to 91% (figure 4.32). By comparison the selection (a) per-

forms relatively poorly under cuts, with a significant fraction of the selected

candidates failing cuts which are passed by the true 37r. It may be seen that

the inclusion of 37r structure effects, at least in the form of the 37r mass, is

necessary to gain an efficient selection which is robust under cuts; and fur—

thermore that a very simple treatment of the 371' structure can lead to an

effective 37r selection.

In the light of its high efficiency when kinematic cuts are imposed, we take

the selection (b) to be sufficient for our present purposes, rather than seeking

out some more elaborate selection scheme. We note that a full optimisation

of 371' selection would also take into account the rate at which “tau-decay-

like” neutral current events are selected: effectively, monitoring how the

final signal-to—background ratio of the analysis changes as the 371’ selection

procedure is varied between a number of options. Such a study is beyond

the scope of this present work.
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4.7 Summary: Variables sensitive to the 37r

structure

There are clear advantages to the analysis of taking the 37r structure into

account. The use of the invariant mass M33, both improves the efficiency
with which the true decay product is selected in 7' decay events, and pro—

vides additional rejection of the neutral current background (sections 4.2.1
and 4.6); the inclusion of 37r structure information in the transverse mass
calculation, yielding the required mass variable MR, also affords improved

rejection of the neutral current background (section 4.3).

Beyond this, however, the results are somewhat disappointing. A careful

consideration of the kinematics of opening angle variables shows that they
provide negligible discrimination power when the 371' mass and energy are
already taken into account in the analysis (section 4.4); and the polarisation—
sensitive variables, despite their apparent usefulness for future experiments,

provide no discrimination for individual events under NOMAD experimental
conditions (section 4.5). Accordingly, the use of 37r structure variables in this
analysis is limited to the employment of the invariant mass in 37r candidate

selection, and the use of the required mass MR in place of the traditional

variable M_L.

We should note, however, that we are not yet using the invariant mass

information in an optimal way. Even after the cut in M33; is imposed dur—

ing the 37r selection, there is a clear difference in the distribution of M3;
between the tau decay and neutral current events (figure 4.6). Furthermore

the two—pion mass variables 31 and 52, which we have not used in the analy—
sis as they are not amenable to simple cuts, also exhibit signal/background
differences at the distribution level (figure 4.10). There is clear potential for
the use of a likelihood function to combine the M33, 31 and 52 information,
providing an additional tool for neutral current rejection. Such a function
would be most easily employed if cuts in the kinematic variables were also

implemented through a likelihood technique, allowing a combination of the

kinematic and structure information, as the discrimination power of the mass

variable distributions alone is rather modest.

This is precisely the approach which has been taken in the established

analysis of the three-prong decays within the NOMAD experiment (Astier

et al., 1999a, section 8). In that case a likelihood technique has been employed

from the outset, whereas we have adopted the complementary approach of

a critical study of the analysis variables, and have not yet proceeded to

implement likelihood functions. The combination of the two approaches in
the future should lead to an improvement in the sensitivity of the analysis: at
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the very least, an improvement over the sensitivity of the analysis presented

in this work.



Chapter 5

Particle identification using

TRD information

5.1 Introduction

We now set the three—prong decay analysis to one side in order to discuss an

important problem in particle identification.

In section 2.3 we noted that the electronic tau decay 7" —> VTfiee‘ is the

most important signal of VT appearance in the NOMAD experiment, since

the small 1/8 contamination of the neutrino beam makes the 1/3 + N —> e’ +X

background relatively easy to suppress. The background due to the numerous

neutral current events 1/” + N —) 1/” + X, on the other hand, threatens to

overwhelm the 7’ —) 1/176 search if pions in these events can be misidentified as

electrons. It is therefore necessary to identify electrons with high efficiency

while achieving very high rejection factors against pions and other particles.

Accordingly the NOMAD includes a large transition radiation detector
(TRD) to distinguish electrons from other particles using the soft X—ray com—

ponent of the transition radiation. The TRD itself has been described in sec—

tion 2.4.6 above; the algorithm used to discriminate between electrons and
pions, based on TRD information, is described in some detail in this chapter

(section 5.2).

The three—prong and other hadronic decay searches are presented with

the opposite problem: the rejection of electrons from 1/6 and 38 charged-

current interactions, while retaining a high efficiency for pions and other

particles. While this task of “electron veto” is not one of the design—aims

of the NOMAD, the electron—pion discrimination algorithm can easily be

adapted to this purpose, as described in section 5.2.4 below. This technique is

useful to any analysis requiring a sample of hadrons where the contamination
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of electrons must be controlled.

A further adaption of the TRD algorithm allows discrimination between

any two particle species, based on the variation of ionisation energy loss

(dE/d1?) with particle mass at a given momentum. The TRD provides some

sensitivity to this variation as the straw tubes sample the dE/da: of a par—

ticle track at up to nine points (see section 2.4.6 above). Work carried out

to provide and test this discrimination is described in section 5.3. Some

tests of TRD—based particle identification are then discussed in sections 5.3.6

through 5.3.8, while its application to a search for (b decays is described in

section 5.3.9.

5.2 Electron/pion discrimination

5.2.1 Transition radiation in the NOMAD

Transition radiation (TR) was first predicted by Ginzburg and Franck (1946),

and the theory of the phenomenon is well—known (Garibian, 1958, 1960;

Durand, 1975; Artru et al., 1975; Garibian et al., 1975). A charged par-

ticle crossing an interface between two media of different dielectric constants

emits radiation at a typical angle of 1/7, where 7 is the Lorentz factor of

the particle. Classically the emission follows from the requirement that the

electromagnetic field due to the particle be continuous at the boundary of

the media: the emission of photons can be described as part of the field being

“shaken loose” as it makes the transition from one medium to the other.

Both the total energy emitted and the typical energy of the emitted

photons scale with 7, so the effect may be used to discriminate between

electrons and other particles on the basis of the small electron mass (ag.

mn/me % 273). For '7 g 1000, corresponding to electrons of momenta

p g 0.5 GeV/c, the radiation is in the soft X-ray (keV) range and thus

comparable with the energy deposited by a particle in a practical gas-filled

detector due to ionisation. Choosing a detector with xenon as the princi—

pal gas allows efiicient TR detection due to the strong X-ray absorption by

xenon. However the quantum yield at a single radiating boundary is very low

(of order of the fine structure constant a) so a practical detector requires a

“radiator” made from foam or a stack of many foils, to provide many transi-

tions at which radiation can occur. In this case both absorption of X—rays in

the foils, and interference between the radiation from the various interfaces

must be taken into account.

In both the design of the TRD (Bassompierre et al., 1998a) and the

analysis to be described in the following sections, a dedicated Monte Carlo



5.2 Electron/pion discrimination 187
 

 

 

 

 

 

  
 

> Illlrrvvvlvvilllllllllll .uv:]vuuu,1uvu_

310000~ —
N _ .

\

5?- ' ,
§ _3 1
N - 4

“Q‘sooo— —
Km _
a
g - -
2 _

0 unnul|n|| l ‘llLJJIILIIIIIIIIlIIJ‘

0 10 20 3O 40 50 60 70 80
Deposited energy, keV

> 4 llll VIIIIIIT11rVIIIIllllllllllllllttvv

310 1g
N I\ -
5?- 3
§ :
N I
> _
U

‘9 1a
x :
m .
-Q _

§ : =

2 i T f Tl5A.A.l....l....1..i.|....I..‘.1.+...I.,Hs
0 10 20 30 40 50 60 70

Deposited energy,keV0

Figure 5.1: Comparison of experimental (points) and simulated (histogram) energy
deposition by 10 GeV/c muons in the TRD straw tubes. The same data are shown

in linear and logarithmic scales: note the excellent agreement at both low and high
deposited energies. (From Bassompierre et al., 1998b, figure 10.)

 

  
 

 

%500; I l ‘IIIIIIIIIVI Illl'lllll'lll’;

4g - _

N Em‘rififii'l I

Emrf -_
.3 » HI";
3: -‘ ”Rt“ :
5,300."; :
Vs :' I

32001f “*4 —‘m 4; *h _
“g :i' O“ I
3 .1 F“. _“2100:. .M

'f Maw.” :
0v....1....1....|....1...~rm|__....._1_._._._._LH_H.90

0 10 20 30 40 50 60 80
Deposited energy. keV

3 gllllllilrlllllllllllllv‘lllelllllllllllllllls

I ”0"”... IN _.’r “.3 _

\ 'f' ‘fi...
.

.3102? m —_
5 s ‘+ 3
E i mfiififi* :
a 1 "‘-klozh igf‘m; —=u ’ .. :

é E == r I

2 hiI:— l ‘
|1|1||1    

0 l 0 20 30 40 50 60 70 80
Deposited energy, keV

Figure 5.2: Comparison of experimental (points with error bars) and simulated

(histogram) energy deposition by delta. rays in the TRD straw tubes. (From Bas—

sompierre et 31., 1998b, figure 14.)



188 Chapter 5. Particle identification using TRD information

simulation program (Fazio et al., 1994) was used, simulating ionization losses

in the straw tubes using the model of Ermilova et a1. (1977) and Allison and

Cobb (1980), and the emission and absorption of transition radiation in the

radiators using the formulae of Garibian et a1. (1975). A comparison of the

energy deposition predicted with this program with experimental results has

been published by Bassompierre et al. (1998b): results for muons, a test of

the dE/dsc simulation, are reproduced as figure 5.1; results for a sample of

delta-rays, a test of the dE/dw and TR simulation for electrons, as figure 5.2.

The agreement in both cases is excellent over several orders of magnitude.
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by the simulation described in the text (Fazio et al., 1994). (From

Bassompierre et al., 1998b, figure 2.)

For the TRD radiators installed in the NOMAD (section 2.4.6) the mean

number of (X—ray) TR photons emitted, according to the simulation just

described, is shown in figure 5.3. It is clear that a TRD module effectively

functions as a threshold detector for particles at a boost 7 m 2000, although

the small number of TR photons involved means that the actual response is

subject to large fluctuations.
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5.2.2 A likelihood ratio for e/7r discrimination

For all charged particles, the Landau distribution of ionisation energy de—

position (see section 5.3.1), and for electrons the probabilistic nature of the

transition radiation process, mean that the energy deposited in the TRD

straw tubes follows a broad distribution. As an example, the probability dis—

tribution for the deposition of energy E in a straw tube is shown in figure 5.4

for both pions and electrons at 10 GeV/c. The absorption of transition ra-

diation causes the distribution for electrons to be both larger in the mean

and broader in shape, although there is still a substantial overlap with the

distribution for pions.
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Figure 5.4: Normalised spectra of energy deposited in the TRD

straw tubes by 10 GeV/c pions and electrons at normal incidence,

in the Monte Carlo simulation. (From Bassompierre et al., 1998b,

figure 3.)

For a given track in the detector there will be as many as nine associated

“hits” in the TRD straw tubes, is. one for each TRD module. The optimum

way of using the information from these hits in separating electrons from
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pions is to form a likelihood ratio1

N

_ " P(Ei|e;p)E—glogP(EilF;p), (5.1)

and use its value as the basis for electron/pion discrimination. In this ex—

pression M, S 9 is the number of TRD planes recording an energy deposit

by the particle, and E are the individual energies. As shown in figure 5.4,

P(E,- |e; p) is the probability for an electron to deposit the energy E,, and

P(E,- | 7r ; p) the probability for a pion to deposit E; the P are normalised

spectra of energy deposited by e,7r, and depend on the momentum of the

particle p. In principle the energy deposition spectra depend on a great

many other variables, but the continuous calibration procedure described in

section 2.4.6 effectively removes the dependence on gas composition, temper-

ature, etc. (see also Bassompierre et al., 1998a); studies indicating that the

dependence on other variables, such as impact point on the radiator, may be

ignored, are discussed by Bassompierre et al. (1998b).

5.2.3 Construction of acceptance functions

By inspection the likelihood ratio defined at (5.1) is sensitive to differences

both of scale and of shape between the distributions for electrons and pions.

Consulting also figure 5.4 it is clear that for the majority of TRD hits due to

electron tracks, the probability P(E',- |e; p) will be larger than P(E,- | 7r ; p),

so log%% will contribute a positive term to the sum; for the majority

of hits due to pion tracks, P(E,- | 7r ; p) will be larger, contributing a negative

term. The result is a strong separation between the distributions of E for

pions and electrons, as shown in figure 5.5.

To achieve a given rejection factor k against pions it is necessary to

choose a cut in L: which accepts only i of the distribution for pions. (The

broadly cross-hatched sample of “good electrons” in figure 5.5 corresponds to

k = 1000, accepting only 10‘3 of the pion distribution.) So given likelihood

distributions 13% and %1 we define acceptance functions

a j: 6’7!- (5'2)

vah 

1 °° de
Aj(£,p,Nh) —— E/C d1?

and apply a cut A1,(£;p, Nh) < i to reject pions.
 

1In keeping with normal practice the logarithm of the likelihood ratio is the actual

quantity used: the likelihood ratio H31Wextends over many orders of magnitude

and would be intractable.
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Figure 5.5: Distributions of likelihood ratio L for pions (left) and
electrons (right) for p : 10 GeV/c and Nh = 9 in the Monte Carlo.
The cross—hatched “good 7r” and “good e” obey cuts which reject

all but 10‘3 of the electrons and pions respectively (see the text).

In practice, the spectra P(E.- lj;p), j = e,7r are stored for six stan-
dard momenta (p = 0.5,1.0,2.0,3.5, 10.0 and 50.0GeV/c) and intermediate

values of p are treated by logarithmic interpolation at run-time, to pro—

duce the likelihood ratio £ in (5.1). Tables of the acceptance functions
Aj(£;p, Nh), j = e, 7r are stored for the same six standard momenta, and for
4 S Nh S 9, with two—dimensional linear interpolation used in ,C and p to

give the final result. The choice of the limiting momenta 0.5 and 50.0 GeV/c
reflects the “threshold” behaviour in 7 noted above: for electrons in this

momentum range, 103 < ’y < 105, Le. near or above the threshold, while for

pions, 3.6 < 7 < 360, below the threshold.

The pion rejection which can be achieved by this technique is a function

of

o the number of hits Nh, the rejection improving with the additional

information from each hit;

0 the momentum p, the rejection improving with momentum until elec—
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line is indicated where it meets the right—hand boundary of the plot.

(From Bassompierre et al., 1998b, figure 7.)

trons reach the saturation level of NTR % 3 around p z 50 GeV/c; the

probability for pions to emit TR photons becomes appreciable in this

same regime (see figure 5.3);

o the electron identification efficiency, with the pion rejection increasing

as progressively lower electron ID efficiencies are tolerated.

This dependence is shown graphically in figure 5.6. The standard electron

identification cut within NOMAD analyses requires a pion efficiency

6-,.- = A"(£;p, Nh)

< 10-3 (5.3)

which corresponds to an electron identification efficiency of about 90% over

a broad sample of tracks. From figure 5.6 we can see that for nine-hit tracks

at high momentum, the electron ID efficiency improves to 95%.
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5.2.4 Interpretation of acceptance functions in analysis

Acceptance functions for electron rejection

The choice of c,r < 10'3 for electron identification reflects the need for a pure

sample of electrons in the 7' —> V76 search. For many other analyses, such as

QCD or fragmentation studies or searches for resonances, the requirement is

instead to form a sample of hadrons with low contamination by electrons. In

a T_ —> Mr + hadrons search, it is also necessary to veto events where the

basic process is in fact Us + N —) e' + X, typically with a hard electron from

the deep inelastic scattering which could form a false tau—decay candidate

(7' —) 1171') or part of such a candidate (7' —> V37l').

It follows from the approximately 90% efficiency for electrons of the 6,, <

10‘3 cut that about 10% of electrons will fail such a requirement and therefore

contaminate the sample; that is, the cut imposes a rejection factor of about 10

on electrons. For some purposes this will be too loose a cut, and furthermore

the rejection of electrons will be a function of both p and Nh. One would

prefer a cut which gave a consistent rejection of electrons, and could be

adjusted according to the needs of each analysis.

Such a cut is easily performed using the likelihood ratio £3, by applying

the logic of the previous section directly to this new case. If we construct

alternative acceptance functions

5 .

iii-(Ann) = if d 1’3Nj 00 (ll , j=e,7r (5.4)

P,Nh
 

then a cut flj(£; p, Nh) < % requires that particles have a likelihood ratio

5 sufficiently low, that only a fraction 713 of particle type j will have a like-

lihood ratio 1 S .C. (A cut in the functions Aj(£;p,Nh) requires that .C be

sufficiently high . . . etc.) This choice is illustrated by the “good 1r” sample

marked by the close cross—hatching in figure 5.5, corresponding to a cut

EE 2 Ae(£;p, Nh)

< 10—3. (5.5)

The symmetry of this approach is apparent. It should also be clear from

equations (5.2) and (5.4) that

AJ(£1P7 Nh) E 1 —Aj(£;p, Nh) (5'6)

One should note that an electron acceptance of 10‘3 can also be achieved

using a cut as < 10—3, and many other arbitrary choices of region in .C.

By construction of the likelihood ratio ,C the choice of cut variable E6 =

1215(E; p, Nh), which integrates over the cases where the pion—to—electron ratio

is highest, provided maximal acceptance for pions among all of these choices.
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“Flatness” and “cutoffs” of acceptance functions

When considering a sample of pions it is also useful to consider the acceptance

function E, = A,(£;p,Nh). This has the important property that a pure

sample of pions should have a flat distribution of E, values from 0 to 1 (see

the definition (5.4)). Considering the position of the electron distribution in

figure 5.5, and the choice of integration bounds in equation (5.4), it is clear

that the tail of the electron distribution will appear as an excess of particles

with high values of E,, while the bulk of the electrons will form a spike at

E, = 1: an example is shown in figure 5.7.
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Figure 5.7: The distribution of the pion acceptance variable E, for

negative primary-vertex tracks in the NOMAD data. Tracks passing

an electron rejection cut EC < 0.10 are shown cross-hatched: the

accumulation of electrons at E, N 1 is apparent.

The effect of a cut in E6 will also be apparent in such a distribution: the

“ambiguous” region excluded by the cut contains the pions with the highest

values of E,, so a E, distribution will run from 0 to some value f < 1 which

will approximate the efficiency of the cut for pions. In practice this cutoff

will be blurred as the likelihood ratio distributions “move together” or apart,

as p and Nh vary—a fixed rejection factor for electrons does not yield a fixed

efficiency for pions, and vice versa. An example is shown in figure 5.8, where

progressively stronger cuts in E6 remove the accumulation of electrons at

E, z 1 and then introduce a sloping cutoff in the distribution at high E,.
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Figure 5.8: The distribution of the pion acceptance variable E7r for

negative primary tracks, under progressively tighter electron rejec-

tion cuts: (solid line) EC < 10—1, (dashed line) Ea < 10'2, (hatched)

(”a < 10—3, (cross-hatched) Ea < 10—4. Note the effect on the accep—

tance for pions for cuts harder than EB < 10—2.

Electron contamination and electron rejection

To date the discussion has focussed on nominal electron rejection levels k,

achievable by a cut £6 < i. In passing we should note that the contami-

nation of electrons in a sample of tracks is the more relevant quantity for

analysis—hence the usefulness of the distribution of pion acceptance E”, just

discussed. Depending on the fraction of electrons in the initial sample, weaker

or stronger cuts in EC will have to be chosen, in order to achieve a pion sample

with an acceptably low contamination of electrons.

It is convenient to use primary—vertex tracks from ue+N ——> e‘ +X Monte

Carlo events to illustrate this point (figure 5.9). The positive track sample

has a small initial contamination of positrons due to photon conversions

close to the primary vertex, Dalitz decays of 7r°, etc., while the negative

track sample contains in addition the hard electrons from the deep inelastic

scattering process, visible as a striking peak at E1, = 1 (figure 5.9(a)). A cut

£6 < 0.10 is sufficient to remove most of the peak in the positive sample,

while a significant contamination remains in the negatives, about 8% in this

case (figure 5.9(b)).
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Figure 5.9: The distribution of the pion acceptance variable 6,, for primary tracks

in Va charged-current Monte Carlo events, separated into (left plots) positive tracks

and (right plots) negative tracks. Electrons form a. significant peak at E1, = 1 even

after the EC < 0.1 cut in the negative sample.
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5.2.5 Electron/proton discrimination

In figure 5.9(b) an additional population of tracks is visible in the positives

sample: concentrated at E" z 1, as are electrons, but not efficiently removed

by the cut Ea < 0.1, unlike electrons. Dividing the Monte Carlo sample by

track type (figure 5.10) it is apparent that these tracks are protons, with an

ionisation energy deposition larger than pions at low momentum: they form

an intermediate case between pions and electrons.

(If we suppress protons in the sample of positive tracks and reproduce the

comparison between positive and negative tracks—as shown in figure 5.11—

then the effect of the larger initial proportion of electrons in the negative

sample is much more clear cf. figure 5.9.)

This difference in the ionisation energy deposition behaviour of different

species provides an opportunity for charged particle identification in NO—
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' koons  
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pion acceptance for positive tracks

Figure 5.10: The distribution of E,r for positive primary tracks in

11,. charged-current Monte Carlo events, after a cut £6 < 0.1 against

electrons, with particles separated by species: pions are shown cross—

hatched, kaons hatched; the remainder of the distribution is made up

of protons, excepting a very small admixture of positrons, visible in

the highest bins (the gap between the dashed and solid histogram).
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Figure 5.11: The distribution of the pion acceptance variable 63, for

primary tracks in V6 charged-current Monte Carlo events, after a cut

Ee < 0.1 against electrons. In the positive track sample (left) protons

have been excluded from the distribution; compare figure 5.9(b).

MAD, which will be discussed in section 5.3 below. From the point of view

of the 7" ——> mice" search and other electron—oriented analyses, the effect

is a nuisance, since it leads to positron samples (useful as control samples for

electron analyses, for example) contaminated by protons. This is prevented

by constructing an additional likelihood ratio

”" P_(__E-|e-p)

Z?“gP(E~;|p——p> (5'7)
fish):

for separation of protons and positrons, and the corresponding acceptance

functions

6 _1_ de

/p(£e/p1pa Nh)_ 00d dl

[’Pe/

 , j = e,p. (5.8)

 

 

Where necessary, protons are suppressed by performing a suitable cut fig/”(Lem p, Nh) <

i on positive tracks in the low-momentum (p < 1.5 GeV/c) region.
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5.2.6 The effect of track angle

If we consider plots of the pion acceptance E, such as figure 5.11, a residual

right—to—left downward slope is apparent even when protons have been sup-

pressed. This corresponds to a (sub—) sample with energy deposition in the
TRD straw tubes systematically higher than pions of the same momentum.

The effect is due to particles crossing the TRD at a non-zero angle 0 to
the :c — 2 (horizontal) plane of NOMAD: such particles have ionisation tracks
longer than those of normally incident particles, by a factor 1/ cos 0; to first

order the mean energy deposited by such tracks is increased by the same
factor. Low momentum particles are especially subject to this effect due to

the bending of tracks in the vertical plane by the 0.4T magnetic field. (The
distribution of E, for the soft 7r‘ from A0 decays in the data is shown in

figure 5.12 as an example.)
For electrons the situation is more complicated. In addition to the energy

deposition due to ionisation there is of course the transition radiation: at non—
normal incidence both the production and absorption of TR in the radiators

is enhanced. The various effects were found to approximately cancel each

 

: Mean 0.5901

35 '_' RMS 0.2809     

30—

25'—

  
 

 

    

  

     
pion acceptance, negative arm of /\°

Figure 5.12: Pion acceptance E” for 7r— from identified A0 -—> p7r'

decays in the data.
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other by Bassompierre et al. (1998b) and so dependence on track angle was

left out of the construction of the probability distributions for the likelihood

ratio defined at (5.1).

5.2.7 Treatment of overlapping tracks

Up to this point it has been tacitly assumed that all TRD straw tube “hits”

are associated to only one particle track. In fact it is relatively common for

particle tracks to be at least partially overlapping in the x — 2 projection in

the TRD region (the straw tubes are aligned vertically; see section 2.4.6).

The measured energy deposition in a straw tube crossed by two tracks is, to

first order, equal to the sum of the depositions by the two tracks in isolation,

and so clearly some special treatment is required for such cases.

In practice, tracks with so—called shared hits are divided into two groups,

1222.

tracks with 1, 2 or 3 shared hits: These tracks are treated by construct-

ing the likelihood ratio (5.1) using the isolated hits only, and ignoring

the shared hits. Distributions of acceptance functions in this chapter

have in fact included tracks treated in this way.

tracks with 4 or more shared hits: In this case the overlapping tracks

are treated together. Noting that for a given pair of momenta (p1, p2),

the distributions of deposited energy for each of the four particle iden—

tity hypotheses ”(P1)7T(P2),6(P1)7T(P2),”(131)6(1’2) and 6(P1)6(P2) may

typically be distinguished (figure 5.13), four likelihoods

N5 (Nb-Na)

a...=ZlogP<E.Ik(pl)t(p2)>+ Z logP((E;+Ef>lk(pl>l(f2>))

i=1 j=1 5.9

are constructed, where

k,l run over e, 7r;

N5 is the number of shared hits;

Nh is the total number of TRD modules with hits; and

P are probability densities for the energy E,- to be deposited, under

the hypotheses shown.

Where modules contain non-shared hits, these are added to form an

effective shared hit (E,1 + E3) to allow a consistent treatment of all hit

modules. The hypothesis corresponding to the largest of the likelihoods

is chosen and the particles identified as electrons or pions accordingly.
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Figure 5.13: Simulated response in the TRD straw tubes to iso-

lated tracks (upper plot) and overlapping tracks (lower plot), with
the momenta in GeV/c shown in parentheses. (From Bassompierre

et al., 1998b, figure 9.)

Note that because likelihood ratios, acceptance distributions, etc. are not

defined in this second case, the identification efficiency for one species or the

rejection factor for the other species cannot be set at will. The maximum—
likelihood method was chosen in order to prevent overlapped pion tracks be—

ing identified as electrons, z'.e. to remove a potentially dangerous contamina—
tion of the electron sample, in the 7'_ —> VTfiee‘ search. It is not necessarily

suited to the suppression of electrons in the 7'" ——) 1/,7r‘7r‘l‘7r' + mr°(n Z 0)

search, a problem which will be further discussed in chapter 6 (section 6.7.5).

Where three or more tracks overlap, but there are only 1—3 shared hits,

likelihood ratios are calculated using the isolated hits only, as in the two-

track case. Where there are 4 or more shared hits no special treatment is

attempted.
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5.3 Discrimination between two particle species:

the general case

The likelihood ratio method described in sections 5.2.2 and 5.2.3 is not spe—

cific to the electron/pion (TR/non—TR) case. Provided the spectra of energy

deposition in the TRD straw tubes for two types of particle are different,

they can in principle be distinguished by the same technique. Accordingly

the likelihood ratio method has been adapted for several common pairs of

particle species, as discussed in sections 5.3.1 through 5.3.4; its anticipated

performance is discussed in section 5.3.5; tests of the method on various

samples of tracks in the data are presented in sections 5.3.6 through 5.3.8.

With full particle identification for events in the NOMAD it would be

possible to routinely construct Lorentz invariant quantities (rather than be-

ing restricted to the laboratory frame), study exclusive decays and search for

various rare processes, and recover some information on lost neutral parti—

cles, the Fermi momentum of the struck nucleon, and the incoming neutrino

energy. While the achievable discrimination between particle species is not

sufficient for all this, some new avenues for analysis have been opened, one

of which—a search for decays of the (15 meson—is discussed in some detail

below (section 5.3.9). A summary of the particle discrimination technique is

given in section 5.3.10.

5.3.1 Energy loss due to ionisation

In the general case we rely on differences in deposited energy due to ionisation

to distinguish particle species. In the momentum range of interest for the

NOMAD experiment, the mean rate of energy loss due to ionization is given

by the Bethe—Bloch formula,

6
_ 2 _ __

I6 2 3

(1 Z e 2 2 2 max
_E§ = [(222—1—2 é—log Em—CLBIQLL

”5 [1 (5.10)

where z, ,6, 7 are the particle charge, velocity and Lorentz factor respectively,

and Z and A are the atomic number and mass number of the medium.

The definition of Tm“ and other details are given in (Case et al., 1998,

section 23). The formula is plotted for singly-charged particles in various

media in figure 5.14.

For a given material the mean dE/da: is a function of velocity [3; if the

momentum p is also given, the only remaining dependence is on the particle

mass M. Because of this, and the functional form of (5.10), it is convenient
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Figure 5.14: Mean rate of energy loss due to ionization in various

materials, taken from (Caso et al., 1998, section 23).

to consider the mean dE/dzr as a function of the generalised velocity fly =

p/Mc. From figure 5.14 it is clear that there are three regimes:

1. the low—velocity regime, extending from sub-relativistic velocities to

#7 g 3, where the energy lost is a rapidly falling function of velocity

(as fl‘i);

2. “minimum ionisation”, near ,87 Ft: 3; and

3. the “relativistic rise” for ,87 >> 3, where ionisation is a weakly rising

function of fly.

The formula (5.10) gives only the mean value of dE/dx: at any given

velocity the actual energy loss in a thin layer of a medium has a broad distri-

bution with a long (“Landau”) tail to high values. Thus even in cases where

the mean dE/da: are well—separated, distributions for individual “hits” will
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Figure 5.15: The distribution of energy deposited in the TRD straw tubes by

pions and protons at normal incidence, for various momenta: (a) p = 0.5 GeV/c

(fly = 3.6 for 7r and 0.53 for p); (b) p = 1.0 GeV/c (fly : 7.2,1.07 respectively); (0)

p = 2.0 GeV/c (fly 2 14.3, 2.2); and (d) p = 10.0 GeV/c (07 = 72,10.7). Pions are

on the “relativistic rise” throughout, while protons move from the sub-relativistic

region (a), through minimum ionisation (near p = 2.0 GeV/c), to the relativistic

rise (d). All distributions were generated using the code of Fazio et a1. (1994)

described in section 5.2.1.
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overlap, so that several measurements will be required for effective discrim-

ination between particle mass hypotheses. As an example, distributions for

pions and protons are compared at four momenta in figure 5.15 (cf. figure 5.4

above for pions and electrons).

Pions and protons are well—separated in mass (m,,,/m7r = 6.7) and hence

in ,67 at any given momentum. In this case it will be clear from figures 5.14

and 5.15 that there are three momentum regimes:

1. p < 3mpc, where protons are at low velocities, depositing much more

energy than pions so that discrimination will be very good (figure 5.15(a)),

albeit a strong function of momentum (cf. figure 5.15(b), where discrim—

ination is much weaker);

2. p m 2GeV/c, where protons (,87 z 2.2) and pions (,67 m 14.3) lie on

each side of the minimum ionisation, with similar energy deposition, so

that discrimination will not be possible (figure 5.15(c)); and

3. p > 3mpc, where both particles are on the relativistic rise, with pions

depositing more energy on average (figure 5.15(d)), and relatively weak

discrimination will be possible.

(In other cases of two species q and r with mq > m,, the mass difference

will be smaller, so that regime (1) will be given instead by p < 3mrc (the

lighter particle is at or below minimum ionisation), and regime (2) where

there is no discrimination will be given to a good approximation by p z

3\/n_zq—m;c, while discrimination in regime (3) may be too weak for practical

use.)

In the first of these regimes, even a very crude method would yield an

effective separation of protons and pions, and indeed many other pairs of

particle species. In the third regime efficient use must be made of all the

information available, and so we adapt the likelihood ratio method described

in sections 5.2.2 and 5.2.3 above to this new case. In principle a simplified

method could be used with little loss of efficiency, since the width and other

properties of the dE/da: distribution approximately scale with the mean de—

position2 (Allison and Cobb, 1980), but the approach of re-implementing the

existing e/ 7r discrimination procedure for the general case was felt to be more

straightforward.

 

2cf. the e/1r case, where the shape of the energy deposition spectrum for electrons, as

the sum of dE/dx and TR components, evolves with 7.
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5.3.2 Adaption of the likelihood ratio method

Likelihood ratio and acceptance functions

To discriminate between two species q and r, then, we construct a likelihood

ratio as in equation 5.1,

P(E' r;

£Q/r: 210812.| p) (5.11)

where N, S 9 is the number of TRD planes recording an energy deposit by

the particle, E are the individual energies, p is the particle momentum, and

the P(E,~ I j; p) j = q,r, are the probabilities for deposition of the energy

E under the hypothesis shown—equivalent to normalised energy deposition

spectra such as those shown in figure 5.15. We then define acceptance func—

tions

, j = q,7' (5.12)

vah 

for a given .Cq/r. By convention we will assign the labels q and r such that

mg > m,.. From the form of (5.11) it is apparent that the distribution of

fig), for the heavier particle q will be dominated by low values Lq/r<<0 while

the distribution for the lighter particle 7' will be dominated by high values

liq/r > 0. This1s shown for the most spectacular case, protons and pions at

low momentum,in figure 5.16 (cf. equation (5.1) and figure 5. 5).
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0.025 :—
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   protons
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likelihood ratio Pf"

Figure 5.16: Distribution of the likelihood ratio Lip/1, for protons

(left) and pions (right) at p = 0.5 GeV/c and N}. = 9.



5.3 Discrimination between two particle species: the general case 207

To impose a rejection factor of k on the lighter particle 7', we make a

cut E, = AZ/’(£q/.;p,Nh) < %. We would then expect a pure sample of

the heavier particle q to have a flat distribution of the acceptance function

E, = A3/’(£q,,;p, Nh) up to some cutoff, characteristic of its efficiency (cf.

section 5.2.4 above).

In the less-likely case where a clean sample of the lighter particle r is

required, we may impose a rejection factor of k on the particle q by performing

a cut at i in the acceptance function

69 = AZ/r(£q/rip7 Nh)

def " r

= 1- AZ/ (fig/r;p,Nh)

Implementation of the method

In addition to the case of proton/pion discrimination, which has already been

used in examples above (figures 5.15 and 5.16) the likelihood ratio method has

been implemented for proton/kaon, kaon/pion, kaon/muon and pion/muon

discrimination.

In each case the construction of the likelihood ratios .Cq/r is in princi—

ple straightforward, but the evolution of particle discrimination power with

momentum, which is extremely rapid in some cases (such as p/7r at low

momentum) creates difficulties whenever approximation is used. As for the

electron/pion case (section 5.2.3) spectra of the energy deposited in a TRD

straw by each particle type (p,K,7r,,u) were generated at a limited set of

reference momenta:

o the six standard momenta used for the electron/pion case (0.5, 1.0, 2.0,

3.5, 10.0, and 50.0 GeV/c);

0 an additional momentum bin at 20.0 GeV/c to accommodate the change

in kaon/pion discrimination there; and

o thirteen additional momenta from 0.25 to 1.25 GeV/c, to account for

the extremely rapid change in the power of kaon/pion and proton/pion

discrimination over this range.

For each particle type and momentum value, one million instances were sim—

ulated. In all subsequent applications, in particular the calculation of Am

based on the hits of a particular track, intermediate momenta were handled

using logarithmic interpolation at run-time, as for the e/7r case.

The tables of acceptance functions Ag/r(£q/r; p, Nh), each generated us-

ing one million simulated tracks of the relevant particle types (q and r),
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also required some special handling. The electron/pion discrimination power

evolves only slowly with momentum (figure 5.6) and in that case it was suf—

ficient to tabulate acceptance functions within the bounds in L shown in

figure 5.5. In the general case this approach was impractical as the effective

range of distributions of [Sp/7,, to take the most extreme example, changes

by two orders of magnitude as a function of momentum. The expedient of

setting bounds on the acceptance function tables by hand for each case, after

inspecting histograms for several trial bounds, was adopted. Two dimen-

sional linear interpolation in [Ia/r and p was then used at run time to obtain

actual acceptance function values, as for the e/7r case. The spacing of the

twenty reference momenta noted above was chosen so that the interpolation

in momentum was practical in all cases.

5.3.3 A correction for track angle

In the discussion of electron/pion discrimination it was noted that tracks

at non—normal incidence to the TRD have a longer ionisation trail in the

straw tubes, and proportionately larger deposited energy, than normally in—

cident tracks (section 5.2.6). In the general case tracks corresponding to both

particle ID hypotheses deposit energy only by ionisation (dE/dm) and so a

straightforward correction for this effect has been added: all TRD energy

depositions are multiplied by a factor

2 2

(mm) = ____sz+pz
P

before comparison with the reference distributions.

As an example of the effect of the correction, distributions of the pro-

ton/pion discrimination variable E." = [151/"(Lip/rm, Nh) are shown in fig—

ure 5.17 for a sample of 7r" tracks from identified A0 -) p7r' decays, rich

in large-angle tracks. The variable E7, should have a flat distribution from

0 to 1 for pions: with no correction applied (top plot) there is a clear en—

hancement at low values of E", reflecting the increased energy deposition by

these tracks; with the cos 0 correction applied (bottom plot) the distortion is

greatly reduced. (Compare with figure 5.12 above, showing the distribution

of the electron/pion discrimination variable on the same track sample.)

When processing the full output of the NOMAD reconstruction code, as

in the figure shown, the momentum [9‘ = (p$,py,pz) is estimated by tak—

ing the extrapolated track momentum at each of the individual TRD straw

tubes. Most of the distributions shown in this chapter have been prepared

by applying the particle identification algorithm described in section 5.3.2 to



5.3 Discrimination between two particle species: the general case 209

 so_

  

  

 

 
 

 

  

 

   

_ Mean 0.3881

50 f RMS 0.2835

40 ‘——|— angle correction DISABLED

30 _—

20 g. L1

10 :—

0 3....1H.111“.I....1....|..,il....I...11.J..I....

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

pion acceptance (p/n), negative arm of /\°

60

E Mean 0.4655

50 :— RMS 0,2897

40 7 angle correction ENABLED

20 f—

10 —

0 :..l.l....1....l.i..li. AI ..|....1....1.. 1   
 

l . . . l J I J A

O 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

pion acceptance (p/n), negative arm of /\°

Figure 5.17: Pion acceptance variable Eff/7r for the negative arm of

identified A0 —+ p7r‘ decays, with the track angle correction disabled

(upper plot), and enabled (lower plot).

the reduced NOMAD data format (DST) where this level of detail in track

extrapolation is not available: in this case the track extrapolation to the

preshower detector, immediately following the TRD (see figure 2.6) is used.

The approximation should be sufficient for all but the lowest—momentum

tracks.

5.3.4 Treatment of overlapping tracks

As noted in section 5.2.7 above, it is relatively common for two tracks to

partially overlap in the x — 2 projection in the TED region. In this case one

or more of the straw tube “hits” associated to a given track in fact correspond

to the combined energy deposition due to the two tracks, which is equal to

the sum of the depositions of the two tracks in isolation, to first order.

To date no special treatment of such shared hits has been implemented

for the general case of discrimination between two particle ID hypotheses.

In the plots shown in the remainder of this chapter, tracks for which particle

discrimination variables are calculated are required to have no shared hits,
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to avoid distortion of the distributions, or false identification of a track as

corresponding to the particle with larger energy deposition.

At the next reprocessing of the NOMAD data, a change to the reduced

data format (DST) is planned which will flag individual shared hits in the

TRD: at that time the algorithm of section 5.3.2 will be adapted to exclude

shared hits from the calculation of likelihood ratios .Cq/r as is done for the

electron/pion likelihood ratio [3.

5.3.5 Five cases of discrimination between species

As noted above, the particle identification algorithm has been implemented

for five cases: p/7r, p/K, K/7r, K/p and 7r/p discrimination. We will consider

these briefly in turn.

p/7r discrimination

The mass difference between protons and pions is the largest among the five

pairs of particles (mp/m,r = 6.7) and the discrimination in the p/7r case is

accordingly the most powerful. Distributions of the proton/pion likelihood

ratio LN,r are shown in figure 5.18 for three momenta: p = 0.5 and 1.0 GeV/c

from the low momentum region and p = 10 GeV/c from the high momentum

region. At low momentum the distributions are well-separated so that indi-

vidual protons and pions may be readily distinguished: at p = 0.5 GeV/c the

distributions overlap only in the extreme tails, so that pure samples of one or

other particle may be obtained without any significant loss of efficiency; at

p = 1.0 GeV/c particle discrimination is deteriorating, with the proton and

pion distributions overlapping so that there is a trade—off between efficiency

and purity in obtaining a sample of either particle. At high momentum there

is in all cases a significant overlap between the distributions.

It is convenient to quantify the discrimination power available by set—

ting various desired proton identification efficiencies (99%, 95%, 90%, 80%

etc.) and plotting the corresponding acceptance for pions: this is done in fig—

ure 5.19 for the same three momenta, p = 05,10, 10.0 GeV/c. Thus, taking

the left—most figure (p = 0.5 GeV/c), if we consider 8— and 9-hit tracks we

may achieve efficiencies for protons greater than 99% with a cut in the pion

acceptance E,r = Ai/"(Ep/";p,Nh) < 10'4, i.e. imposing a rejection factor

of 104 against pions. Note that in all cases the discrimination power is a

strong function of the number of hit planes Nh, so that for Nh = 4, the out

against pions must be loosened to E, < 0.02 in order to gain 99% efficiency

for protons. Nonetheless, even for N}, = 3, the proton identification efficiency

exceeds 90% for a cut as tight as E, < 10”, imposing a rejection factor of
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where discrimination is excellent; (middle plot) 1) = 1.0 GeV/c, as the discrimina-

tion power is decreasing; (lower plot) p = 10 GeV/c, where modest discrimination

has returned with rising momentum. Number of hit planes Nh = 9.
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100 on pions: at this momentum, we have ideal discrimination between the

two particles.

This discrimination power is rapidly lost as momentum rises, so that at

p = 1.0 GeV/c even a modest cut against pions, say E, < 8 X 10—2 (a rejection

factor of 12.5, chosen for ease of reading from the figure) yields efficiencies

for protons ranging from 40% (for Nh = 3) to better than 70% (for Nh =

9). Above this momentum the discrimination continues to fail until about

p = 2.0GeV/c, where £p/7r distributions for the two particles effectively

coincide (figure 5.20) so that no discrimination is possible: this is the second

momentum regime discussed above, with the proton (,87 = 2.1) and pion

(fly = 14.3) “on either side” of the minimum ionisation (37 z 3). As

momentum increases, with both particles on the relativistic rise in ionisation,

some discrimination is recovered (the 10 GeV/c case in figure 5.19): but in

this case a cut at E, < 8 x 10‘2 only reaches an efficiency for protons of 40%

in the most favourable case, M, = 9.
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Figure 5.20: Distribution of the likelihood ratio Lip/1r for protons

(left) and pions (right) at p = 2.0 GeV/c and Nh = 9.

When distinguishing protons and pions, then, we have excellent discrimi-

nation at low momentum even for a small number of hits in the TRD region,

albeit that this discrimination is a strong function of momentum; close to

p = 2.0 GeV/c, discrimination fails completely; and modest discrimination is

recovered as momentum rises above this value.

p/K discrimination

Turning to the proton/kaon case, where the two particles are much closer

in mass (mp/mK = 1.9), we find that discrimination is much less power-
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ful. Distributions of the proton/kaon likelihood ratio Lp/K are shown in

figure 5.21, and kaon acceptance EK = [121K(£p/K;p, Nh) for various pro-

ton identification efficiencies in figure 5.22, for the same three momenta

p = 0.5,1.0,10.0 GeV/c.

At low momenta the proton and kaon .Cp/K are well—separated, so that

discrimination is very good, with a cut EK < 10“2 imposing a rejection factor

of 100 against kaons yielding a 90% efficiency for protons at N}, = 5, and bet—

ter than 99% for a nine—hit track. While falling well short of the spectacular

proton/pion discrimination in this region (the rejection factor against pions

is 10‘4 for similar efficiency, see above) this is adequate for any but the most

demanding analysis.
Again, the discrimination falls away with rising momentum, so that at

1.0 GeV/c even the most modest kaon rejection requires a loss of efficiency for

protons. In the high—momentum region, distributions of .Cp/K almost entirely

overlap, so that discrimination on a particle—by-particle basis will in no case

be practical.

K/7r (and K/p) discrimination

In kaon/pion discrimination, the spacing in mass is intermediate between

the previous two cases (mK/m7r = 3.5). Considering the distribution of

the kaon/pion likelihood ratio (figure 5.23), and the pion acceptance E, =

[15/"(£K)“; p, Nh) for various kaon identification efficiencies (figure 5.24) we

see a similar pattern as a function of momentum, with good discrimination

at p = 0.5 GeV/c, falling away as momentum rises (p = 1.0 GeV/c), with

modest discrimination recovered at higher momentum (p = 10.0 GeV/c).

In fact, the use of the same reference momenta (p = 0.5, 1.0, 10.0 GeV/c)

in this case is somewhat misleading, as the lower masses of the particles con-

cerned shift the three discrimination regimes (“low” momentum, minimum

ionisation, “high” momentum) downward in momentum. At the fixed mo—

menta p = 0.5, 1.0 GeV/c, K/7r discrimination is less powerful than discrimi—

nation between protons and kaons; but noting the difference in the geometric

mean of masses in the two cases (\fin—pm—E = 0.681,m= 0.263 GeV/cz)

a more appropriate comparison may be made with kaon/pion distributions

at 0.25 GeV/c (the lowest momentum for which reference spectra have been

generated) and 0.35 GeV/c (c . %% x 1.0 GeV/c % 0.38 GeV/c). These dis-

tributions are shown in figure 5.25. The discrimination power is greater than

for the proton/kaon distributions to which they approximately correspond,

p = 0.5,1.0GeV/c respectively (cf. figure 5.21).

A consequence of this better intrinsic discrimination is that kaons and

pions may be distinguished at high momentum, albeit with a. loss of efficiency
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for kaons. So considering the p = 10.0 GeV/c case (figure 5.24, right), for

a cut against pions of E7, = {if/”(ICK/W;p,Nh) < 10'1(10'2), the nominal

kaon acceptance is 36% (8%) for a 9—hit track, falling to 23% (4%) for a 3-hit

track. The proportion of kaons in a track sample could thus be enriched by a

factor x 3 — 8 depending on the efficiency loss which could be sustained—not

sufficient to pick “good kaons” from a random selection of tracks, but useful

if dealing with a sample whose kaon content were already enhanced, or in

a case where the discrimination may be applied more than once (as in the

45 —> K+K" search described in section 5.3.9 below).

Results for kaon/muon discrimination are similar, with slightly better

performance due to the larger mass difference (mK/m,‘ = 4.7).

7r/,u discrimination

Finally, considering discrimination betWeen pions and muons, the two parti-

cles are so closely spaced in mass (m,r/mu = 1.32) that no particle—by-particle

discrimination is possible.

At low momenta (p = 0.5, 1.0 GeV/c) the pion/muon likelihood ratio £1,”

is distributed almost identically for the two species (figure 5.26). Recalling
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however that for protons and kaons, also very close in mass (mp/mK = 1.9),

effective discrimination is available at low momentum, it is clear that these

distributions are somewhat misleading. Momenta of p z 0.5 GeV/c in fact

correspond to the minimum ionisation region for these light species, while

the “low momentum” region of good discrimination is inaccessible in our

experiment (p < 0.25 GeV/c). Due to the same effect, however, momenta as

low as 2.0 GeV/c are on the relativistic rise, so that there is some distinction

between [SW/fl distributions there, as at higher momenta (figure 5.27). This

will become important in section 5.3.8 below.

Summary

Based on the Monte Carlo simulation, then, we expect particle discrimination

based on TRD information as follows:

0 at low momenta (p < lGeV/c), good discrimination is available in the

p/7r, p/K, K/7r and K/u cases (p/7r being the most effective), with the

discrimination power falling as a function of momentum in this region;

0 where both particle—hypotheses are close to the minimum ionisation

(fly z 3), no discrimination is possible;

0 in the high momentum region (13% 2 GeV/c) modest discrimination is

available in the p/7r, K/71' and K/y cases;

0 pion/muon discrimination is too weak to be applied on a particle-by-

particle basis at momenta accessible in the NOMAD experiment.
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5.3.6 A test of p/7r discrimination using A0 decays

We now turn to tests of the particle disctimination on the NOMAD data, be—

ginning with the p/ 7r mode. Clearly it is necessary to obtain a tagged sample

of the appropriate particle: in this case, protons. The most straightforward

sample of this kind is that provided by A0 decays A0 ——> p7r‘ . Along with the

decays K; —> 7T+7r_ and K0 —) fi7r+, and photon conversions ”y —) e+e_, A0

decays appear as an isolated vertex “downstream” of the primary vertex of

the event, with two tracks of opposite sign emerging, and a total momentum

vector aligned with the direction between the primary and the secondary

vertex. These so-called V0 vertices are treated as a special case by the event

reconstruction code and may trivially be separated from other vertices for

analysis purposes.

The Armenteros plot

It is convenient to discuss such a V0 sample using the variables introduced

by Armenteros et al. (1951):

+ _

a _fl_ + _

PM +PII
__ p+ cos 0+ — 17' cos 0'

— p+ cos 0+ + p” cos 0‘

pi 2 12+ sin 6+

= p‘ sin (9— (5.13)

where p+, p‘ are the momenta of the positive and negative arms of the V0 and

0+, 0' the angles in space between those momenta and the total momentum

of the v0, 5V° = (5+ + 5-).
The relationship between the variables (a, pL) and quantities in the rest—

frame of the V0 is especially straightforward:

E""+ — E*" + 219* cos 0*

M flM
pi = p* sin 0*, (5.14)

 a:

where M and fl are the V0 mass and velocity, E”: are the energies of the

decay products in the V0 rest frame, and p“ and 6* the momentum and decay

angle of the positive particle; note that energy and momentum conservation

fix the values of E*'+, E*" and p* for a given V0 species, while momentum

conservation prescribes p*’+ = p*" = p* and sin 0“” = — sin 0"" = sin 6*.
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Figure 5.28: The Armenteros plot (a,pJ_) for V0 in the 1995-1997

NOMAD data. Cuts 1); > 0.030 GeV/c (to suppress photon conver-

sions) and pr) < 0.100 GeV/c (to suppress spurious V0) have been

applied.

That is, for a given V0 species, and under the approximation B —) 1,

events describe a half-ellipse in (a, pL), about a centre

E*'+ — E*"
Olo = ——M

_ mi — m2_
_ M2

Pip = 0. (5.15)

For the Kg, m+ = m- = m,r and so (10 = 0: events are distributed in

a broad (211* /M = 0.83) ellipse centred at the origin. The A0 are offset by

a0 = (mg—miflmio = 0.69 while the ellipse is smaller (2p* /M = 0.18). Both
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distributions are clearly visible in the sample of V0 vertices taken from the

1995—1997 NOMAD data, shown in figure 5.28. Also visible is the small popu-

lation of K0 centred at do = —0.69. The extremely numerous photon conver-

sions 'y ——> e+e’ have been suppressed by a cut requiring p_L > 0.030 GeV/c

(although the tail of the photon conversion distribution is visible at the base

of the plot pi m 0.030 GeV/c), and spurious V0 have been suppressed by a

cut requiring the component of the total V0 momentum perpendicular to its

presumed line-of—flight from the primary vertex, pr) < 0.100 GeV/c.
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Figure 5.29: Detail of the Armenteros plot (a,pl) for V0 in the

1995—1997 NOMAD data, showing the A0 sample and the overlap

region with the Kg. sample. Cf. figure 5.28.

It is apparent from the figure that the right half of the A0 distribution and

the lower-right corner of the Kg distribution overlap. This is not fortuitous:

it follows from the fact that in both cases the V0 rest—frame momentum of
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the decay products 12* is at least comparable to the lighter decay product

mass (mw). In such a case, for both fl —> 1 and cos 0* ——> 1 we have

E""+ — E”; + 212*

M

N E*'+ + E*"
"’ M

01—)

:1,

with the actual limiting values being 0.83 and 0.87 for Kg and A0 respec—

tively. This behaviour is visible on the detail of the Armenteros plot shown

as figure 5.29: note that V0 with ,6 :3 1 extend to values a > aum (see

expression (5.14)).

The A0 sample used for this study

It is desirable to remove the Kg contamination from a. A0 sample in order

to obtain a pure sample of protons. Removal of all of the overlap region re—

sults in a relatively small sample (% % of the original) where low-momentum

protons are enhanced (since energetic protons have a bias to high a), and so

this approach is not generally suitable. Ideally one would perform fits to the

hypotheses that the primary and V0 are joined by a. A0 and Kg respectively,

with these particles constrained to have their true masses and with all mo-

mentum and position errors taken into account, and make a selection based

on the respective X2 of the fits.

Unfortunately an error in the NOMAD data. processing during 1998 has

rendered the particle identification algorithm described in section 5.3.2 unus-

able on the standard data samples3 (the e/7r variables described in section 5.2

may still be used). We are therefore restricted to a sample of A0 decays fil—

tered from the 1995 data, for which the full TRD information may be readily

recovered. In addition to the cuts previously described,

0 p1 > 0.030 GeV/c against photon conversions, and

0 p1” < 0.100 GeV/c against spurious V0,

the following cuts were applied (Schahmaneche, 1997):

0 pi < 0.120 GeV/c against Kg;
 

3 A reprocessing of the NOMAD data, with the bug responsible for this problem

removed, is foreseen, but has not been carried out at the time of writing.
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O

o the proper decay length lipn-m — :Z'Vo| X 5:7:— < 47 cm, corresponding

to six times the mean proper decay length CT of the A0, i.e. rejecting

candidates which are implausibly long-lived;

. IMV" — onl < 0.015 GeV/c2.

The V0 mass MVa is evaluated on a A0 hypothesis, Le. assigning proton and

pion masses to the positive and negative arms respectively. The resulting

sample is small (1091 events) and has not been subjected to any further

cuts. Its distribution on the Armenteros plot is shown in figure 5.30.
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Figure 5.30: The Armenteros plot (a,pJ_) for V0 in the 1995 data

surviving the A0 selection cuts described in the text.
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Distributions for the positive arm of the V0

Considering first the positive arm of the selected Vos, we expect a flat dis-

tribution in the proton acceptance variable €10 = Az/"(Lp/W; p, Nh), and a con-

centration at low values of the pion acceptance variable E,r = Afr/"(Ep/W; p, Nh).

Distributions are shown in figure 5.31 below, excluding any tracks with shared

hits as in previous sections. The E1, distribution is not flat but is well-

populated in all bins and shows no systematic bias to high or low values;

the E,r distribution shows a peak at zero and falls away consistently towards

unity. Following the earlier discussion, for a pure proton sample we expect

the E,r distribution to be a strong function of momentum: strongly peaked

at zero for low momenta, showing little discrimination at p N 2 GeV/c, and

showing a concentration at low values for high momenta. Plots exhibiting

this behaviour are shown in figure 5.32 below for momentum bins p < 1.5,

1.5 < p < 3 and p > 3GeV/c; the events in the lower—momentum bin are

mostly due to tracks with p > lGeV/c due to the relatively hard spectrum

of the proton, which carries off most of the A0 momentum.
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Figure 5.31: Distributions of proton/pion discrimination variables Ep

(upper plot) and E7r (lower plot) for the positive arm of Vos passng

A0 cuts. Tracks with detected shared hits have been excluded.
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Figure 5.32: Distributions of the pion acceptance variable ET, for the positive arm

of the A0 sample in three momentum bins: (upper plot) p < 1.5 GeV/c, (middle

plot) 1.5 < p < 3GeV/c, (lower plot) 1) > 3GeV/c.
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As noted above, the A0 sample is known to contain some contamination

due to Kg. Choosing the momentum range p > 3GeV/c, where we expect

some discrimination and have modest statistics, this contamination should

be visible. In figure 5.33 below, Aos with [1+ > 3GeV/c are shown on the

Armenteros plot, with cases where the positive track passes cuts E, > 0.5

and E, > 0.7 singled out. The concentration at the top and along the right

of the plot—the region of overlap with the Kg distribution—is clear.
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Figure 5.33: Armenteros plot of Vos passing A0 cuts with p+ >

3GeV/c, and pion rejection cuts on the positive track. Vos where

the positive track has shared hits in the TRD have been suppressed.

Cases where the positive track has (7:1, > 0.5 are shown as circles, with

E, > 0.7 shown as filled circles. These are clearly concentrated in the

region of overlap with the Kg —) 1r+1r' distribution (cf. figure 5.29).
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Distributions for the negative arm of the V0

Turning to the negative arm of the Vos, we expect very good discrimination

due to the low momentum of the tracks, typically p < 1GeV/c. The distri—

bution of the proton acceptance variable E,, is shown in figure 5.34 below for

the negative arm, with the distribution for the positive arm for the few cases

in the same momentum regime (p+ < 1.5 GeV/c) included for comparison.

Tracks are concentrated in an abrupt peak at Q, > 0.99 for the negatives

(7rs), cf. the distribution across all bins for the positives (protons). In fact,

the low straggle of negative tracks with (2,, < 0.90 is almost entirely due to

the tracks with p > 1.0 GeV/c, the momentum region where discrimination

is deteriorating. Applying a cut to remove these tracks (figure 5.35), we find

the pions in a peak at £1, > 0.9999. In a track sample with a similar mo-

mentum spectrum, a very pure pion sample could be obtained by a cut in

6;, = 1—Ep of 6,, < 10‘3—imposing a rejection factor of 1000 on protons—with
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Figure 5.34: Proton acceptance variable 6”,, for the negative arm of

the ADS (upper plot, note the log scale), compared to the positive

arm (protons) for 10"" < 1.5 GeV/c (lower plot, linear scale). Tracks

above 1 GeV/c, where we expect poorer discrimination, have been

emphasized in the upper plot.
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95% efficiency for pions.
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Figure 5.35: Proton acceptance EP for the negative arm of the A05

for p‘ < 1.0 GeV/c, on an expanded scale. Note the small number

of tracks falling below Q, = 0.99 (the underfiow bin).

The more likely physics interest in this momentum range will be to se—

lect protons. Finally, then, the distribution of E” is shown in figure 5.36

below for the negative arm, with the distribution for the positive arm in

cases p+ < 1.0 GeV/c only included for comparison. For the negative arm,

the population of all bins is clear, as is the near—fiat distribution (see the

discussion in section 5.3.3). By comparison, the E, distribution for the pos-

itive arm is strongly concentrated in a spike at values below 0.005. For a.

representative sample of protons below 1.0 GeV/c, the acceptance for any

given out (say, E7, < 0.005) will greatly exceed that implied by this graph,

as the hard momentum spectrum of protons from A0 (see figure 5.37) has

constrained us to use many tracks in the region 0.8 < p < 1.0 GeV/c where

discrimination is deteriorating.
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Figure 5.37: Momentum spectrum for both negative and positive arms of the A0

below 1.5 GeV/c used in the previous plots. Proton/pion discrimination falls off

rapidly above 0.8 GeV/c (see the text); the tracks used for the most important

comparisons, with p < 1.0 GeV/c, are shown hatched.
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5.3.7 A test of K/Tl' and K/p discrimination using the

calorimeters

A sample of isolated tracks

A tagged sample of kaons, to test the behaviour of the K/7r (K/p) discrimina-

tion variables on the data, is not readily available4. Furthermore the particle

identification algorithm described in section 5.3.2 may not be used on the

standard data samples presently available (see section 5.3.6 and note 3 on

page 222). As an expedient we work with a sample of tracks isolated in the

calorimeters, filtered from the 1995 data, for which the particle identification

algorithm may be used (Hurst, 1997a). Only events with twenty tracks or

less are considered, and the following cuts are applied to each track:

0 the track extrapolation to the front face of the ECAL (section 2.4.8)

lies within the restricted fiducial volume [ml < 135 cm, |y| < 135cm;

0 the track extrapolation to the front face of the HCAL lies within |x| <

170 cm, and intersects one of the 18 HCAL counters (zle. avoids the gaps

between counters and the gap in the central region; see section 2.4.9);

o of all the other tracks in the event (other than electronss), the closest

track-extrapolation to the HCAL must be more than three counters

away.

These tracks have isolated, well—defined energy deposition in the calorimeters

which may be used to facilitate the separation of a kaon-rich sample.

 

4The most straightforward source of kaon—enriched tracks is the sample of “leakage

tracks” from neutrino interactions in the front calorimeter (section 2.4.3) where two muons

p"p+ are produced, the so—called opposite-sign dimuon events. The leading muon (typi-

cally ,u') is produced in the deep inelastic scattering 11,, + N —) p‘ + X while many of the

secondary muons (p+) are due to the decay of charm quarks c —+ sfippl’ produced in the

scattering. Energetic negative hadrons produced in such events will be strongly enriched

in K" due to the strange quark produced in the charm decay.

Based on the results of a. preliminary study of the 1995 FCAL data, processing of the

full 1995—1998 FCAL data would be required to secure a suitable sample (Boyd, 1997).

The first round of processing for this data is still underway at the time of writing and so

the corresponding analysis has not yet been carried out.

5The reason for the restriction is that this sample was originally produced to study

energy deposition by isolated hadrons in the HCAL (Hurst, 1997a). Electrons deposit all

their energy in the ECAL with insignificant leakage of the electromagnetic shower into the

HCAL (section 2.4.8), whence the special treatment at this point.



5.3 Discrimination between two particle species: the general case 231
 

The distribution of acceptance variables

To consider the distribution of K/7r discrimination variables we first pre—

pare a kaon- and pion—dominated sub—sample by suppressing muons and elec—

trons. To suppress muons we require that tracks, when extrapolated through

the calorimeters, must have a probability to both reach the muon cham—

bers (i.e. not range out in the lead-glass, iron, support structures etc.) and

be within their geometric acceptance, of at least 99%; and not be matched

to a muon—chamber track (see section 2.4.10). Furthermore, another track

in the same event must be matched to a muon—chamber track. To sup—

press electrons we perform a cut 5... = Ae(£;p,Nh) < 0.01 . After these

cuts, the kaon acceptance EK = A?"(CK/1,; p, M.) and the pion acceptance

E,r = AWK/"(LK/Wm, Nh) are distributed as shown in figure 5.38. Both dis-

tributions are consistent with the expected behaviour if most of the tracks

are pions (concentrated at large EX, and flat in E”), and there is a small

admixture of kaons (flat in EK, and concentrated at small E").
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Figure 5.38: Kaon/pion discrimination variables EK (upper plot)

and Q, (lower plot) for tracks isolated in the HCAL, with both muons

and electrons suppressed (see the text). In both plots the subset of

tracks with p > 7 GeV/c is shown cross-hatched.
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Regarding K/,u discrimination variables it is trivial to obtain a sub-sample

of tracks dominated by muons. After requiring that tracks be matched to a

muon—chamber track (section 2.4.10), the kaon acceptance E?” = A£/”(£K/u; p, Nh)

and the muon acceptance E5” = Af/“(fiK/u; p, Nh) are distributed as shown

in figure 5.39. As expected for a sample of muons, the distribution of Egg“ is

concentrated at high values (since the muon is the lighter—mass particle; see

the discussion of section 5.3.2) while the distribution of Eff” is flat.
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Figure 5.39: Kaon/muon discrimination variables €15,“ (upper plot)

and E)?” (lower plot) for tracks isolated in the HCAL and matched

as muons.

A test of kaon/muon discrimination

The muon—chamber system allows us to “tag” particles as muons and hence

to evaluate how well they are identified by other means: in this case, the

TRD-based K/y discrimination variables. In order to make use of the muon—

chamber information we take the sample of isolated tracks and consider the

sub—sample in the small momentum bin 5 < p < 7GeV/c (to suppress any

momentum—dependent effects) with a probability to both reach and hit the
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chambers of the first muon station > 0.999: we may then use the presence or

absence of a match to a muon—chamber track to classify the particle as a muon

or K/7r respectively. In order to suppress the otherwise-dominant pions in

this second group, we use information from the electromagnetic calorimeter.

A cut requiring the energy of the ECAL cluster associated to the track to

be less than 0.8 GeV selects tracks with an energy deposition consistent with

a single “minimum ionising” track in the calorimeter. This cut efficiently

selects muons, as the mean deposition by a muon is 0.566 GeV with a limited

tail to higher values (see Altegoer et al., 1998a, figure 17); it also admits

those pions and kaons which do not undergo a nuclear interaction in the

lead—glass. This last group will be enriched in kaons, as their interaction

length is longer than that of the 77* due to their strange—quark content, as

shown in figure 5.40. (See also the interaction cross sections recorded by

Caso et al., 1998, as figures 38.20 through 38.22)
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Figure 5.40: Interaction length for various hadrons as a function
of momentum. Note the significantly longer interaction lengths for
kaons at low momentum. (Taken from Vilain et al., 1999, figure 10).

A cut in the muon acceptance variable Efl" then successfully discrimi—

nates between the two groups (see figure 5.41): tracks passing a ("if/‘4 < 0.2

cut are dominated 2: 1 by non-muons, while tracks withanKl“ > 0.2 are evenly

split between muons and non-muons. (The remaining contamination of pi—

ons works against the visibility of the effect “since the pion is much closer

to the muon than to the kaon mass—the6K “< 0.2 cut will suppress pions

in the non-muon sample, reducing its numbers.) This is consistent with the

variable distinguishing between kaons and muons as expected.
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the muon acceptance 6,; M.
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5.3.8 A test of the 7r/p discrimination variables

The distribution of acceptance variables

The track sample introduced in the previous section may also be used to test

the 7r/,u discrimination variables. As discussed in section 5.3.5, the antici-

pated discrimination in this mode is too weak to separate out a high purity

sample of either plans or muons based on the TRD information alone: how—

ever, using the muon chambers to select both muon-dominated and muon—free

subsamples, we may check the distributions of the 7r/p discrimination vari-

ables for their expected behaviour. As previously, we will suppress electrons

by applying a cut a. < 10—2, and we will exclude any tracks having shared

hits in the TRD region.

Figure 5.42 shows distributions for the muon acceptance variable Eff/u =

1212/" (Ep/W; p, M.) for muon and non-muon track samples. For muons the dis—

tribution is flat, as expected (upper plot). For tracks passing the muon veto .
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Figure 5.42: Distribution of the pion/muon discrimination variable

g1” for (upper plot) matched muons, and (lower plot) negative

tracks passing a muon veto. The track sample and cuts are the same

as those used in the previous section (provided by Hurst, 1997a).
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conditions—another track in the same event has been identified as a muon;

this track has a probability to both reach and hit the muon chambers greater

than 0.999, but is not matched to a muon-chamber track—we expect a falling

distribution (since m,r > mu; see section 5.3.2), as shown in the lower plot.

(Negative tracks only have been shown, to suppress any contamination due to

protons.) Note that the distribution is well—populated from zero to one, and

shows only a slight accumulation at low values, so any out1n E:N” to suppress

muons would be almost as expensive in efficiency for pions. This1s in line

with the assessment of section 5.3.5 that particle—by—particle discrimination

in this case will be impractical.

The distribution in this last case is complicated by kaon tracks (and by

protons, if positive tracks are plotted), which unlike electrons cannot be easily

removed. A more straightforward comparison is provided by the inverse case,

where we plot the distribution of pion acceptance for muons, where a pure

sample may readily be obtained Figure 5.43, then, shows distributions of the

pion acceptance variable Ew/u = A"/”(.C,,/,,; p, Nh) for both muon and non-

muon track samples. The muon sample should show a bias to large values

of arr/“2 in the upper plot this is unmistakeable. The same distribution is

also shown for the restricted momentum bin 6 < p < 10 GeV/c (inset), to

suppress the effect of the broad momentum spectrum for muons: the slope

is reduced but still clear. The sample passing the muon—veto conditions,

dominated by pions, yields a near-flat histogram as expected, with some

distortion towards lower values consistent with a contribution due to heavier

particles (K‘). Note that this slope is opposite in sense to that for muons,

so that the distinction between the two cases is clear.

An application to muon-veto studies

While particle—by-particle discrimination will not be possible, we may exploit

the the difference1n the distribution of61/” between a sample of pions and

a sample of muons, to test for the presence of muons in a set of tracks.

The most obvious application is a test of “muon veto” algorithms in the

p z 2 GeV/c region: muons below about 2.5 GeV/c do not penetrate to the

muon chambers, so for tracks in this momentum range it is not possible to

carry out muon identification by conventional means (section 2.4.10); events

1/“ + N —+ if + X with unidentified muons at this momentum nonetheless

form an important background to tau hadronic decay searches, in particular

the three-prong decay search (section 2.3.3; see also the further discussion in

chapter 6). Since these muons must be suppressed by kinematic methods,

an independent test of the muon contamination of the resulting samples is

desirable.
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Figure 5.43: Distribution of the pion/muon discrimination variable €73” for (upper

plot) identified muons, with the subset of muons with 6 < p < 10 GeV/c inset; and

(lower plot) for negative tracks with muons and electrons suppressed as discussed

in the text. The parameters of a straight-line fit 6N(€,r ) = A0 + A1 X
~1r/p. ~7l'6”ht

are also shown: there is a marginal slope with the opposite sense, possibly due to

kaons (see the text).
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An example demonstrating that this is possible in—principle is shown in

figure 5.44: a histogram of 10,000 9-hit tracks at 2.0 GeV/c, 20% of which

are muons and the remainder pions, generated using an extension of the

Monte—Carlo code of Fazio et a1. (1994). The slope of the distribution in

this case is readily detected. The number of tracks N required to detect a

fractional contamination f goes approximately as N cc 12—, so the technique is

not capable of detecting subtle leakages of a muon-veto algorithm, only fairly

gross failures. Table 5.1 shows the required N for a number of contaminations

f at various levels of confidence; the rough argument and formula used to

derive the numbers follows below.

The unavailability of the particle identification algorithm on the principal

NOMAD data samples, due to the bug noted in section 5.3.6 above, means

that a test of this procedure on the muon—veto algorithm presented in this

thesis (section 6.7) may not at present be carried out.
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Figure 5.44: Simulation of a sample of 10,000 tracks at 2.0 GeV/c,

80% 1r, 20% u; the variable 5.1”" is plotted, together with the

straight-line fit 6N(€,7,r/”) = A0 + Al x 6:”. The slope due to

the presence of muons is apparent (cf, the fit to a flat histogram

yields a XZ/ndf of 46.1/19).
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fractional contamination number of tracks N required for

of muons . contamination to be “visible”
f at 20 | at 30 at 40 at 50

0.10 16900 38000 68000 105600
0.20 4200 9500 16800 26300
0.50 670 1510 2700 4200 .
0.80 260 590 1040 1630
0.90 210 260 820 1280           
 
 

Table 5.1: For a sample of tracks of the size N shown, a fractional

contamination of muons f should be visible from the slope of the

El,”" distribution, at the “level” (20,30, etc.) shown.

Estimating the visibility of muon contamination

We can model the task of finding a slope in the distribution as finding a

difference in the populations of two wide bins, 0 S E71,”u < 0.5 and 0.5 S

air/fl g 1.0, which we will call N1 and N2. The difference between the two

numbers will be significant when

N2 — N1

0(N2 '- N1)

where k = 3, for example. We take N = N1 + N2 to be fixed and the

probability of a track falling in the first bin to be p; following the binomial

distribution, N1 will have mean value pN and variance p(1 — p)N. The

difference (N2 — N1) = N — 2N1 will then have mean value (1 — 2p)N and

variance 2 (——2)2Var(N1) = 4p(1 — p)N. Thus

N2 — N1 (1 — 2P)N

0(N2 — N1) (1 _ (1 — 2p)2)1v

< k (5.16)

 

(5.17)

 

and substitution into (5.16) then gives

1
N > k2 (— — 1) 5.18

for the difference (N2 — N1) to be visible at k0. Now we suppose that the

sample of N tracks consists of a fractional contamination f of muons, each
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with probability q to fall in the first bin; pions will fall in the first bin with

probability 0.5. Then

10 = fq+(1-f)><0~5
= 0.5+ f(q—0.5) (5.19)

and so finally

2 1
N>k ———§-1. (5.20)

f2(1 - 2(1)

The values of table 5.1 were generated using this formula, and the value

q = 0.4231, taken from the same program used to generate figure 5.44.
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5.3.9 A search for gb —> K+K’ decays

Finally we turn to the first significant application of the particle discrim—

ination techniques developed in this chapter: a search for decays of reso-

nances. The most straightforward example is the decay of the vector meson

¢(1020) —+ K+K‘, which in the absence of particle identification is com-

pletely swamped by the combinatoric background; since both of the decay

products are kaons we may apply the K/ 7r discrimination variables twice,

suppressing the background sufficiently to make the signal visible. The anal-

ysis of the data is at a preliminary stage, but sufficient to demonstrate the

usefulness of the technique.

Data selection

The data samples used in this section were prepared in 1997 from a spe—

cial processing of the 1995 and 1996 data. The TRD particle identification

information was available at that time, but is not available on the present

standard samples (cf. section 5.3.6 and note 3 on page 222), so it has not yet

become possible to extend the analysis to the 1997 and 1998 data.

After performing standard quality cuts (see chapter 6) and requiring the

presence of a muon at the primary vertex (restricting ourselves to the major-

ity V“ + N —-> u‘ + X events) we form all combinations of one positive with

one negative track from the primary vertex, excluding

o the identified muon, and any track flagged as having a. possible (albeit

lower probability) match to the muon—chamber track;

0 electrons 8i, imposing a rejection factor of 10 by a weak cut 68 < 0.10;

c any track without TRD information;

0 any track having shared hits in the TRD.

We then divide the data into two subsamples according to momentum:

1. pt"t 2 [17+ + 13' "I > 5.0 GeV/c, where we expect modest K/7r discrim—

ination, and an initial enrichment in phis as kaons from 43 -—) K+K‘

have a harder momentum spectrum in the Monte Carlo than do random

tracks;

2. pm < 2.0 GeV/c, where the Monte Carlo leads us to expect negligible

()5 —> K+K', but We have the advantage of powerful K/7r discrimination.
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The mass spectrum M(h+h'), assigning the kaon mass to each track, is

shown for these subsamples in figure 5.45. In both cases the spectrum is

peaked at low values; the tail to high values, apparent for the high-momentum

sample, is suppressed in the low-momentum sample due to the restricted

phase space. Note that (b —) K+K‘ will appear as a narrow peak at M m

1.019 GeV/cz, and in both cases the combinatoric background in this region

is large.
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Figure 5.45: The two-particle invariant mass M(h+h‘), using re-

constructed momenta and ascribing the charged kaon mass to each

particle, for the high-momentum (upper plot) and low—momentum

(lower plot) samples described in the text.

We will now apply K/7r discrimination cuts to each of these samples in

turn.
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The high-momentum sample
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Figure 5.46: The low-mass region for the high-momentum (pm >

5.0 GeV/c) sample in the data (upper plot) and Monte Carlo (lower

plot), before K/7r discrimination cuts. The statistics apply to the

entire distribution. In the Monte Carlo plot, candidates which are

K+K’ pairs from the decay of a single meson are shown both as

the gap between the solid and dashed histogram, and as a shaded

contribution at the base of the plot: note the small 45 sample on the

rising edge of the combinatoric background.

For the high--momentum sample, shown for both data and Monte Carlo in

figure 5.46, the K/7r discriminationis modest and we adopt the simple pro-

cedure of applying cuts on the pion acceptance EW—— AK/(CK/7,; p, Nh) for

each track. Figure 5.47 shows the effect on the data of increasingly strict cuts

E, < 050,020,015 and 0.10; these correspond to rejection factors against

7r+7r‘ combinations, assuming a flat distribution of E, for pions, of 4, 25, 44

and 100 respectively. With each cut the total population of the distribution is

reduced by factors 3.6, 17, 27 and 52 respectively, 116. with an increasing gap

between the nominal rejection factor and the actual reduction in population

as the 1?, becomes more tight, consistent with the expected behaviour given
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Figure 5.47: The low-mass region for the high-momentum (pm > 5.0 GeV/c) sam-

ple as progressively tighter cuts in the K/7r discrimination variable Q, are applied

to both positive and negative tracks: from top to bottom, 6",, < 0.50, 0.20, 0.15,0.10

respectively. A small peak at the ¢(1020) mass emerges from the background as

tighter cuts are applied.
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an admixture of kaons in the track sample. The shape of the distribution,

as reflected in its mean and first moment and also the visual impression, is

largely unchanged by the cuts, except for some flattening of the profile in the

region above threshold (M(h+h‘) = 1.1 m 1.3 GeV/c2).
A peak, consistent with a contribution due to (b —> K+K‘ decay, emerges

at the ¢ mass 1.019 GeV/c2 (immediately above threshold) as the cuts in

E7, tighten. The identification is marginal with these statistics and depends

on our knowledge of the (b mass: the Poisson noise on the distribution is

substantial in the latter plots where the total population is low, as we have

been forced to choose narrow bins by the small natural width of the d) (F =

0.0044 GeV/cz); any unconstrained search for peaks would be impractical.

Turning to the Monte Carlo, we begin with a population larger than the

data by a factor of 3.8 after the cuts to define the sample are applied, but

before any K/7r discrimination cuts have been imposed (figure 5.46). The

contribution from inclusive meson decays producing K+K‘ is also shown:

there is a small contribution at the d) mass. As cuts in the pion acceptance

6,, are imposed (figure 5.48) the total distribution is reduced by factors 3.2,

14, 23, 43 respectively, consistent with a slightly larger proportion of Ki in

the Monte Carlo than the data in this region. The contribution due to 45s

remains, but is too small for ready identification even under cuts.

(The enhancement of ¢s by cuts in the Monte Carlo is only modest,

whereas the peak in the data becomes progressively more distinct as cuts

tighten in the data; the median momentum of the ¢s is % 11GeV/c in the

Monte Carlo while the meson candidates producing the peak in the tightest-

cut plots for the data (figure 5.47) appear to be all at this momentum or

greater. The efficiency of a fixed E7, cut for kaons increases with momentum

in this region.)

In summary, then, the behaviour of the high—momentum data sample

under K/7r discrimination cuts is consistent with the presence of phis at a

larger level than that implied in the Monte Carlo. With the next processing

of the NOMAD data it will be possible to confirm this interpretation with

greatly increased statistics: the addition of the 1997 and 1998 runs will in-

crease the number of events by a factor of 2.5, while the full treatment of

shared hits (section 5.3.4) will further increase the available number of com-

binations h+h‘ by a factor of two. Any estimate of the rate of (1) production

for p(¢) > 5 GeV/c will require a detailed study on the Monte Carlo (clearly

using a larger sample than that utilised here) to determine efficiencies etc.,

noting that these will be a function of momentum.
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Figure 5.48: The mass M(h+h‘) for the high—momentum (pm > 5.0 GeV/c) sam-

ple in the Monte Carlo, under progressively tighter cuts in the K/7r discrimination

variable 67,. K+K“ decays are shown both as the gap between the solid and dashed

histogram, and as the shaded contribution, as previously: the small 4') sample re-

mains obscure beneath the fiuctuation in bin contents; note also that there is no

apparent phase-space effect producing a “false peak” at the <15 mass. Cf. the same

distributions for data, figure 5.47.
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The low-momentum sample
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Figure 5.49: The low-mass region for the low-momentum (pmt <

2.0 GeV/c) sample in the data (upper plot) and Monte Carlo (lower

plot), before K/7r discrimination cuts. In the Monte Carlo plot,

candidates which are K+K‘ pairs from the decay of a single meson

are shown shaded at the base of the plot: note that these cases are

a negligible fraction of the total.

For the low momentum (pM < 2.0 GeV/c) sample, shown in figure 5.49

for data and Monte Carlo, some care must be taken in combining the pion

acceptance values Efl(h+) and E,(h‘) for the positive and negative track re-

spectively. For the high—momentum sample we used a “box cut”, E,(h+) <

k, E,(h‘) < k; in the low—momentum region the discrimination between kaons

and pions is strong (figure 5.50) and we may take better advantage of the

information present in the two values by combining them using the method

of Fisher (1932), equivalent in this case to

’P = Q(l —— ln(Q)), where (5-21)

Q = E1r(h’-i-)E7|'(h--)
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Figure 5.50: The kaon/pion discrimination variable E, for kaons at

p = 0.70 GeV/c in the Monte Carlo. Pions have a flat distribution

in the same variable.

which should be generally applicable where the distribution of the Q for

kaons is convex to the origin6 as in figure 5.50.

Figure 5.51 shows the effect on the data of increasingly strict cuts in

the 7r+7r‘ probability ’P, corresponding to rejection factors of 4,25,100,200

respectively against 7r+7r' combinations. With each cut the total population

is reduced by factors 1.6,4.3,10,16 respectively, Le. significantly less than

the nominal amounts, and a prominent peak appears at the (15 mass, together

with further structure in the region above threshold (M(h+h‘) = 1.05 m

1.15 GeV/cz). This behaviour is consistent with a significant population

of both 45s and heavy particles (protons and K5”, the latter possibly from

K* —) K7r decays) which are not suppressed as are pions by the ’P cuts.

 

6This method gives in all cases the correct value of the probability for the product

of probabilities E,(h+)E,, (h‘) to have the value Q or less, if the hi are pions so that

E" is flat. Whether it provides optimum discrimination between the 7r+7r‘ (null) and

K+K' (alternative) hypotheses depends upon the distribution of EF for kaons. Where this

distribution is convex to the origin, as is typical for a quantity derived from a comparison

of displaced distributions such as those of LIX/n for kaons and pions in figure 5.23, the

discrimination should be close to ideal (Wallis, 1942, section III); where it takes the form

(m + 1)e"‘, —1 < m S 0 it will be the most powerful method possible (Pearson, 1938).

Distributions of E, for kaons are in fact poorly fitted by functions (m + 1)c’" in both

momentum ranges.

Empirically the Fisher technique yields a larger dz peak in the low-momentum sample,

where E” is convex for kaons, than the 6, (hi) < 1: box cut; although the d) peak is still

clearly visible under such a cut. The box cut yields a larger peak on the high-momentum

sample. A realistic study of the efficiency of various cut strategies for ¢s at a range of

momenta, above a background, will require special preparation due to the low rate of 45

production in the Monte Carlo with default settings; this has not been carried out at the

time of writing.
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Figure 5.51: The mass M(h+h‘) for the low-momentum (pm < 2.0 GeV/c) sample

as progressively tighter cuts in the probability of the 7r+1r‘ hypothesis are applied:

from top to bottom, P(1r+7r’) < 0250,0040, 0010,0005 respectively. Note the

well-developed peak at the 45(1020) mass.
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Figure 5.52: The mass M(h+h’) for the low—momentum (pmt < 2.0 GeV/c) sample

in the Monte Carlo, under progressively tighter cuts in the probability of the 1r+7r"

hypothesis. No peak develops at the ¢>(1020) mass and the total population of the

plot falls with the value of the P(7r+7r") cut: cf. the same distributions for data,

figure 5.51; see also the discussion in the text.
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The same cuts applied to the Monte Carlo (figure 5.52) yield very different

results: the population of the plots are reduced by factors 3.1, 11.9,34, 60

respectively, much closer to the nominal amounts, and no peak appears at

the (b mass. Indeed, the initial population of low—momentum qu in the Monte

Carlo is insignificant (figure 5.49), but by the same token no peak appears
at the (15 mass as an artefact of the cuts.

The difference between the results for data and Monte Carlo is striking.
As a precaution against artefacts a number of variations on the selection
procedure have been tried:

1. tightening the cut against electrons to Ee < 0.05;

2. adding a cut E7r > 0.01 on positive tracks to suppress protons7;

3. selecting K+K‘ candidates using the box cut €,,(hi) < k applied to the
high-momentum sample, or a “diagonal” cut (€w(h+) + €1r(h‘)) < k’.

The plot population is reduced in the first two cases, and the relative size of
the peak at 7nd, is reduced in the last case, but the peak is still apparent in
all cases. .

The presence of protons, the lack of a ¢-rich Monte Carlo sample to use as

a basis of comparison, and the significant kinematic distortion introduced by

the cut against electrons (an effective lower momentum limit at 0.50 GeV/c,
the lowest momentum for which the standard 8/ 71' discrimination algorithm
of section 5.2 may be applieds) make it impossible to adopt the simplest

interpretation of these results—that there is a significant population of low—
momentum 45 mesons not described by the NOMAD Monte Carlo—without
 

7Removal of protons from the positive track sample in this case is in fact an ideal

application of the p/K discrimination variables, as the discrimination is so strong in this

momentum region (see figures 5.21 and 5.22) that protons can be separated out without

a large effect on the acceptance for kaons. Unfortunately this was not realised at the time

of the special processing used in this analysis and the information has been lost (until the
NOMAD data is re—processed). The cut actually used, E" > 0.01, is based on a spike at

3,, g 0.01 for positive tracks in the low-momentum sample, absent for the negative tracks

which otherwise have a similar E, distribution.

8This is not an intrinsic limitation but an implementation choice which was made from

the persepctive of the 7" ——) 117736— analysis where very powerful (3/ 1r discrimination is

required. Rejection factors of 10, 20 or 50 against either electrons or pions are achievable

in the 0.25 < p < 0.50 GeV/c momentum region and the algorithm is straightforward to

implement for this purpose; this will be carried out when the full TRD information is once

again available, after the re—processing of the NOMAD data.

It is not practical to attempt the current analysis without specific cuts against electrons,

since electrons pass K/1r discrimination cuts against pions without difficulty, swamping

the distributions where we would expect a 45 signal.
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further study. Both the proton contamination and the effect of the elec-

tron cuts can be addressed after the next round of NOMAD data processing,

where a much larger data sample will also become available: given the addi-

tional generation of a suitable Monte Carlo sample, with low-momentum (15s

artificially introduced if necessary, such a study will become possible.

5.3.10 Discrimination between two particle species us-

ing TRD information: a summary

The likelihood-ratio based method of discrimination between two particle ID

hypotheses, initially developed in the NOMAD experiment for electron/pion

discrimination using the TRD, has been successfully implemented for p/7r,

p/K, K/7r, K/p and even 7r/,u discrimination:

0 at low momenta (p < lGeV/c) powerful discrimination is available in

all cases except 7r/,u;

o in common with all particle identification methods based on dE/dzr,

there is a momentum region (both particles close to the minimum ion-

isation fi7 % 3) where discrimination is not possible;

0 in the high momentum region (p g 2 GeV/c) modest discrimination is

available in the p/7r, K/ 71' and K/p cases;

0 populations of muons and pions may be distinguished based on the

distribution of the 7r/p discrimination variables.

Tests on track samples from A0 ———> p7r‘ decay, kaon-enriched tracks selected

by cuts in the electromagnetic calorimeter, and both muon—dominated and

muon—suppressed track samples all confirm the behaviour expected on the

basis of the Monte Carlo.

A correction for the effect of tracks at non—normal incidence to the TRD

has been successfully introduced; a further correction to allow the equal treat-

ment of tracks with “shared hits” in the TRD region is foreseen. With this

improvement, and the increase in statistics which will follow the next repro—

cessing of the NOMAD data, it should be possible to complete the search for

(b —) K+K‘ decays discussed in section 5.3.9. The results already presented

are encouraging and are consistent with a measurable sample of ¢s in both

the low- and high-momentum regions. This would be the first measurement

of d) production in neutrino interactions, and serves as an example of the

usefulness of the technique which has been developed here.



Chapter 6

Event-quality and charged

current rejection

6. 1 Introduction

In chapters 3 and 4 we considered in turn kinematic variables, and variables

sensitive to the 37r structure, for separating three—prong tau decay events

from neutral current interactions. In the process we took the reconstruction

of the event—in particular, the total momentum vector 17“” —for granted.

We also ignored the problem of backgrounds to the analysis due to charged

current interactions of the dominant muon neutrinos

1/” + N —) p' + X

as well as the contaminating (anti)neutrinos

vu+N—>p++X

Ve+N-—)6_+X

Ue+N—+e++X

where the lepton ,u:F /e:F is not identified. We now turn our attention to these

backgrounds, and to quality—of-reconstruction issues, taking the structure of

the analysis developed in chapters 3 and 4 as fixed.

The definition of a fiducial volume for neutrino interactions, and other

cuts on the properties of the primary interaction vertex, are presented in

section 6.2. The reconstruction of the total event momentum 13"“, including

both the choice of candidate particles for inclusion in 13”” and the method

of assigning individual momenta 15", is then described in section 6.3. De—

tector malfunctions, and event simulation and reconstruction problems are
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discussed in section 6.4. The danger posed by mis—identified charged-current

(CC) events is then briefly reviewed in section 6.5.

Electron/hadron separation using information from the TRD, the most

important tool for the rejection of 116/7e CC backgrounds, has already been

discussed at length in the previous chapter. In section 6.6 we survey the

presently available tools for muon identification, and more generally the re—

jection of the VH/Uu CC backgrounds. The choice of cuts to reject both

muonic and electronic backgrounds is then presented in section 6.7.

With all of these cuts in place, we will finally turn to the conduct of the

tau decay search in chapter 7.

6.2 Cuts on the primary vertex

The key feature returned by the NOMAD event reconstruction code is the

primary interaction vertex. Drift chamber tracks emerging from the same

location are fitted to common vertices by a Kalman filter process with an

appropriate X2 threshold, taking the variances of the reconstructed positions

and momenta into account (see also section 2.5.3). The most “upstream” of

these, Le. the one closest to the beam origin, save for trivial “start-vertices”

due to backward—going tracks etc., forms the primary vertex and in well-

reconstructed events it closely approximates the position of the interaction

Vu+N—-)/.1.—+X

(or similar for 7”, neutral current interactions etc.). The primary vertex is

used as the basis of subsequent reconstruction and analysis, and is especially

important for the reconstruction of the neutral component of the event: for

example the plentiful gamma rays from 71'0 —) 77 are assigned momenta by

combining the energy EECAL of the resulting cluster in the electromagnetic

calorimeter, and the vector joining the cluster position FECAL to the primary

vertex position Fp'im:

-, E «3'7
P — ECALW

where

'y = FECAL __ #prim

17 r

The distribution of primary vertex positions Fpfim in fact reproduces the

distribution of material in the detector, as it should. The (any) positions of
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Figure 6.1: Distribution of primary interaction vertices in (x, y) in
the NOMAD data. The concentration of interactions where the
neutrino beam is most intense (close to (0,0) in these coordinates)
and where the material of the detector is most dense (the nine points
where melamine spacers maintain the gas widths of the individual

drift planes) are easily visible.

vertices are shown in figure 6.1, and longitudinal (z) positions in figure 6.2:

in both cases the correspondence between the interaction rate and the con-

struction of the detector is clearly visible. Straightforward cuts in Fprim,

corresponding to the edges of the fully—sensitive region of the drift chambers,

are used to define a fiducial volume for neutrino interactions:

—130< xpri’“ <130cm

—125< yprim <135cm

5< zPrim <405cm. (6.1)

The cuts in :c and y correspond to the region where information from at least

two out of the three sets of drift planes (those with wires at 0°, —5° and

+5° to the x—axis: see section 2.4.4) is available. The cuts in 2 correspond

to the beginning and the end of the main drift chamber target: the cut
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Figure 6.2: Distribution of primary interaction vertices in z, the

longitudinal coordinate of the detector. In the upper plot the even

distribution of interactions along the drift chamber volume, expected

for a neutrino beam (apart from a small effect due to variation of
trigger efficiency with z) is clear. The spike at zero is due to non-
vetoed throughgoing muons and interactions in the magnet coil etc.:
the cuts in z defining the fiducial volume for neutrino interactions

are shown dotted.
In the lower plot a detail of an individual drift chamber is shown.
The longitudinal distribution of material in the chamber is clearly
seen (cf. the drift chamber description in section 2.4.4).

zprim > 5cm is especially important for rejecting interactions taking place

in material upstream of the drift chamber target (where resolution will be

degraded by the intervening matter) and false “primary” vertices due to

throughgoing muons (see figure 6.2).

These cuts in the 2 coordinate correspond to the 1996 data-taking run

when the full complement of 11 modules (44 drift chambers in total) was in-

stalled in the target region. During the early part of the 1995 data-taking run

the detector was operated with only part of the target installed, so fiducial
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cuts of

260 < zprim < 405 cm, and

115 < 21mm < 405 cm (6.2)

are imposed for the so—called 4—module and 8-module running periods respec-

tively.

Using the presence of an identified muon to tag 11,, + N —) p" + X events
we may assess the resolution of the detector for neutrino interactions by

considering the total event momentum in the transverse plane, p313". Up to
Fermi motion effects this quantity should be zero for interactions where all

particles in the final state are measured, so its mean value is a measure of
loss of particles, momentum resolution effects etc.. Figure 6.3 shows the

distribution of (p39) as a function of the x— and y-coordinates for events with
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Figure 6.3: Mean total transverse momentum p35" of events with an
identified muon, as a function of the at (upper plot) and y (lower plot)

coordinate of the primary vertex. The degradation in resolution

at the edges of the drift chamber volume, due to missed tracks,

information from some but not all drift planes etc. is clearly visible.

The cuts defining the fiducial volume are shown dotted.
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an identified muon, within the fiducial region in 2, but without other cuts

applied. The degradation in resolution towards the edges of the detector,

and particularly outside the fiducial region defined above, is clear.

Loss of charged tracks may be assessed by noting that neutrino interac-

tions on nucleons should have a total charge of either 0 or +1 in the final

state, corresponding to interactions on neutrons and protons respectively (ig-

noring nuclear reinteractions etc. producing additional particles). The total

charge of tracks at the primary vertex is shown for events with an identi-

fied muon in figure 6.4: the distribution is indeed dominated by cases with

Z q = 0,1, with a bias towards Z q = 0 as expected due to the presence of

two rather than one negatively-charged valence quarks in the neutron. Cases

Zq = —1, +2, principally due to the loss of short tracks or the failure to

attach such tracks to the primary vertex, are also numerous. A quality cut

requiring

—1 s E q s 2 (6.3)

is imposed: events outside this range are assumed to have at least two lost

or non—attached tracks and therefore an unreliable estimate of the total mo—

mentum fit“.
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Figure 6.4: The total charge of tracks attached to the primary in—
teraction vertex, for much-producing interactions within the fiducial

volume of the detector.

Events where one of the tracks has a very poorly reconstructed momentum

are also discarded. The Kalman filter track fitting code returns a covariance

matrix for the fitted parameters of each track, from which variances on track

properties, in particular its momentum p, may be derived. The maximum

root-mean-square momentum variance max{cr(p)} among all primary tracks

is shown for events in the data in figure 6.5. A small tail out to very large
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Figure 6.5: The maximum standard deviation on track momentum
a(p) returned by the track—fitting code for all tracks at the primary

vertex. Note the logarithmic scale.

values, due to tracks which are short and/or have very high momentum, is

apparent (compare expression (2.13) for the resolution of the drift chambers,

and the discussion in section 2.4.4). A quality cut is placed at

max{0'(p)} < 5GeV/c (6.4)

6.3 Choice of objects for estimation of 13'“t

After the primary vertex the next most important feature of the event re—

construction is the total momentum 13"“ of particles assumed to be emerging

from this vertex. Most straightforwardly this includes the reconstructed Ino—

menta of drift chamber tracks fitted to the primary, but neutrals in the

ECAL (presumed to be gammas, as discussed above), V0 vertices due to Kg,

A0 and converting gammas 7 —> 6+6", and other objects must also be taken

into account. This presents some questions as to both the choice of objects

for inclusion in the total event momentum, and the method of calculating

their momentum contributions. We turn to these questions in the following

sections.

The appropriate quality cuts on secondary vertices (including V0) and

the so—called hanging tracks are presented in sections 6.3.1 and 6.3.3. The

procedure for assigning a momentum vector to neutral interactions is then

discussed in section 6.3.4. The hadronic and electromagnetic calorimeters,

taken together, offer some sensitivity to heavy neutral particles, and the effect

of including reconstructed neutrals of this kind is assessed in section 6.3.5;

the need for quality cuts on short drift chamber tracks is then assessed in
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section 6.3.6. The total momentum reconstruction algorithm is summarised

in section 6.3.7.

6.3.1 Treatment of secondary vertices

The procedure currently used in the NOMAD reconstruction code for fitting

tracks to vertices is imperfect, and vertices are on occasion split into two or

more reconstructed vertices close together in space. This is especially true

of the primary vertex in events which are “crowded” by many tracks in the

space immediately beyond the interaction point. Where the primary and the

secondary vertex are joined by a drift chamber track—and the Kalman filter

procedure has successfully fit this track to both vertices—then the spacing of

the vertices presents no difficulties. Secondary vertices without “incoming”

tracks which are close to the primary, however, are predominantly fragments

of the true primary vertex in Monte Carlo events. In common with other NO-

MAD analyses we therefore merge “neutral” (no—incoming—track) secondary

vertices within

|Asc| < 5.0 cm,

lAyl < 5.0cm,

and

|Az| < 15.0 cm (6.5)

of the primary into an expanded primary vertex, the so—called boa: vertex.

This is used as the basis of subsequent reconstruction and analysis: in partic—

ular, all tracks emerging from this box vertex are considered to come directly

from the interaction point and may potentially be included in a tau decay

candidate T —> 1/371' etc..

6.3.2 Cuts on V0 vertices

An exception is made for the so—called V0 vertices—vertices with two tracks

of opposite charge emerging from a neutral secondary vertex, and moreover

consistent in invariant mass with one of the long—lived strange particle decays

Kg —) 7r+7r‘"

A0 —-> p77-

Ko—)p7r+
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Figure 6.6: A comparison of the total V0 momentum 13'VD and the
presumed line-of—flight of the neutral particle from the primary ver-

tex: (upper plot) closest approach of the linear extrapolation of
—opvo to the primary; (lower plot) the component perpendicular to
the line-of—flight, plfo, used as a quality cut (see the text).

or a photon conversion

7 —> e e‘

in the electromagnetic field of one of the nuclei in the detector material.

As noted in the discussion of A0 decays in section 5.3.6 above, these vertices

form a special case as they have already been tested on a well-defined physical

hypothesis. Accordingly a V0 vertex is only merged into the box vertex if it

lies Within

|Aas| < 0.5 cm,

IAyl < 0.5 cm,

and

[£32] < 1.5 cm (6.6)
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of the reconstructed primary.1

The total momentum 13“”) 2 17+ + 1')“ allows the projection of the pre—

sumed decaying neutral back to the primary vertex. In most cases this ex—

trapolation passes close to the primary vertex position (figure 6.6, upper

plot). In practice the V0 momentum component perpendicular to the line

17M” 2 (FVO —- 77pm") connecting the primary and V0 vertex is used as a

quality cut. Cases satisfying

101” < 0.100 GeV/c (6.7)

are assumed to come from the primary vertex, and a neutral object with

momentum17V” is accordingly added to the particles from the primary vertex;

cases failing the cut are assumed to be mis—reconstructions, or conversions

of bremsstrahlung photons from electron tracks, etc., and ignored for the

purpose of this analysis.

6.3.3 Treatment of hanging tracks

Neutral secondary vertices with only one emerging track also form a special

case. These so—called hanging tracks can be due to

1. interactions of neutrals produced at the primary vertex, where only one

outgoing particle is reconstructed, such as neutron—proton scattering;

2. the event reconstruction algorithm breaking the true primary vertex
into fragments, as discussed above;

3. the reconstruction breaking a single track into two pieces, the second

of which is the hanging track;

4. so—called asymmetric conversions 7 —+ e+e‘, where one of the tracks

has very low momentum, or emerges at a large angle etc. and is not

reconstructed; or

5. mis—reconstruction effects of other kinds, fragments of low—momentum

“looping” tracks not properly recovered by the tracking algorithm, etc..

 

1Note that this special treatment for V0 vertices is motivated by V0 studies such as

those presented in section 5.3.6, in particular the need to be sensitive to low-momentum

A0 decaying close to the primary vertex (cm = 7.9 cm). It is not. necessarily well-suited

to an oscillation analysis where efficient recovery of primary tracks—especially those due

to potential tau decays—is more important than identification of the strange component

of the hadronic system. This point is discussed in section 7.6.
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Accordingly a rather complex treatment of hanging tracks is required. If

the first drift—chamber “hit” of the track lies within the cut defined at (6.6)

above, the track is merged into the box vertex at the primary (corresponding

to case 2). If the first hit lies within the cylinder

Ar <4cm,

—5< Az < 20cm (6.8)

about the end of another track (where Ar = (ASII)2 + (Ay)2) the hanging

track is assumed to be a continuation or scattering of this track (case 3 above)

and is excluded from the momentum reconstruction to avoid double—counting.
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Figure 6.7: The closest approach by the momentum vector of a

“hanging” track, in a linear extrapolation, to the primary interaction

vertex. See the text.

For the remainder, the hypothesis of an asymmetric conversion (case 4

above) is tested using a linear extrapolation of the supposed 7 backward

along the path defined by the hanging track momentum fibange’. The distance

of closest approach of this extrapolation to the primary vertex is shown in

figure 6.7: cf. the same distribution for true V0 vertices, figure 6.6 above.

Where the extrapolation passes within

|Ax| < 3cm, and

Ar < 4cm (6.9)

of the primary, the hanging track is assumed to be due to an asymmetric

conversion of a primary photon, and a neutral object of momentum I?hang”

is added to the primary vertex. (The differing treatment of the position mis-

match in :1: and y reflects the differing resolution of the drift chambers for the

two coordinates: see section 2.4.4 above.) The same cut and momentum as-

signment is assumed to be satisfactory for np scattering and the like (case 1).
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The rather numerous hanging track vertices failing this out are assumed to
be due to misreconstruction effects (case 5 above) and are not treated further
in this analysis.2

6.3.4 Treatment of neutral secondary “interactions”

Neutral secondary vertices with more than one emerging track which are not
V0 present a problem for the total momentum reconstruction. The most

straightforward interpretation of such vertices is that a neutral particle such

as a neutron or K% from the primary vertex has interacted with the detec-
tor material to produce the observed tracks. The total momentum 21-13?”

of tracks at the (secondary) interaction vertex does not however appear to
be a good estimate of the momentum of the interacting particle: its com-
ponent perpendicular to the assumed line—of—fiight from the primary, pift, is

large in the mean and has a significant tail to very high values (figure 6.8).
Moreover high values of pi“ are not an artefact of misreconstruction of en-
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Figure 6.8: The component of the total momentum at a “neutral
interaction” vertex perpendicular to the presumed line—of—flight of

the neutral particle from the primary. Unlike the V0 case (figure 6.6)
the distribution is dominated by a tail to large values.

ergetic secondary tracks, etc.: if we consider the angle in space between the

total momentum at the secondary vertex 2,- [i'fnt and the line—of-flight from
the primary, we find that interactions with low pift approximately “point” to

 

2Asymmetric conversion of bremsstrahlung photons from electrons in the event are
an additional source of hanging tracks. No allowance is made at present for the

bremsstrahlung process in this analysis, although events with identified primary electrons

are subject to a veto: see section 6.7.4 below.
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the primary vertex, while the numerous cases with large pift point at large

angles to the primary (figure 6.9).
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Figure 6.9: The angle between the total momentum at a “neutral

interaction” vertex and the presumed line-of-flight of the neutral

particle from the primary. A cut in the perpendicular momentum

component pif‘ separates the interactions into (a) pointing, and (b)

non—pointing cases.

Assuming the interaction of a neutral from the primary, we interpret this

phenomenon as being due to an unreconstructed neutral component in the fi—

nal state, in addition to the reconstructed tracks, introducing lost momentum

p'ft at the interaction vertex. On the hypothesis that this unreconstructed

neutral component is a single neutron, and that the interacting (incoming)

neutral particle is also a neutron, we may solve for the momentum of the in—

coming particle. This has been attempted and in the great majority of cases

no solution exists. A variant on the same idea, hypothesising an interacting

Kg and a lost no in the final state, has also been attempted. This is less

restrictive but still fewer than 10% of cases admit of a solution.

It appears that hypotheses of this kind are in general too restrictive, and
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indeed we would expect many interactions to yield a final state with more

than one neutral particle (several 7r0, or a 7r0 in addition to a final—state

neutron eta). Unfortunately there are insufficient constraints in these cases

to allow for a solution for the momentum of the incoming particle.

Accordingly we apply the simple expedient of rotating the neutral inter-

action momentum onto the line—of-fiight from the primary. That is, we take

the modulus of the total momentum at the secondary interaction vertex

2 : -’i
pint

i

as the best available estimate of the magnitude of the incoming neutral mo-

mentum, and the line—of—flight from the primary

  

fijoin = (Fint _ Fprim)

as the best estimate of its direction, and form a momentum vector

2 : -'i
pint

i

A neutral object with this momentum is then added to the primary vertex.

Clearly in cases where there is a lost neutral component in the final state,

|Zi fi‘ntl will under-estimate the energy of the interacting neutral. There is

not however an obvious way to correct for this without introducing spuri-

ous additional momentum in cases where the mismatch pi” is due to finite

momentum resolution etc. (presumably the “pointing” cases in figure 6.9

above).
Comparison of the “rotated momentum” treatment with other recon-

struction options is encouraging. The total event transverse momentum gift
is shown in figure 6.10 for events with an identified muon in the data: events
with neutral interaction vertices have larger 12%” than those without, in part
because these events are more energetic on average and in part due to mis-

reconstruction of the neutral interaction momentum. Assigning the rotated

interaction momentum to 13”“ (c) leads to lower [339‘ in the mean than ei—

ther (b) the 21-153,, reconstruction, or (d) omitting the neutral interactions

entirely. We see similar behaviour in the 1/” CC Monte Carlo.

The equivalent test cannot be carried out in the data for neutral current

events but in the Monte Carlo we may construct the vector difference between

the “missing” transverse momentum of the event, and the true transverse mo-

mentum of the final-state neutrino, AfiT = (15’7’31‘35 — 5T”), as a measure of the

transverse momentum mis-reconstruction. Distributions of IAfiTl are shown

a. .
vJom

17"“ (6.10)Igjoinl
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Figure 6.10: Transverse component of the total momentum 1)?" for events with

an identified muon in the data: (a) where there are no neutral interactions in the

event; (b) where there is Z 1 neutral interaction, with momentum estimated by

2i fiat; (c) where momentum is rotated onto the line-of—flight of the neutral; and

(d) where the interaction is omitted from the momentum reconstruction.
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Figure 6.11: Transverse momentum mis—reconstruction AfiT = (fifniss — 177‘!) in

neutral current Monte Carlo events: (a) where there are no neutral interactions in

the event; (b) where there is Z 1 neutral interaction, with momentum estimated

by 21.1%; (c) where momentum is rotated onto the line-of—flight of the neutral;

and (d) where the interaction is omitted from the momentum reconstruction.
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in figure 6.11: as in the previous case, the rotated interaction momentum

yields superior reconstruction in the mean. This behaviour is preserved un—

der cuts in the kinematic variables qT, E37r and the required mass MB to

select high—probability tau decay candidates.

6.3.5 Use of hadronic calorimeter information

Up to this point the momentum reconstruction is sensitive to heavy neutrals

through the decay of Kg, and the nuclear interaction of 11, Kg etc. in the drift

chamber volume: neutrons and K}; which do not interact are lost, leading

to a degradation in the momentum resolution of the detector. The hadronic

calorimeter (HCAL; see section 2.4.9) however offers some sensitivity to the

energy of hadrons within its acceptance. The HCAL was originally conceived

as a “veto” for neutrino oscillation analyses—allowing the rejection of events

where a neutral hadronic component plays a significant role in the total

momentum—rather than as a contributor to the momentum reconstruction

on a par with the other subdetectors. The poor energy resolution of the

device (section 2.4.9) is consistent with this. The feasibility of using HCAL

information in the momentum reconstruction should however be assessed.

We noted in section 2.4.9 that an energy estimate for charged hadrons

is obtained by forming a linear combination of the measured energy of the

ECAL cluster and the HCAL cluster matched to the track, and then making

a correction for the nonlinearities of the system. This procedure is well-

tested for charged hadrons and we expect on physical grounds that the same

procedure will yield a reasonable estimate of the particle energy in the case of

neutral hadrons. There is however the complication that, in general, several

tracks deposit energy in the poorly—segmented HCAL so we are dealing with

the energy remaining after a subtraction algorithm has been applied.

Given these “neutral” HCAL clusters remaining after energy subtraction,

momenta were assigned in the following way:

0 Where the HCAL neutral has been “matched” to a neutral energy

cluster in the ECAL by the NOMAD reconstruction code, the corrected

energy estimate described in section 2.4.9 is used, and the presumed

neutral hadron is assigned a position at the ECAL cluster centroid in

(3:, y), and one nuclear interaction length into the ECAL in z. A vector

175°“ connecting the primary vertex to this point is formed and the

neutral is assigned a momentum

,D‘join

#neut

lfijoinl 'P = E (EECAL, EHCAL)
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0 Where the HCAL neutral has not been matched in this way, the mea-

sured energy in the HCAL alone is corrected for nonlinearities as de—

scribed in section 2.4.9, and the presumed neutral hadron is assigned a

position at the HCAL cluster centroid in (:13, y), and one nuclear inter-

action length into the HCAL in z. A momentum vector is then formed

by analogy with the preceding case.

When examining the performance of this momentum assignment, we may

ignore events which have no neutral energy deposited in the HCAL.3 In the

remainder of this section we consider events with such a deposit, and an

identified muon, in the 11,, charged—current Monte Carlo. In cases where

there is a neutron or K}; within the calorimeter acceptance in the Monte

Carlo (figure 6.12) there can be a small reduction in the mean event pT

when the HCAL neutrals are included in the reconstruction, depending on

the other cuts etc. which are applied. For the inclusive sample shown in the

figure, the performance is in fact slightly worse in the mean.

However, in cases where there is no neutron or Kg within the calorime-

ter acceptance (figure 6.13), momentum resolution is badly degraded: (1259‘)

rises by over 0.150 GeV/c in the sample shown. In events of this kind, en-

ergetic tracks deposit more energy than expected, and/or deposit energy far

from the projection of the track into the HCAL volume, and this deposit

is misinterpreted as the footprint of a neutral hadron. Spurious momentum

is thus added to the event. We should also note that these cases are more

numerous than neutral energy clusters where a true heavy neutral exists (cf.

figure 6.12).

We therefore do not include neutral HCAL energy deposits in the total

momentum reconstruction for this analysis. The question of whether to use

a momentum reconstruction with HCAL neutrals included as a cross-check

and veto for the standard reconstruction, is more difficult to answer, requir-

ing an analysis of Monte Carlo background events surviving cuts, tails of

 

3For completeness we should note that the HCAL clustering algorithm depends upon

clustering in the ECAL: the ECAL energy matched to a charged track is taken into account

when calculating the energy deposit in the HCAL “expected” for the track; this can

determine whether deposited energy in one or more HCAL slabs is deemed to be a neutral

energy deposit or just a fluctuation of the deposit by the charged track(s).

The ECAL clustering algorithm used in this connection is different to the one used in

the standard reconstruction of the event, for historical reasons. To maintain a consistent

analysis, this alternative ECAL clustering was therefore used to reconstruct neutral ECAL

energy into 7s from the primary vertex, when HCAL neutrals were included in the event

momentum. As a result there are small differences in the reconstructed momentum of the

event, even when no neutral energy deposit is found in the HCAL. These differences are

however found to be negligible in the mean.
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Figure 6.12: Transverse component of the total momentum p?” for

events with an identified muon in the V” CC Monte Carlo: (up—

per plot) using the momentum reconstruction previously described,

and (lower plot) with HCAL neutrals included in the momentum

reconstruction. Cuts requiring that Z 1 heavy neutral particle is

produced at the primary vertex and is within the calorimeter ac-

ceptance, and that Z 1 neutral hadron is reconstructed, have been

imposed .

distibutions etc.. These studies are in a preliminary stage and no such veto

has been included in the analysis presented here.
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6.3.6 A note on the use of charged tracks

We now return briefly to the inclusion of charged tracks in the primary vertex.

Studies by groups conducting other tau decay searches within the NOMAD

data (such as for T— ——) um") have found a significant extra background in

the Monte Carlo, specifically in the form of a large—(1T tail in neutral current

events, due to short tracks being included in the momentum reconstruction.

Some effect of this kind is expected, as the resolution on measured momentum

becomes poor as the number of drift chamber “hits” on the track becomes

small (see for example the role of track length L in the parametrisation of

the momentum resolution (2.13) in section 2.4.4). Accordingly cuts on the

number of drift chamber hits such as Nhit 2 7 and Nhgt Z 13, for a track to

be included in the total event momentum, have been advocated.

A range of cuts on Nhit has been tried within the framework of this

analysis: we have found that

o the “missin ” transverse momentum ””5 in reconstructed V + N —+T u

If + X Monte Carlo events increases In the mean as a cut 1n Nhit

increases;

0 after constructing the difference between the missing transverse mo-

mentum and the true final—state neutrino momentum, AfiT = (fifnniss —

177?), its magnitude IAfiTI in reconstructed V“ + N —) V” + X Monte

Carlo events falls to a minimum for Nhit 2 7 ~ 10, but the effect is

slight (at the fraction of a percent level in the mean);

0 under q; and MR cuts, IAfiTI is minimised when an Nhit cut is absent.

A cut on Nhgt cannot therefore be justified for this analysis by appeal

to the (transverse) momentum reconstruction alone. Turning to the rate at

which background events in the Monte Carlo survive cuts in the important

kinematic and structure variables, we find that the rate of surviving events

for MR < 2.2 GeV/c, and high qT, E37r cuts shows no significant dependence

on an Nhit cut for the total momentum 1'2"“ reconstruction.

There is however a small effect in the selection of tracks to form the 37r

candidate. If we require Nhit Z 7 for tracks contributing to the 37r candidate,

we impose an efficiency loss of 1% on the three-prong decay sample for events

passing strong qT, MR and E31r cuts; this rises to 9% for a cut Nhit Z 13. The

equivalent losses in the neutral current background are 7% and 30%. Such a

cut is not compelling on event-rejection grounds, but on the a priori ground

that momentum reconstruction is less reliable for short tracks We impose a

cut Nhit Z 7 when performing the 37r selection.
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6.3.7 Summary: reconstruction of event momentum

"tat

P

In summary the total event momentum 17“” is constructed in the following

way:

All tracks fitted to the primary vertex are included, using the momen-

tum returned by the Kalman filter track fit.

Tracks emerging from “charged secondary vertices” (those with a fitted

incoming track) are ignored.

Tracks emerging from neutral secondary vertices (other than V0) within

the box

[Ax] < 5.0 cm,

IAyl < 5.0 cm,

IAzI < 15.0 cm

around the primary are merged into a box vertex, and treated as pri—

mary tracks in all respects.

Tracks from V0 vertices within

[Aw] < 0.5 cm,

IAyI < 0.5 cm,

IAzl < 1.5 cm

of the primary are merged into the box vertex.

No cut on the number of drift—chamber hits of tracks is applied.

Neutral clusters in the ECAL are assumed to be gamma rays from the

primary interaction vertex, and are assigned a momentum

,6“join

= EECALW
“neut

where EECAL is the cluster energy and 175““ the vector connecting the

primary vertex and the cluster centroid at the ECAL front—face.

Neutral clusters in the HCAL are ignored.
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0 V0 vertices with a momentum component perpendicular to the line

from the primary vertex satisfying

pK° < 0.100 GeV/c

are assumed to be due to neutrals from the primary: the total V0

momentum [J'Vo is used.

0 Hanging tracks not merged to the primary are ignored if their first hit

lies within

Ar <4cm,

—5< Az <20cm

of the end of another track. Otherwise a neutral object of momentum
_¢phanger is included if the hanger extrapolates within

|A$| < 3cm, and

Ar < 4cm

of the primary vertex.

0 Neutral secondary interactions with 2 1 dependent track, which are not

V0, are treated by summing the momenta 13‘, of the dependent tracks

and including a neutral object with momentum

~int__ E :
2‘ pint

where 171"“ is defined as above.

join“

 
Iv"join——|

All tracks fitted or merged to the primary vertex, also satisfying the

condition Nhit Z 7 on the number of drift—chamber hits, are considered for

the formation of a 37r decay candidate. If the remaining “hadronic system”

does not contain at least one track fitted or merged to the primary vertex,

the event is rejected.
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6.4 Treatment of detector malfunctions and

software problems

In addition to requiring a well-recovered primary interaction vertex, and per-

forming as accurate a reconstruction of the event momentum 15‘tot as possible,

we must take care to remove events which are affected by gross failures of

the detector, or of the simulation or reconstruction software. In the following

sections we briefly deal with some cuts of this kind: cuts against known prob—

lems in the NOMAD subdectectors and software are treated in sections 6.4.1

and 6.4.2 respectively, and a special cut on the generated Fermi momentum

in the Monte Carlo is then discussed in section 6.4.3.

6.4.1 Events with known subdetector problems

In the assembly of data from the various subdetectors to form the record of

an event, discussed in section 2.5.2 above, certain tests on the integrity of the

data are possible. Most straightforwardly, information from a subdetector

may be missing; or it may arrive out of proper sequence, be incomplete, or

not conform to the expected format due to some malfunction etc.. Failures

of this kind are flagged in the reconstruction code, and any event with one

of these flags set is rejected from the analysis.

Known subdetector malfunctions affecting many events in sequence, noted

by the experimental shift crew due to slow control alarms, subdetector mon—

itoring histograms, or other means, were also routinely recorded in the ex—

perimental log. Any anomalous state of a subdetector due to an expert

intervention etc. was recorded in a similar way. A list of data-taking runs

affected by malfunctions or interventions of this kind is available, and events

from these runs are rejected from the analysis, with tw0 exceptions:

1. if a run is flagged as “bad” only because the information from the

WANF beamline monitoring (section 2.2.1) failed to arrive or could

not be properly recorded, then events from this run are still analysed,

as beam data are not used directly in a 11,, -—> 11., search;

2. if the only subdetector with a recorded malfunction is the front calorime-

ter (FCAL, section 2.4.3), events from from this run are processed since

the FCAL is not used in this analysis.

In addition to these tests, a special treatment of electromagnetic calorime—

ter (ECAL) data is required, due to the relatively long shaping time of the

readout electronics (1.4 ms). This makes the ECAL data subject to a back-

ground due to muons traversing the detector close to, but out of time with,
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the event trigger. Interactions which fail to initiate a data-taking trigger may

similarly deposit energy in the lead-glass which is read out with a subsequent

0r preceding event. A fast timing signal is provided by the ECAL readout

chain in order to allow the rejection of deposits of this kind (section 2.4.8;

see also Autiero et al. (199621)); matching of ECAL clusters to out—of—time

hits in the trigger scintillators, or out-of—time track segments in the muon

chambers during “phase two” of the event reconstruction (section 2.5.3) also

allows some out—of-time deposits to be flagged. Prior to undertaking a study

of this problem, however, and noting in particular that the fast timing signal

is efficient only for energetic deposits, so that out—of—time energy may be only

partially flagged, we adopt for now the conservative approach of rejecting any

event with a known out-of—time deposit.

6.4.2 Events With reconstruction or simulation prob-

lems

During the event reconstruction process a number of tests are performed to

detect events with too many drift chamber hits to allow reconstruction in a

reasonable time, an unusually large fraction of drift chamber or TRD hits at

the edge of the detector (suggesting an interaction in the magnet coil or flux

return), and the like. Problems with the process of “matching” information

between different subdetectors during phase two of the reconstruction (sec-

tion 2.5.3) are also flagged. Any event with problems of this kind is rejected

from the analysis.

Information regarding “unused” drift chamber hits, Le. hits which the

tracking code was unable to incorporate into fitted tracks, is also available,

both at the whole—event level and in the vicinity of reconstructed tracks and

vertices. No cut on such information is carried out in the present analysis.

Finally, the Monte Carlo code used to produce simulated events contains

certain buffers of limited size, which can overflow during the simulation of

very complex events and under some other circumstances. The “raw data”

from which such simulated events are reconstructed is incomplete and there-

fore potentially inconsistent: simulated events of this kind are rejected from

the analysis.

6.4.3 A special cut on the Fermi momentum in the

Monte Carlo

We now consider a cut required not to control the quality of the data, but

to prevent artificial backgrounds emerging in the Monte Carlo. When simu-
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lating the fundamental neutrino—nucleon interaction

11,, + N —> p- + X

etc. in the target, the NOMAD Monte Carlo uses the Fermi momentum

distribution of Bodek and Ritchie (1981) for the nucleon N = n,p if it

belongs to a larger target nucleus. This distribution, shown in figure 6.14,

possesses a small tail out to very large values. Studies on quantities and

processes sensitive to the Fermi momentum have found that these events with

pperm; > 1 GeV/c lead to results in the simulation which are not observed in

the NOMAD data. Accordingly, it has become standard practice to truncate

this distribution at 1 GeV/c.

In the 7" —> VT7I'_ analysis the tail ppermi > lGeV/c introduces a seri—

ous additional background of high—qT events in the 11,, neutral— and charged-
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Figure 6.14: Fermi momentum of the struck nucleon for 1/” CC

events in the NOMAD Monte Carlo: (upper plot) the low momen—

tum region, with the cutofi at m 0.230 GeV/c and the peak at zero

(due to interactions on hydrogen nuclei) clearly visible; (lower plot)

the full range of the distribution, logarithmic scale.
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current Monte Carlo. In the present analysis the Fermi tail also makes a

disproportionate contribution to events with high qT, as shown in figure 6.15.

This effect is however largely offset by the other key variables of the analysis:

events in the Fermi tail produce 37r candidates which have larger required

mass MR, and are less energetic, than events in the bulk of the distribution.

Moreover, these effects are preserved and even enhanced when high-qT events

are considered (figures 6.16 and 6.17).

Noting that the extended tail of the distribution appears to be unphysical,

however, we follow the practice of excluding Monte Carlo events which fail

the cut

PFermi < 1GeV/c (6.11)

from the analysis.
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6.5 The charged-current backgrounds

Even granted a properly recovered event momentum 13"“, the kinematic and

37r structure variables discussed in chapters 3 and 4 are not sufficient to

remove the background to the three—prong decays from other neutrino inter-

actions. The quantities introduced to date rely on the differences between tau

decay and neutral current interactions, whereas the majority of the neutrino

interactions in the NOMAD are due to the charged current process

Vu+N—+/J_+X.

Where the muon is identified, such an event is “tagged” and may be rejected

immediately. Where the muon is not identified, the event may potentially

provide a three—prong decay candidate, as shown in figure 6.18.

As noted in section 2.4, the NOMAD includes a system of muon cham-

bers, providing for the identification of muons which penetrate the back de—

tector support. Clearly any event with a well—reconstructed muon should be

excluded from the analysis, since in general a three-prong tau decay event

will contain no muon. This will not however be sufficient to suppress the

11,, + N ——) [J— + X background: the sample of events is overwhelming (> 106)

and the muon detection system is not perfectly efficient. In addition to pos—

itive muon identification we therefore also require criteria to veto events be—

cause certain tracks might be muons (even if the identification is uncertain);

or because a significant track, if it were a muon, would be unidentifiable due

to low momentum etc..

The construction of such a muon veto procedure depends upon the detail

of the muon chamber construction, the reconstruction algorithms used, etc..

These, together with some other resources for the rejection of 1/” + N —)

,u‘ + X events, are rehearsed in section 6.6 below. The particular muon

identification and veto algorithm chosen for this analysis, based on these

tools, is then presented in section 6.7.

The closely—related 7}” + N —> p+ + X background may be treated using

the same technique. However the electronic backgrounds

Ve+N—)6_+X

ve+N——>e++X,

while kinematically similar, require a special treatment due to the differing

behaviour of muons and electrons in the detector. For example, the effec-

tiveness of electron identification in the NOMAD is not a strong function of

momentum, so that unlike the muonic case, there is no serious background

due to low momentum electrons. On the other hand there is a background
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‘ ‘missing

H pT” \neutrals etc.
_- \

total .
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‘ ‘hadronic system”

remaining 112s, Ks, etc.

(a) 1/,J + N —) [1" + X event (b) T —) V37l' interpretation

Figure 6.18: A 11,, charged current event interpreted as a three-

prong tau decay after misidentification of the muon; the transverse
plane of the event is shown. An energetic 11,, undergoes a highly in-
elastic charged—current scatter producing a high-multiplicity, “open”

hadronic system, shown in (a). If the muon is insufficiently energetic
to penetrate to the muon chambers, or is outside their acceptance,

then it is misidentified as a pion, and the event readily forms a tau

decay candidate (b).

due to energetic electrons, and despite the relatively low flux of 1/6 and is
at the NOMAD (section 2.2.3) this background must be treated with some
care. The principal tool is the electron/hadron discrimination provided by
the TED, which has been discussed in detail in the preceding chapter. The
choice of cuts against electrons for this analysis, using the TRD and some
other variables, is presented in sections 6.7.4 and following.
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6.6 Elements of muon identification and veto

algorithms

The most important, but not the only criterion for both muon identifica-

tion and veto in the NOMAD, is penetration of the back detector support

by a track, which then leaves a signal in the muon detection system (sec-

tion 2.4.10). The reconstruction of such signals is discussed in sections 6.6.1

through 6.6.3 below. Additional tools for use on individual tracks are dis—

cussed in sections 6.6.4 and 6.6.5, while a measure of the rate at which muons

escape identification is presented in section 6.6.6. Finally, an independent

approach, allowing charged—current events to be rejected based on a cut on

an event structure variable, is discussed in section 6.6.7.

6.6.1 Reconstructed track segments in the muon sys-

tem

The most important element of event reconstruction in the muon detection

system is the module, a pair of muon chambers separated in z to allow the

efficient reconstruction of track segments (see section 2.4.10 and figure 2.17).

In each module, track segments are first reconstructed in projection (x — z

and y — z), and then (where possible) in space (:6, y, z).

Tracks-in-projection

A cut through a single module is shown in figure 6.19, together with the

response to a single muon. In each projection a muon may leave up to four

“hits”, each corresponding to the measurement of the w (or y) coordinate

at that :1: — z (y — 2) plane; due to the inherent left—right ambiguity of drift

tubes there is also a “mirror hit” on the opposite side of the drift wire in each

case. Ideally these four hits are sufficient to reconstruct a track-in-projectz'on,

and resolve the left-right ambiguities: this case is shown for the rightmost

track-in—projection in the figure. Reconstruction of three-hit segments is also

common, as the single hit efficiency of the system is 92.5%, due principally

to dead regions near the metal walls of the tubes: this case is shown for the

leftmost track—in-projection in the figure. In the absence of other possible

tracks-in—projection, a segment formed from two hits and two dead regions

will also be reconstructed.

In other cases (not shown) there may be more than one track-in—projection

reconstructed in a given module: two choices for resolving left—right ambigu—

ities may be close in X2, in which case both are retained, or there may be
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additional hits in a chamber due to noise or (more rarely) the passage of more

than one penetrating particle, etc.. Where many hits are present the number

of potential tracks—in—projection becomes large, in the usual combinatorial

manner. Cuts in X2 are applied to reject low—probability cases, especially

 

 

     

 

 

     

 
Figure 6.19: A cut through a muon detection module illustrating
the reconstruction of tracks-in-projectz'on. The longitudinal (z) axis
of the experiment lies in the plane of the page, running from bottom

to top.

The path of a muon traversing the module is shown as a solid line,
and the “hits” registered in the drift tubes as crosses. Note the pair
of hits in each tube: one close to the true path of the muon and one

“mirror hit” on the other side of the sense wire. The dotted lines
show track segments in the a: —- z and y— z projections reconstructed

from the hits (see the text). (Taken from Altegoer et al., 1998a,

figure 21.)
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where a good (low X2) 3— or 4—hit track also uses one or more of the hits

concerned. The tracks-in—projection surviving these cuts, some of which may

be mutually exclusive, are then returned as a list.

’I‘racks-in-space

Where a module contains at least one track-in—projection in both x—z and y—

z projections, all possible combinations yielding tracks-in-space are formed.

In each case the hit position estimates are refined by correcting drift times

for signal propagation time along the sense wires, on the hypothesis that this

combination is the true track. No attempt is made to resolve ambiguous

cases at this level, and all possible tracks—in—space are returned as a list.

6.6.2 Association of drift-chamber and muon tracks

The reconstruction process for muon chamber track segments described so far

takes place during “phase one” of the event reconstruction (see section 2.5.3)

and uses information from the muon chambers only, together with the global

event trigger. Subsequent treatment during “phase two” of the reconstruc-

tion involves the association of these track segments to reconstructed drift

chamber tracks, which are extrapolated into the muon chamber region with

appropriate uncertainties on their position and direction, taking magnetic

fields, energy loss, multiple scattering etc. into account. It will be convenient

to define three levels in this process: association, where a track—in-projection

is flagged as potentially being due to the same particle as left the drift cham-

ber track; good association, where the quality of the association meets some

defined higher standard; and matching, where the association is taken to be

proven, and the drift chamber track is identified as a muon.

Association of tracks-in-projection

All processing at phase two takes place on tracks-in—projection, rather than

tracks—in—space. A track—in-projection is associated to an extrapolated drift

chamber track if they lie within 100 cm of each other in :1: (y) at a reference

plane within the module; differ in slope $5 (3—3) by less than 0.5; and if the

hypothesis that the tracks are identical, taking extrapolation errors in x and

d12(y and 1) into account, has a X2 below 100. For a given drift chamber

track, if more than one track—in-projection meets these criteria, only the one

with the best X2 is associated.

As a result an extrapolated track can have at most 2 tracks-in—x and

2 tracks-in—y associated to it (one for each of the muon detection stations),
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except for the case of the region at the horizontal centre of the detector where
modules overlap (see figure 2.17(b)), where up to 4 track segments in each
projection may be associated.

For each of the modules of the muon detection system, if there are several

associated tracks-in—projection, then the “best” of these (the closest in m (y)
to their respective drift chamber tracks) are flagged, and any association of

the same track—in-projection to another drift chamber track is ruled out.4

Matching criteria

For the first muon detection station, a tighter cut of 40 cm in m (y) is used to
define a good association of track—in—projection and extrapolated drift cham-

ber track; in the second muon station, the cut is 50cm. If an extrapolated

drift chamber track has at least one good association in each projection, :1:

and y, regardless of station, then these tracks—in-projection are flagged as

matched to the drift chamber track, which is then identified as a muon.

Association of muon chamber hits

In parallel to the process just described, an independent procedure is used to

associate individual hits (detected points—in—projection) to the extrapolation
of a drift chamber track. Hits within a “road” of 40 cm around the track are

associated to it, as being potentially caused by the track, regardless of their

association to other tracks at the track—in—projection or hit level. There is no

criterion for positive matching of hits.

6.6.3 The muon veto scintillators

For each of the four scintillation counters in the muon detection system (sec-

tion 2.4.10) a discriminator threshold defining a signal above the noise level,
and a time window around the global event trigger, have both been empir—
ically set: the NOMAD data structure records the presence or absence of

a signal meeting these criteria. No formal association of scintillator hits to
extrapolated drift chamber tracks etc. is provided, although during analysis
the probability for a track to leave a signal in the scintillators, were it a
muon, may be estimated as described in the following section.

 

4Any association involving an “ambiguous” track—in-projection—one constructed from
several of the same hits, or the corresponding mirror hits, as the flagged track-in-
projection—would also be ruled out at this point.
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6.6.4 Acceptance of the muon detection system

As a complement to the elements of the reconstruction code described in

the previous sections—which allow the detection of muons passing through

the muon chambers and scintillators—the probability for any given track to

intersect the muon detection system is also routinely calculated. This allows

the vetoing of drift chamber tracks as possible muons, in the case where, were

a muon to have that position and momentum, it would not pass through the

muon detection system.

For convenience the acceptance of the muon detection system is consid—

ered as having two independent components: its geometric acceptance and

its momentum acceptance, each of which is discussed below. In both cases,

calculations for a given track are based on an extrapolation of the track,

assuming it to be a muon, through the back detector support (and also the

iron wall in the case of the second muon station; see section 2.4.10), yielding

a position ($0,310) and momentum fig at any given 2 plane, together with an

appropriate covariance matrix for these quantities.

Geometric acceptance

At a given 2 plane, the probability density for a track to intersect the point

(ac, y) is approximated by the Gaussian function

20% 205 > (6.12)

 

P($ayl$07y0aazaay) : 27rd 0'

r y

where ($0,310) is the extrapolated position of the track and 02,03 the vari-

ances on the extrapolation in .1: and y respectively. That is, a: —y correlations

and non—Gaussian tails clue to multiple scattering etc. are ignored. The geo—

metric acceptance of various elements of the muon detection system for the

given track is then estimated by integrating5 the function P over the active

area of the detector. This is done for each of the muon detection modules,

keeping track of the regions where the modules overlap; the acceptance for

each muon detection station is then calculated. The acceptance of the muon

veto scintillators is calculated separately using a similar procedure.

 

5Since the muon chambers and scintillators are rectangular in cross—section this may be

done easily using calls to the error function. It was realised during the preparation of these

notes that an unnecessary approximation in the calculation causes the acceptance to be

overestimated in the case where 0', and/or try is very large (; 1m). Since the acceptance

is used only in the muon veto procedure, the effect of this error is conservative, rejecting

more events than necessary.
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Momentum acceptance

The probability for a track to reach a certain z—plane without ranging out,
assuming it to be a muon, is calculated in a similar manner: given the central
estimate p0 = Ifiol for the track momentum at 2, based on extrapolation
through the detector support etc., and its variance 0:, the probability for

p = [13'] to exceed zero is calculated assuming a Gaussian distribution for the
probability density

 

1 19—19 2P<p|po,a.)= «27m exp (—(7)—) (6.13)
P P

Clearly, when the central value of the momentum of the track, extrapolated,

reaches p0 = 0, there is still a significant probability for the track to reach
the muon detection system (50%) although continued extrapolation in this
case is problematic. The procedure adopted is to freeze the variances on the

track position at this point, and progressively reduce p0 to fictitious negative

values as it travels through matter, using the energy loss rate for a. minimum
ionising particle. Together with equation (6.13) this yields sensible values for
the probability for p > 0.

For both [)0 > 0 and [)0 < 0 cases, the standard deviation of the central

momentum estimate is approximated by the simple formula

PDC —P0
Up 2 0D0 + (T) O'Ap (6.14)

where pm: and 0130 are respectively the central momentum estimate and

its standard deviation, as returned by the drift chamber track fit; Ap and

0A,, are the mean energy loss and its standard deviation for a particle at
normal incidence reaching the muon system (determined empirically at Ap =

2.3 GeV/c for the first muon station and Ap = 3.5 GeV/c for the second).
This is found to be more reliable than an estimate of 0,, built up from many
increments as tracks are extrapolated through the iron.

6.6.5 Energy deposition in the calorimeters

When a drift chamber track is associated to energy deposited in either of the
calorimeters (ECAL and HCAL, sections 2.4.8 and 2.4.9 above) a confidence
level is constructed for the hypothesis that the energy deposited is due to a

muon; where levels are constructed for both calorimeters, they are combined

to yield a single confidence level. This quantity provides an additional tool
for muon identification and veto.
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In each case the spectrum of deposited energy for well-identified muons

exhibits a single peak, with the distribution falling away monotonically for

both smaller and larger energies. An appropriate confidence level P for the

hypothesis that the energy E was deposited by a muon may in this case be

constructed by setting

I: de—
P(E) =Wfor E < Epeak, and

0

food6—
Nfor E > Epeak

212:)“ded6

By construction, P(E) isaluniformly distributed from 0 to 1 for particles

following the distribution—dEI, z'. 6. muons. (The evolution withNmomentum of

energy deposited by muons is very slight, so a distribution—dENindependent

of momentum is used as an approximation.) It furthermore has the meaning

that among all muons with deposited energy E’ on the same side of the

distribution to E (L6. both E, E’ < Epeak or E, E' > Epeak) a fraction P(E)

are further away from the peak value, and have lower likelihood, than E.

Where only one of the ECAL or HCAL deposited energies is reliable (due

to serious overlap of energy deposition, or a track traversing an uninstru—

mented region of the other calorimeter (see section 2.4.9 and figure 2.16))

the respective quantity P(E) is returned as the confidence level. Where

both energies are reliable, the levels PECAL and PHCAL are combined using

the method of Fisher (1932) to yield a single confidence level ’P.6 A cut re—

quiring ’P < k should then retain only a fraction k of muons while accepting

hadrons with energy depositions which are not muon-like.7

 

6During the preparation of these notes it was discovered by the author that the tech-

nique in fact usedIn the NOMAD reconstruction code contains an error at this point

The confidence level ’P may be calculated by transforming the levels P- 6 (0,1] into

variables X E [0, 00) using the X2 probability distribution for 2 degrees of freedom, and

then calculating the probability of X: Z,X,- _—XECAL + XHCAL following the X2

distribution for 2, 2: 4 degrees of freedom. (The simple formula at (5.21)1s equivalent

to this procedurein the case of two levels P; .) In2the code, degrees—of-freedom of 1 and 2

respectively are used instead of 2 and 4 for the x2 transformations.

The result is a quantity 7” which will still have a uniform distribution from 0 to 1

for muons, but will not order the cases (EECAL, EHCAL) in likelihood as expected for a

confidence level. This error should therefore only affect the efficiency of a cut in ’P’ for

hadrons, not its rejection power for muons. At the time of writing a study of this problem

has not been undertaken, and none is foreseen (Hurst, 1999).

7For the distinction between this and an optimum muon/hadron discriminator see

note 6 to page 248.
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6.6.6 Muon decay, large angle scattering, etc.

Muons traversing the detector during the SPS flat—top provide a large sample

on which to test the effectiveness of reconstruction of muons in the muon

chambers and scintillators, and cuts on the calorimeter response. At the time

of writing a sample of 2 million muons, within the acceptance of the muon

detection system (section 6.6.4) and meeting certain quality cuts, collected

during 1996 using the V x T1 x T2 trigger condition (section 2.5.1), have

been analysed. Muon identification criteria have been applied to the single

throughgoing track and the rate at which this track (taken to be a muon)

escapes identification has been measured.

The muon is considered to be identified if muon chamber track segments

are matched to the drift chamber track, if tracks—in—projection are associ-

ated in both projections, or if hits are associated in both projections (sec-

tion 6.6.2); if there is any track—in-space found in modules 1 through 4 of

the muon system (see figure 2.17); or if the energy deposited in both of

the calorimeters is low, consistent with the deposit of a minimum ionising

particle (Bueno et al., 1999). The ratio of the surviving cases to the total

sample, as a function of momentum, is a measure of the rate of failure of

muon identification, and a fit to the simple function

13(1)) =

a

p+b

is performed, motivated by the 1 /p dependence expected if the effect is due

to muon decay.

In the range 3 < p < 41 GeV/c, where good statistics are available, the

data are well-described by the fit

 (6.15)

R ()_ 0.74x10-3 .

damp _p/(GeV/c)—2.13’

the X2 per degrees—of—freedom is 0.98. If we suppose that these events are

due entirely to muon decays within some fixed longitudinal distance ddecay

then we expect a rate

_d eca

R = 1 — exp (—d—Z>

7077‘

~ ddecay

~

7071»

(6.16)

in the small-rate (R < 1) approximation;

m“ddecay/c7”

= ———- .1

E,‘ — AE,‘ (6 7)
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where 7'# is the proper lifetime of the p, 7 its Lorentz factor in the decay

region, and E“ and AB” respectively the muon energy in the drift chambers

and the typical energy loss between the drift chambers and the decay region.

Identifying equations (6.17) and (6.15) in the approximation 1),, = u yields

aC‘Tu
 

ddecay = my (6.18)

= 4.6m

and

AE,, = 2.13 GeV (6.19)

given the values found in (6.16).
These values are to be tested against a picture of a “muon decay region”

from (say) the end of the HCAL volume to the front face of the iron wall

which ends the first muon station (see figure 2.6), since a muon decaying

in this region will fail to form a track segment in the muon chambers: this

picture would imply ddecay = 2.5m and AB“ R 2.2 GeV (taking an average

across the region).
That is, the result is consistent with muon decay being a contributor

to the non—detection of muons, but suggests an additional cause(s) as ddecay

(equivalently, the rate factor a) is implausibly large. In fact, the results

at (6.16) include a cut on the energy deposited by tracks in the calorimeters,

not taken into account by the model used in this section; without this cut,

the rate of survivors is twice as large, and the estimate of ddecay increases in

the same manner. We must therefore seek an additional source of inefficiency

in the reconstruction. One possiblity is a failure to reconstruct muons in the

tail of the multiple scattering distribution, which have been deflected by large

angles: the scale angle for multiple scattering has a 1 /p dependence, so such

an effect would be consistent with the good fit of R(p) to the form (6.15).

At the time of writing a study of this problem has not been undertaken.

In any case, the function at (6.16) provides an estimate for the rate at

which muons of a given momentum will pass a veto algorithm constructed

from the elements described up to this point, and is therefore suitable for

inclusion in the analysis to predict expected backgrounds.

6.6.7 Event structure: The transverse size ratio RT

Finally, it is possible to suppress charged—current events relative to neutral—

current and tau-decay events by applying cuts to event structure variables.
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Specifically, given the total momentum 13"“ of the event, and n tracks at the
primary vertex each with momentum 5,, j = 1 . . . n, we consider the squared

momentum component of a track j perpendicular to the total momentum,

pi (13}; fit“) and take its average value

1 n 2 " , "t; Zia (map ”)
1:1

to be a measure of the “spread” of the tracks about the direction of the

total momentum. Each track i is then excluded in turn from the total

momentum—thus treating (17m — 15'.) as the momentum of the event—and
the spread of the remaining tracks about this new direction is calculated.

The resulting transverse size ratio

Ru) 43f al—l Zj¢ip21 (17%?“ — 151')

T $22.11): (MM)
is a measure of the isolation of track i from the rest of the event (Gangler,

1998). Where Riff) is close to 1, the spread of tracks around the total mo—
mentum is largely unafiacted by the presence or absence of track 2'. Where

127(3) is significantly smaller than 1, the spread of tracks in momentum about

13“” is dominated by the it“ track: that is, the remaining tracks j 75 i are
closely associated in momentum while track 2' is at an angle to the group. In
V” + N -—> if + X and V... + N —) e" + X events this may occur when track

2' is the lepton from the charged current scattering.

 (6.20)

6.7 Choice of lepton rejection cuts

With these tools in hand we turn to the lepton—veto needs of the present
analysis. The most straightforward cuts, against identified muon tracks, are
presented in section 6.7.1. The seriousness of the surviving 11,, + N —> ,u‘ +X
background, and some of its kinematic properties, are then discussed in sec—

tion 6.7.2. The principal muon veto procedure—a set of cuts to reject tracks

which are possible muons, or unidentifiable as muons—is presented in sec-

tion 6.7.3, together with the choice of tracks to which this veto should be
applied. We then address the electronic backgrounds. A simple cut against
identified electrons is presented in section 6.7.4; in section 6.7.5 we then de-

scribe cuts in the TRD particle discrimination variables of the previous chap-

ter, designed to veto possible electrons, together with a cut on a preshower
variable in cases where the TRD information is unavailable. Finally, cuts
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in transverse size ratio variables, providing further suppression of both the

muonic and electronic backgrounds, are described in section 6.7.6, where the

potential further development of such cuts is also discussed. The various

lepton veto procedures are then summarised in section 6.7.7.

6.7.1 Cuts against identified muons

Criteria for associating muon chamber track segments to a drift chamber

track were presented in section 6.6.2: in particular, the strong association or

matching of a track to Z 2 segments was discussed. An event with such a

matched track is assumed to be a 141/27“ charged current interaction, and is

rejected from the analysis.

In addition to these cases we reject events with a muon which appears

to come from the central detector, regardless of association to drift chamber

tracks. As noted in section 6.6.1, in the case where a muon module contains

track segment(s) in both projections, these are combined to form potential

tracks-in-space for which both position (3:,y,z) and direction (pr/p2, py/pz)

estimates are available. The muon chambers cover a large area extending

well beyond the rest of the detector, intercepting the “halo” of muons ac-

companying the neutrino beam (section 2.2) so it is inappropriate to veto

every event with a potential track—in-space. Instead we allow such events

but only after applying rather strict tests.

A muon chamber track-in-space is considered to be a halo muon if its

position at the muon chambers is well outside the area of the detector,

M > 250 cm,

01'

lyl > 250 cm; (6.21)

when extrapolated back towards the central detector, it must also remain

well outside the detector, so that either

lxexmpl > 200 cm for all z > 0

01‘

|yextrap| > 200 cm for all z > 0 (6.22)

(z = 0 is the front—face of the detector). All other cases cause the event to

be rejected.



294 Chapter 6. Event—quality and charged current rejection
 

6.7.2 The kinematic properties of surviving events

These cuts reject V“ CC events rather efficiently in the Monte Carlo data,

with only 4% of the total sample surviving to contribute 37r candidates. To

assess the effect of this remaining background we define a set of cuts which
reduces the neutral current background to very low levels in the Monte Carlo,
so that only a handful of events are expected in the data, and consider the

V,l charged-current events which survive. A suitable set of cuts is

qT > 1.4 GeV/c

MR < 2.2 GeV/C

E3“ > 20.0 GeV/c, (6.23)

under which only 5 X 10'5 of neutral current events contribute a candidate.

We will also use a weaker cut in the isolation variable,

q; > 1.0 GeV/c (6.24)

together with the cuts above in MR and E3"r when it is convenient to consider
a larger population of events as a cross-check.

The qT distribution for V“ CC events under the MR and E37r cuts is

shown in figure 6.20. It is clear that the charged-current events provide the
dominant background when qT is large:
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Figure 6.20: Distribution of the isolation variable qT for unidentified
V“ CC events surviving kinematic cuts. The ordinate shows the

events in each bin as a fraction of all 11“ CC interactions. The same
distribution for neutral current events is shown dashed: note its

much softer spectrum. The distribution for three-prong tau decays

is shown dotted, with arbitrary normalisation, for comparison.
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0 approximately 10'4 have qT > 1.4 GeV/c, which is twice the rate in

the neutral current;

0 the qT distribution is hard, so that more stringent cuts will not be

effective without a significant loss of 31r efficiency;

0 there are in any case three times as many charged- as neutral—current

events.

The cut in the required mass MR is even less effective. Figure 6.21 shows

the MR distribution for unidentified V“ CC events without cuts applied: it

shows a clear peak at MR z 1.6 GeV/c and is dominated by events below

the cut at 2.2, reflecting the tau-decay—like, “back-to—back” 37r candidates

produced by charged-current events (cf. figure 6.18 above). This distribution

is largely unchanged by cuts in the isolation or 37r energy.
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Figure 6.21: Distribution of the required mass M3 for unidentified

”u CC events, without cuts. The ordinate shows the events in each

bin as a fraction of all I!“ CC interactions. Dashed line: the same

distribution for neutral current events, with an arbitrary normalisa-

tion; dotted line: for three-prong tau decays, arbitrary normalisa-

tion. Note the similarity of the V” CC and tau decay distributions.

Discrimination is however available if we turn to the 37r candidate energy.

Unidentified Vfl CC events produce 37r decay candidates which are even less

energetic than those from neutral current events: the distribution is strongly

peaked at low energies E37r % 5 GeV, and the tail to large E37r is distributed

as for the neutral current; this is to be compared with the very hard spec-

trum for three—prong tau decays, which is three times as energetic in the

mean (figure 6.22: the weaker qT cut has been chosen to yield well-populated
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Figure 6.22: Distribution of the candidate energy E37r for unidenti—
fied V”, CC events surviving kinematic cuts. The ordinate shows the
events in each bin as a fraction of all 1/“ CC interactions. There is

a pronounced peak at very low energies, and a tail almost identical

in distribution to the neutral current background (shown dashed).
The distribution for three-prong tau decays is shown dotted, with

arbitrary normalisation.

distributions). This behaviour is to be expected if we consider the argument
of section 6.5 above: while misidentification of a muon as a hadron naturally
produces events with a back-to—back configuration, yielding high-qT and low
required mass, there is no constraint requiring the three “pions” to be ener-

getic. The distribution thus reflects the spread of particle energies from the

hadronic system, and resembles that of neutral current events. Indeed there

is a bias towards soft 37r candidates in that the muon, not being identified by
a muon—chamber track, will typically have ranged out in the back detector

support due to low momentum p g 2.5 GeV/c.
The kinematic cut in E31r then, in addition to rejection of the neutral cur-

rent background, is an indispensible tool in the suppression of misidentified

charged current events. If it is removed completely, for example, the rate at

which these events survive cuts rises to 2 X 10'3 of the total charged current
sample: an increase by a factor of twenty.

The background from 3,, charged currents is qualitatively similar, al—

though much reduced due to the relatively 10W in flux, the diminished cross—

section for antineutrino interactions on nucleons, and the larger average mo-

mentum of muons produced in EuN interactions, which makes muon identifi-

cation (section 6.7.1) more efficient than for the VpN cases. The process of 31r
 

8The reduced flux and larger average muon momentum for E‘N have a common cause,
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candidate formation is somewhat different for this background——the positive

charge of the muon makes it less likely to be part of the supposed 371' system

than in the V“ CC case—so that the E3" cut is less effective, reducing the

background by a factor of only 4 ~ 5. After this cut however the background

is so low, with events surviving at a rate Q 6 x 10"5 and thus contributing at

the one—event level for several years of NOMAD running, that further cuts

could be omitted. This is clearly not the case for the 1/“ charged current,

where the final background is a hundred times as large. We therefore adopt

additional tools to reject the surviving events.

6.7.3 The muon veto for high-pT tracks

The most straightforward way to improve the rejection of 1/“ charged-current

events is to loosen the criteria for muon identification. The matching crite-

ria defined in section 6.6.2 above are suitable for the positive identification

of a track as being a muon, but are too restrictive for the task of rejecting

possible 1/“ CC events from a sample which should contain neutral current

(and possibly tau decay) events alone. Consequently we will treat certain

tracks with relatively weak association to muon chamber hits or track seg—

ments as possible muons, and reject an event containing such a track. There

are a number of issues to consider: what kind of association to allow; how to

treat tracks which are unlikely to leave signals in the muon chambers; which

tracks should be included in this “muon veto” procedure; and how to treat

special—case tracks. We now treat each of these matters in turn.

 

in the effect of the fixed helicity of (anti-)neutrinos on their scattering properties. Consid—

ering only the (dominant) interactions on up- and down-quarks in the nucleon, the cross

section for neutrino scattering, which proceeds through a J = 0 state, varies as

do _ _szs
EEO/”day u)- 7r’ 

while that for antineutrino scattering has an extra term

GF1L'8(1 _ 11)?)
 

do _
5!; (uflu -—) p+d) =

as the reaction proceeds through a J = 1 state of fixed helicity; GF is the Fermi constant,

and x and y are Bjorken’s variables. As a result the total cross-section for 77,, scattering is

reduced, and the mean energy fraction carried by the scattered muon, (1 - y), is increased.
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Weak association of hits or track segments

In section 6.6.2 we described the standard conditions for associating a muon

chamber track segment (track—in-projection), or a single “hit”, to a drift

chamber track. Due to noise hits, tracks left by halo muons which overlap an

extrapolated drift chamber track in one projection, etc., it has been found

that association to a single track segment or hit is too loose a condition for

muon veto: the solution adopted is to require an association in both 10- and

y-projections. We note that the association of hits and track segments is

to some extent complementary: several hits are required to define a track

segment, but the cut on the distance of the segment from the extrapolated

drift chamber track, 100 cm, is less restrictive than the 40 cm required for the

association of a hit. Accordingly we consider a track with

an associated hit in :1: OR an associated segment in :1:

AND

an associated hit in y OR an associated segment in y (6.25)

as a potential muon.

Detectability

Clearly such a test is not relevant for a track which, when extrapolated, does

not intersect the muon detection system; nor do we expect a track to have

associated hits or segments if it has insufficient momentum to penetrate

the back detector support, even on the hypothesis that it is a muon. An

additional test is therefore required to determine whether a track is within the

acceptance of the muon chambers. Using the acceptance functions described

in section 6.6.4 above, we define the detectability of a track to be

d d’—e'f mm + (1 — (100.27} (6.26)

where

a,- = the eometric acceptance of the ith muon station 2' = 1 2 , andg ,

7', = the probability to reach the ith muon station without ranging out.

The (1 — (1;) term takes into account the fact that the geometric acceptance

of the two muon stations is different, so that a track may be outside the

acceptance of the first station, but inside the acceptance of the second, in
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which case the track is detectable; conversely in the limit where (11 —> 1 the

second station offers redundant information only, since the probability to

reach the second station r2 < r1 always. We consider a track with

d < 0.95 (6.27)

to be unacceptably difficult to detect.

The gap in the first muon detection station, described in section 2.4.10,

is treated as a special case (see also figures 2.6(a) and 2.17(a)). Tracks

with some probability to pass between muon detection module 5, and the

overlapping modules 1 & 2, clearly have a limited probability to intersect

the first muon station (a1 < 1), but unlike other such tracks, are in the

“forward” region at relatively low angles to the neutrino beam. Muons of this

kind have been found to be a dangerous source of background for hadronic

decay analyses and accordingly a more stringent criterion is applied to these

cases. Constructing agap as the “geometric acceptance” of the gap between

the modules, using the technique of section 6.6.4, we consider a track with

am > 10-4 (6.28)

to have an unacceptable risk of passing undetected through the gap. The

low threshold chosen reflects the use of a Gaussian probability distribution

in (6.12), whereas the distribution of multiple scattering angles and displace—

ments has larger tails.

From 1996 onwards, the gap between the modules was instrumented with

scintillators, as discussed in section 2.4.10. We discard an event with a hit

in one of these scintillators as a potential V“ + N ——) ,u‘ + X event.9

Choice of tracks for application of the veto

The muon in a 11,, + N —> ,u” + X interaction, whether or not it is identified,

in general has the largest transverse momentum of all of the tracks in the

event. The largest-pT track is therefore our first choice as a muon veto track:

if the largest-pT track in an event has associated muon chamber activity as

defined at (6.25), or is difficult to detect as a muon as defined at (6.27)

or (6.28), we reject the event. For the standard cuts defined in the previous

section, we find that the rate of surviving events is reduced by a factor of

four, from 1.2 X 10‘4 to 2.7 x 10—5. An additional reduction is desirable as we
 

9Due to an error of the author, the information required to construct agap was cor-

rupted, and the information on muon scintillator hits was unavailable, in the data files

used to conduct this analysis. A partial re-processing of these files has been conducted to

rectify this error. The effect on the analysis is discussed in section 7.3.2.
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expect 6.7 X 105 11,1 CC events in the 1995—96 data and more than twice this
number when the analysis is extended to the full NOMAD data-taking run
(1995—1998). Therefore we also apply the veto procedure to the track with
second—highest pT: the rate of surviving events then falls to 1.2 X 10—5, so
that an overall reduction of a factor of ten has been achieved. By comparison,

the rate at which three-prong events survive the cuts is reduced by 14% by

the leading-pT veto, and a total of 30% for the leading- and 2nd—leading—pT

veto.
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Figure 6.23: The fraction of V“ CC Monte Carlo events surviving
standard cuts in MR and E31r as a function of the isolation cut

qT > q?“ applied. A significant reduction is obtained when the

muon veto procedure is applied to the track with highest pT (dashed

line); a further reduction, for qul-Iut < 2, is obtained if, in addition,

the veto is applied to the track with second-highest pT (dotted line).

For events surviving the weaker cut defined above, qT > 1.0 GeV/c, the

effect is similar. The rate of events surviving the cuts, for different values
of the qT cut, is shown in summary form in figure 6.23. We note that at

very large values of the isolation qT, the improvement due to the veto on the
first-ranked track falls to a factor % 2, and the effect of the additional cut

on the second—ranked track becomes negligible. A study of the Monte Carlo
shows that in a small but significant fraction of 11,, + N —) ,u' + X events,
the muon has a relatively low ranking in transverse momentum (3rd—ranked
or below) so that cuts of the general type described here can have only an

indirect effect on this type of background.

Since we apply the veto procedure to tracks regardless of charge, the
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FM + N —> p‘l' + X background is also reduced, albeit by a smaller factor (x 3

overall) due to the different properties under 37T candidate selection etc. of

these events. The expected background for 7,, CC is then 0.3 events for the

1995—96 data.

Special treatment of interacting tracks

For completeness we should note that tracks which are fitted at their end

to a vertex, rather than leaving the drift-chamber volume, are treated as a

special case, since the concept of extrapolating such a track makes little sense.

Wholesale rejection of events where the high-pT tracks have this behaviour

is undesirable, as over 20% of three—prong events surviving the cuts defined

above have a leading— or 2nd—ranked—in-pT track with an end vertex.

The case where more than one track emerges from the end vertex is

straightforward. These correspond chiefly to nuclear interactions in the ma—

terial of the drift chamber target and as such occur for hadrons but not for

muons. We therefore immediately classify tracks of this kind as hadrons.

In tests on the Monte Carlo, no additional survivor is introduced by this

classification in a run over 2.6 million events.

Where only one track emerges from the end vertex, the vertex can be due

to a scattering or merely a break in a single track introduced during the track

reconstruction. As muons are subject to both processes some test should be

applied on a priori grounds to these cases: we therefore apply the same

muon—association and detectability cuts defined above to the track emerging

from the vertex. This incurs some loss of efficiency on three-prong decay

events, as tracks emerging from such “scattering vertices” are in general low

in momentum, with a limited probability to reach the muon chambers. The

condition is however justified, as additional surviving charged-current events

are introduced at the 10‘5 level if this cut is not applied.

6.7.4 Cuts against identified electrons

We now turn to the choice of cuts to suppress the remaining charged current

backgrounds 1/e + N —> e" + X (1/6 CC) and 7., + N —> 6+ + X (38 CC).

As with the muonic backgrounds we begin by rejecting events with identified

electrons. However in this case we must make a distinction between electrons

fitted or merged to the primary interaction vertex, and other electrons due

to the conversion of photons in the detector. Three—prong tau decays are

subject to this process in the same way as other classes of event, so that we

will impose an unacceptable (and arbitrary) efficiency loss by rejecting all
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events where electrons are present. We therefore restrict this cut to identified

electrons which are attached to the primary vertex.

The standard reconstruction algorithm of the NOMAD experiment iden-

tifies a track as an electron if

0 it has a TRD pion acceptance 6" < 10—3. (section 5.2.3);

o it is flagged as an electron by the maximum-likelihood algorithm, de—

scribed in section 5.2.7, for handling overlapping tracks;

0 it is flagged as an electron by the preshower reconstruction, in cases

where te TRD information is unavailable, by a condition with 90% effi—

ciency for recognising electrons, and the probability of thereby misiden-

tifying a pion as an electron is less than 10%,

together with some special cases applying to V0 tracks which do not concern

us here. We extend this scheme slightly by “propagating” an electron iden—

tification backwards along any chain of tracks and vertices, so that a track

with an identified electron emerging from its end vertex is also considered

to be an identified electron for the purpose of this analysis; and so on back

along the chain, if there is more than one intermediate vertex. If any such

track is fitted or merged to the primary vertex, then the event is rejected.

Both of the electronic backgrounds pass the cuts at (6.23) at a significant

rate, even after these identified electrons have been rejected, and the effect of

the muon veto cuts definded in the previous section are minor (figure 6.24).

Although the Us and Us fluxes are low, the survival rate for these events

is seventy times that for the corresponding 14; and fiu—induced events (cf.

figure 6.23) so that the electronic backgrounds would be equal contributors

to the final background passing all cuts, if no additional electron—rejection

measures were employed.

6.7.5 The electron veto for high-pT tracks

The electron—identification criteria described in the previous section were

drawn up with the 'r‘ —> 11,356" analysis in mind, and are therefore in—

tended to provide a relatively pure electron sample. We have the opposite

requirements and seek a way of identifying electrons with high efficiency so

that the corresponding events may be discarded. The technique for using

the TRD information in this way was described in the previous chapter (sec—

tion 5.2.4); we will use this information to define a suitably loose criterion

to identify a track as a possible electron. Proceeding by analogy with the

muonic case, we define the level of the cut, the selection of tracks to which

it will be applied, and the handling of special cases as follows.
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Figure 6.24: The fraction of (a) 1/,: CC and (b) 56 CC Monte Carlo

events surviving standard cuts in MR and E37r as a function of the

isolation cut qT > q?” applied. The effect of the muon veto proce-

dure applied to the leading-pT track (dashed line), and in addition

the track with second—highest pT (dotted line), are also shown.

Choice of cut in the TRD electron acceptance

We noted in section 5.2.4 that the criterion 6,, < 10“3 identifies electrons

with an efficiency of m 90%. The remaining cases exhibit a distribution of

the electron acceptance variable E, from zero up to a cutoff of order 0.1.

(In any given case this depends on the exact efficiency with which electrons

of that momentum p and number of TRD hits N}, fail to be identified: this

varies, in both directions, by a factor of a few about the 0.1 value.) We expect

pions, by contrast, to be concentrated at the lowest values of EC: examining

the acceptance function tables we find that in the ideal case of tracks with

nine associated TRD hits, more than 99% of pions have Es values of 0.01

or lower. A cut at this level would therefore have a marginal effect on the

efficiency with which three—prong decay events pass the cuts, while imposing

an additional rejection factor of order 10 (2 %) on electrons leading in
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transverse momentum.

A more careful examination of the Monte Carlo events confirms this line of

argument. The leading-pT track in three-prong decay events surviving other

cuts exhibits electron acceptance values strongly peaked at E8 < 0.01, with a

small tail to z 0.05 (figure 6.25(a)); those in 1/6 and Us CC events show a much

diminished peak, due to cases where a pion is first—ranked in pT, together

with a larger sample of cases, due to electrons first-ranked in pT, where E8

is distributed out to 0.10 and larger values (figure 6.25(b)). These cases

are efficiently removed by a cut £6 < 0.010: the rejection does not undergo

significant further improvement until values Ea g 0.002 are approached: there

is then a significant loss of efficiency in the three-prong decay sample.

We therefore set the level of the TRD cut to E3 < 0.010 in all that follows.
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Figure 6.25: The TRD electron/pion discrimination variable 6,. for

the leading pT track in (a) three—prong decay and (b) 116 CC Monte

Carlo events, after muon veto, rejection of identified electrons, and

kinematic cuts qT > 1.4 GeV/c,MR < 2.2 GeV/c,E31r > 20 GeV.

Events shown as a fraction of the sample for which TRD information

is available: see the text.
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Choice of tracks for application of the veto

As for the muonic background, we apply this EC < 0.010 cut in the first

instance to the track with the largest pT in the event. If the track is outside

the geometric acceptance of the TED, so that E3 may not be calculated,

we also reject the event. The effect on the number of events expected to

survive the other cuts, normalised to the 1995-1996 data (see the discussion

in the next chapter, section 7.2.1) is shown in figure 6.26. The background is

reduced by a factor x 3.4, for a corresponding reduction in the efficiency for

three—prong decays of 11%. Extending the veto to the second-ranked track

in pT improves the background rejection to m 4.6, while the three—prong

efficiency is reduced by 18% in total. The decision between these two cases

depends on the overall background level and we defer the treatment of this

question to following sections, when additional cuts are in place.
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Figure 6.26: The number of expected (a) 116 CC and (b) fie CC

surviving events in the 1995-1996 data, as a function of the isolation

cut qT > q?“ applied. The effect of the TRD electron acceptance

cut applied to the leading-p1 track (dashed line), and in addition to

the track with second—highest pT (dotted line), are also shown.
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Treatment of special cases

We noted in the previous chapter that electron/pion discrimination for tracks

with four or more shared hits in the TRD region is not carried out by the
likelihood ratio method of section 5.2: instead, a maximum likelihood method

is used to choose between four hypotheses for the overlapping tracks (two

electrons, e & 7r, 7r & e or two pions; see section 5.2.7). This procedure
is unsuitable for use in electron veto algorithms as the probability for mis-

identifying an electron as a pion is at the 10% level, is a function of the
momentum of both the examined track and the overlapping track, and (by

the nature of the method) may not be tuned (Bassompierre et al., 1998b).

Some treatment of such tracks is however required as 15—20% of signal
events surviving cuts have four or more shared hits on the leading track (a
consequence of the kinematic cuts, which select energetic events with tracks
bunched into the forward region by the Lorentz boost of the centre of mass);
a blanket rejection of these events is undesirable. Acceptance of all such

cases is also unsuitable as this would increase the rate of surviving events in

the 1/8 and Us charged—current samples by m 50%.

As an expedient, we use the deposition of energy in the preshower to

discriminate electrons from pions in these cases. Based on the exposure

of the prototype of the preshower to electron and pion test beams, three

momentum—dependent thresholds on the combined response of the horizon-
tal and vertical tubes have been defined, identifying electrons above 1 GeV/c
with efficiencies of 85%, 90% and 95% respectively (Schmid, 1996). These ef-
ficiencies are well-reproduced in both the NOMAD Monte Carlo, and samples

of electrons selected from the data by strict cuts in the TRD and the electro—

magnetic calorimeter. The threshold with 95% efficiency is suitable for our
purpose: by requiring that the tracks in question not be identified as electrons
by this criterion, we impose a rejection factor of 20 on electrons, independent

of momentum. The rate of rejection of pions is in general a strong function

of momentum, but is about 10% on average for high-transverse—momentum
tracks in three—prong decay events surviving other cuts, an acceptable loss of
efficiency since we are already dealing with a subset of the signal.

As with the definition of muon-veto cuts for tracks in section 6.24 above,

we must also determine how to proceed when a track ends on a fitted vertex

in the drift chamber volume. By analogy with that case, if more than one

track emerges from the vertex we classify the incoming track immediately as
a hadron; if only one track emerges from the vertex, we apply the electron

veto cuts to that track.
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6.7.6 Choice of cuts on the transverse size ratio

While these cuts are implemented to reject the electronic backgrounds, they

also have some effect on the 1/“ CC background, largely as a result of the

condition requiring the leading—pT track etc. to be within the acceptance of

the TRD, a more restrictive condition than requiring that the track be within

the geometric acceptance at the muon chambers. The survival rate is shown

in figure 6.27: for some values of the isolation cut q?” the improvement is as

large as a factor of two. We should note however that for a sample of order

106 in size, the survival rate is still significant, and some of the remaining

events have such large values of the isolation variable, qT > 2GeV/c, that

further kinematic cuts against these events would impose an unacceptable

loss of efficiency for the three—prong decays. Furthermore, as noted above,

extending the muon veto procedure to additional tracks is ineffective against

these cases.

For the final reduction in the background we rely instead on the event

structure variable introduced in section 6.6.7. For a given track 1' the trans-

verse size ratio R} defined at (6.20) provides a measure of the extent to

which the transverse size or “width” of the event is dominated by the in—

clusion of the track i, with smaller values of R}; indicating a track set apart
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Figure 6.27: The effect of the electron track veto on the rate at which

11,, CC events pass the cuts, as a function of qfil“. The kinematic cuts

shown, and the muon track veto for the leading— and 2nd-ranked

track in pT have been applied: the addition of the electron veto

on the leading track yields the dashed line; if also applied to the

2nd-ranked track, the dotted line.
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in momentum space from the remainder: possibly the lepton produced in a

deep inelastic scatter. In order to implement a cut on this quantity we must

first determine how to choose the potential lepton from the various tracks in

the event, and then choose the level of the cut in Rf. The simple options
considered to date for this analysis are the following:

Finding the minimum of R} over negative tracks

In this case, noting that the W CC background is the most serious, followed
by the 1/.3 CC background, we choose as our candidate lepton the track 1' with

the smallest value R} among the negative tracks at the primary vertex. The

resulting transverse size ratio

R; (-i—Efmin{R:f1lq(i) = —1} (6.29)

has a broad distribution with a peak at z 0.9 for three—prong decays, and

an almost identical distribution for the neutral current background (fig-
ure 6.28(a)). That is, the transverse size of the event is largely unchanged if
any single negative track is excluded. For these cases, in general there is no
single track which dominates the transverse size of the event: for the neutral
current interactions, all tracks are produced in the fragmentation of a single
hadronic system; for the three—prong decays, while the three-pion combina-

tion from the tau decay is usually isolated from the remaining tracks, an

individual decay pion will not be isolated in the same way, not least because

its companion decay pions are included in the remainder of the event. This

remains the case when lepton vetos and kinematic cuts are applied: remark-

ably, even under very strong cuts in the 37r isolation qT, the RT— distribution

is little altered, and remains neutral-current—like.

In the up and 1/8 charged-current backgrounds, on the other hand, the

most likely value for the transverse size ratio is R1? g 0.2, with the remain—

der of the distribution falling off steadily so that only a handful of cases

have Rf near unity (figures 6.29(a) and (b)). That is, the transverse size
of the event is dominated by the grouping of the lepton from the charged
current scattering with the hadronic system: when this track is excluded,

the measured transverse size falls dramatically, being due only to the width
of the hadronic system. No such effect is seen for the 7,, and Us backgrounds,
where the produced lepton is positive: the distribution of R7? in these cases

remains neutral—current-like (figures 6.29(c) and (d)).
As the 311' candidate isolation qT rises, in the 1/,1 (Vs) CC background, the

“narrowing” of the event with the removal of the lepton becomes increasingly
pronounced: the R7? distribution becomes more concave to the origin and its
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Figure 6.28: The transverse size ratio R; for three—prong decays.

(a) RT— for all events with selected 37r, without kinematic cuts or

vetoes; the very similar distribution for neutral current events is

also shown, dashed. (b) RT— for three-prong decays under standard

kinematic cuts qT > 1.4 GeV/c,MR < 2.2 GeV/c,E3’r > 20 GeV,

with muon— and electron-vetos also applied. The same distribution

for a much stronger isolation cut qT > 2.2 GeV/c is also shown,

dotted.

mean falls dramatically, with events at very high isolation qT > 2.2 GeV/c

having values RT— < 0.2 in most cases (figure 6.30(d)). This is to be con-

trasted with the behaviour of the three-prong decay events, where R; is

largely unchanged under qT cuts, as noted above (figure 6.28(b)). It is clear

that to take full advantage of this behaviour, a qT—dependent cut on R1? is

indicated, determined either empirically or (ideally) set by a two-dimensional

likelihood function. For the present we choose a simple cut in RT" , and aim

to retain some rejection power against 11,, CC at intermediate values of qT,

where the 11,. CC background is highest. A cut requiring

R; > 0.5 (6.30)

is suitable for this purpose.
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Figure 6.29: The transverse size ratio Rf for the charged—current backgrounds

without muon- and electron—track vetos; kinematic cuts qT > 1.0 GeV/c,MR <
2.2 GeV/c,E37r > 20 GeV have been applied. For the (a) 11,, CC and (b) 11., CC
backgrounds, R; has a falling distribution, concentrated below 0.5, while for the
(c) 7,, CC and (d) fie CC backgrounds, where the produced lepton is positively
charged, the RE distribution is neutral-current~like.
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Figure 6.30: The transverse size ratio R1? for the up charged-current background

as the cut in the isolation variable (IT is made more strict. No muon veto has been

applied; cuts MR < 2.2 GeV/c,E37r > 20 GeV are imposed throughout. At very

high qT, RT— is strongly concentrated at low values R17 < 0.2.



312 Chapter 6. Event-quality and charged current rejection

Minimising R71; over all tracks

As an alternative we may take the more even-handed approach of choosing

the candidate lepton from all of the tracks at the primary vertex: distribu—

tions of the resulting quantity

R1?“ 13‘ m1n{R,}‘} (6.31)

for three—prong tau decays and neutral current interactions are shown in fig-

ure 6.31(a). Clearly the distribution must be shifted towards zero, as by
construction R?" S RT‘, but for the three—prong decays there is in fact a
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Figure 6.31: The transverse size ratio R?” for three—prong decays.

(a) Rf!" for all events with selected 37r, without kinematic cuts or ve-
toes; the similar distribution for neutral current events is also shown,

dashed. (b) R?“ for three—prong decays under standard kinematic
cuts qT > 1.4 GeV/c,MR < 2.2 GeV/c, E31r > 20 GeV, with muon-
and electron—vetos also applied. Note the change in the distribution

at low Rf“ forming a plateau. This is an effect of removing soft
and/or low—qT 37r systems: for a much more stringent isolation cut,

qT > 2.2 GeV/c (shown dotted) there is no further change to the
distribution.
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significant change in the distribution, largely due to cases where one posi-

tive track dominates the hadronic system: such events are superficially i7”-

CC—like, and yield low values of Eff". As low-energy and low—qT events are

removed by kinematic cuts, this effect becomes more marked, with the R?"

distribution becoming plateau—like, although it does not evolve further as the

isolation cut q?“ is raised to higher values (figure 6.31(b)). In order to retain

efficiency for three—prong decays, any cut in R?" will have to be set at a low

value.

Turning to the charged-current backgrounds, we see a falling distribution

of R?” in each case, including the 21— and Ue-induced events (figure 6.32).

As the isolation cut qr?“ increases, each of these distributions evolve as for

the case previously shown (figure 6.30), concentrating at values below 0.2.

Bearing in mind also the problem of three—prong decay efficiency, then, a

suitable cut in this variable is

12;" > 0.2 (6.32)

Choice of cut between these options

Based on the Monte Carlo samples, the choice between these cuts depends on

the relative importance of the different backgrounds. Both have a dramatic

(and near—identical) effect on the V”, + N —> [1_ + X background at high qT,

reducing the level of these otherwise robust surviving events by a factor as

large as five (figure 6.33(a)). For intermediate cuts 1.0 E q?” g 1.6, where

the typical R} values for the lepton are less concentrated towards zero, the

more stringent cut RT— > 0.5 achieves a higher background rejection; by

contrast the cut in R1? has little effect on the '17# + N —) u+ + X background

(figure 6.33(b)) as expected from the previous discussion. The level of the 7,,

CC background is already sufficiently low (0.2 events with qT > 1.4 GeV/c

expected in the 1995—96 data under the cuts already defined) that this is

not a significant obstacle to the use of the R1? cut, however it would be a

drawback with larger statistics (such as the full 1995—1998 dataset) if the

total background were reduced to the g 1 event level by other cuts.

The effect on the electronic backgrounds is more modest, with the effect

on the number of events surviving cuts never exceeding 30% (figure 6.34).

By contrast with the muonic backgrounds, where the track veto and RT cuts

are to some extent complementary (achieving their best rejection of events

at intermediate and high—qT respectively) the track veto for electrons and

the RT cuts are largely redundant, as shown in figure 6.35(a). Taking the

level of survivors after the muon track veto alone as a reference, we see that

the reduction due to an R} > 0.5 cut, and that due to a TRD cut on the
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Figure 6.32: The transverse size ratio R?" for the charged—current backgrounds

without muon- and electron-track vetos; kinematic cuts qT > 1.0 GeV/c,MR <

2.2 GeV/c, E3”r > 20 GeV have been applied. In this case each of the backgrounds

exhibits a falling distribution.
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Figure 6.33: The effect of transverse size ratio cuts on the (a) 11,,

CC and (b) 17“ CC backgrounds: the rate of events surviving the

muon and electron track vetos is shown with a solid line; the rate

after an additional cut Rf > 0.5 is shown dashed, the rate after

R?“ > 0.2 dotted. Note that the Rf cut has a negligible effect on

the 7,, background.

leading-pT track, are very similar. A more detailed comparison confirms this

effect, with the tail in electron acceptance E8 shown in figure 6.25 for the us

CC Monte Carlo largely disappearing under the Rf > 0.5 cut. In the less

important fie background, the effect of the TRD cut is significantly stronger

(figure 6.35(b)), a situation duplicated even for the RTE“ cut until the very

highest values of qT are approached.

In summary, then, if we include a transverse size ratio cut, as is desirable

for reducing the 1/” CC background at large qT, there is a case for weakening

the electron track veto previously defined (section 6.7.5). It would be possible

to omit this track veto entirely, but this leads to the unsatisfactory situation

where We charged-current events contribute to the final background at the

event level, despite the very low (and rather poorly understood) We flux at
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Figure 6.34: The effect of transverse size ratio cuts on the (a) 1/.3
CC and (b) He CC backgrounds: the number of events surviving the
muon and electron track vetos is shown with a solid line; the number

after an additional cut R; > 0.5 is shown dashed, the number

after Rf” > 0.2 dotted. In each case there is a small additional

improvement. (Normalised to the 1995-96 data.)

the NOMAD. There is also an additional reduction of g 30% in the 14; CC

background if the electron track veto is retained, and (surprisingly) a similar

reduction for the 1/,J CC due to the acceptance effect previously discussed;
the corresponding loss of three—prong decay efficiency is 7%.

If we retain the electron track veto, then, suitable alternatives are pre-

sented by the following two schemes:

1. the TRD cut applied to the leading—pT track only (leading e veto) and
a cut Rf > 0.5;

2. the TRD cut applied to both the leading— and 2nd-leading—pT track
(strong e veto) and a cut R1?“ > 0.2.

For the electronic backgrounds, the effect on the number of surviving events
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Figure 6.35: Comparison of the effect of electron veto and RT— cuts
on the (a) 1/6 CC and (b) 78 CC backgrounds: the number of events
surviving the muon veto only is shown with a solid line; the number

after an electron veto on the leading-127 track is shown dashed, the

number after a cut Rf > 0.5, with no electron veto, is shown dotted.

The behaviour is comparable in (a) but the RT— cut has only a minor

effect on the We (b). (Normalised to the 1995-96 data.)

is shown in figure 6.36: it is very similar for the two schemes. The first relies

on the R7? cut to suppress 11,, / 1/e backgrounds at intermediate and high-qT,

and the electron track veto to suppress the "1),, background; the second uses

the electron track veto to suppress the electronic backgrounds, and the R79"

cut to suppress all of the charged-current backgrounds, 3,, included, at high

(1T-
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Figure 6.36: Comparison of two lepton—veto schemes on the (a) Us

CC and (b) We CC backgrounds: the number of events surviving

the muon veto only is shown with a solid line; the number after

an Rf > 0.5 cut and an electron veto on the leading-pr track is

shown dashed; the number after a cut R?" > 0.2, and a “strong”

electron veto, Le. applying to the leading— and second-leading pT

track, is shown dotted. The behaviour is comparable in both cases.

(Normalised to the 1995-96 data.)
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6.7.7 Summary: The lepton-veto cuts

In summary, we reject as a 1/“ /U,, charged-current event any event with

o a drift—chamber track matched to muon-chamber track segments in m-

and y—projections;

o a muon chamber track-in—space which points close to the central detec-

tor volume;

0 hits in the muon—detection scintillator counters; or

o the leading or second-leading—pT track either

1. associated to a muon chamber hit or track segment in each pro—

jection;

2. with a probability d < 0.95 of intersecting the muon detection

system, if it were a muon; or

3. having a probability > 10‘4 to cross the gap in the first muon

detection station,

with special cases treated as described in section 6.7.3.

Events with an identified electron at the primary vertex are rejected as 143/23

background. We define additional cuts in the TRD electron acceptance E. <

0.010 to reject electrons, and in transverse size ratio variables, to suppress

both muonic and electronic backgrounds, in the combination

1. the TRD cut applied to the leading—pT track only (leading e veto) and

a cut R; > 0.5; or alternatively

2. the TRD cut applied to both the leading- and 2nd—leading-pT track

(strong e veto) and a cut R?" > 0.2.

Special cases are treated as described in section 6.7.5. The choice between

these two schemes will be made based on a study of the behaviour of the

cuts in the data, to which we now turn.



Chapter 7

The search for three-prong tau

decays

7. 1 Introduction

With techniques to reject both neutral— and charged—current backgrounds in

hand, we now turn to a first application of the analysis to the NOMAD data.

A number of preliminary matters are treated in section 7.2: the simulated

event samples corresponding to the neutral current and each of the charged—

current background processes are normalised to correspond to the 1995-96

NOMAD data; we then define a set of cuts which reduce these backgrounds

to acceptable levels. In section 7.3 we compare distributions of variables in

the Monte Carlo with the data, and compare the number of events surviving

the cuts, in a search for the charge—conjugated process T+ —) UTW+7r‘w+ +

n7r°(n Z 0). Since we do not anticipate that any 7+ are present in the data,

the number of events passing the cuts provides an estimate of the combined

background due to neutral— and charged-current processes. A comparison of

the results of this “positives search” on the data and Monte Carlo thus serves

to test how well the backgrounds are currently understood.

In section 7.4 we make the same comparisons for the true three-prong

decay search, outside the region of the parameter space where tau decays

would be clearly visible above the background, as an additional test. Up

to this point we have not looked at the data in this region, which may be

considered as a sealed box containing any potential signal, to prevent bias

being introduced into the choice of variables, cuts etc. by a knowledge of their

effect in the data. We finally “open the box”, and determine the number of

events in the data surviving all cuts, in section 7.4.3. These results are then

used to provide an estimate of the rate of 1/” —> 1/1- oscillation in a simple
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two—flavour oscillation model in section 7.5. A discussion of the results, and

the potential for future development of this analysis, follows in section 7.6.

7.2 Definition of cuts on the normalised Monte

Carlo events

In the preceding chapters we have dealt with the neutral current and the var—

ious charged current backgrounds in turn, defining variables to discriminate

against neutral current events, and veto conditions to reject charged current

events. We now seek a set of cuts which will reduce the total background

to an acceptable level, while retaining some efficiency for three-prong tau

decays. To do this it is first necessary to normalise the various Monte Carlo

samples to the data, so that both the total rate of events and the relative

proportion of neutral current, 1/,J CC etc. events correspond to those expected

from our understanding of the WANF beamline and NOMAD acceptance.

This normalisation is described in section 7.2.1. We then proceed to choose

the variables on which cuts are to be applied, and to choose the values of

the cuts. After discussing a possible source of systematic error associated

with this procedure (section 7.2.2), we present the cuts, together with the

distributions of the relevant variables in the Monte Carlo, in section 7.2.3.

7.2.1 Normalisation of the simulated events

The determination of the rate of neutral current, 1/e charged current, and

other events in the data, compared to the rate for the dominant 11,, charged

current process, is a study in its own right, requiring a dedicated analysis. For

the purposes of the present work we rely instead on the relative proportion of

interactions determined by the NOMAD simulation of the WANF beamline,

described in section 2.2.3 above. The resulting normalisation of the simulated

event samples to the data proceeds in several stages, as follows.

Normalisation of the 11,, + N —> p‘ + X Monte Carlo to the data

In setting the total number of each class of event expected in a given period,

we use the 1/“ + N —) ,u‘ + X sample as the reference since the majority of

these events have an identified ,u' providing a well-defined tag. We take the

number of events

0 with a fitted primary vertex in the fiducial volume,

0 with a matched negative muon fitted to the primary vertex,
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Event sample Nvm N,._1D

fitted vertices in events with a p—

the fiducial volume identified and fitted

“4—module” data 70481 22915

“8—m0dule” data 80811 34173

“ll-module” data 79574 38938

total 1995 data 230866 96026

total 1996 data 440949 219117

TOTAL 1995—96 DATA 671815 315143

V“ CC simulation 2618899 I 2106080

normalisation factor Tupcc 0.1496    
 

Table 7.1: Normalisation of the 11,, CC sample to the 1995—96 data.

0 with at least one other track fitted to the primary vertex, and

o passing the pFerm; < 1.0 GeV/c cut (in the case of the Monte Carlo; see

section 6.4.3)

as a measure of the sample size for both the data and the 11,, CC Monte Carlo,

and adjust the Monte Carlo accordingly. The resulting values are shown in

table 7.1. Note that at this stage we have made no correction for varying

acceptance etc. in the 4— and 8—module data, nor for events passing the cuts in

the data which are due not to 11,, CC but to meson decay and other processes.

In both cases the effect on the final estimate should be small.

Normalisation of the minor charged-current samples

The remaining charged—current samples were then normalised by using the

number of events

0 with a fitted primary vertex in the fiducial volume, and

o passing the ppermi < 1.0 GeV/c cut

as a measure of the sample size: its ratio with the corresponding number for

the V” charged current was corrected to match the ratio of charged-current

interactions predicted by the simulation of the neutrino beam (section 2.2.3).

The 11,, CC normalisation was then used to provide an absolute normalisation

to the data. The resulting normalisation factors are shown in table 7.2.

The samples used correspond to 35 (3“), 97 (V3) and 308 (7..) times the
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sample Nvert rvert : ##53 ngd = NuJCedC rnorm = 7%? X 7‘11,,CC
uert pred

V), CC 2618899 1.000 1.000 0.1496

test V” CC 694352 0.265 1.000 0.564

7,, CC 475526 0.1816 0.0339 0.0279

test 7,, CC 172314 0.0658 0.0339 0.0771

Vs CC 559918 0.2138 0.0148 0.01036

We CC 230953 0.0882 0.00191 3.24 X 10—3  
   
 

Table 7.2: Relative normalisation of the charged-current Monte
Carlo samples, and the final normalisation to the data. The columns

show for each sample respectively the number of vertices in the fidu-

cial volume, the ratio of this number to the V), CC, the expected ra—
tio based on the beamline simulation (section 2.2.3), and the overall
normalisation factor applied. The role of the “test” sub—samples is

described in the following section.

expected number of events in the data, so that the contribution of Monte
Carlo statistics to the uncertainty on the predicted background from these

processes will be small.

Normalisation of the neutral current sample

Finally, to normalise the neutral current simulation to the data, it was first

necessary to set the expected ratio of neutral- to charged-current interactions.
Using the relations of Llewellyn—Smith (1983)

R, = p2 (g — sin2 (9w + g—sin4 0w(1 + r)) (7.1)

R—— 2 -1-—sin20 +§sin49 1+l (72)u — P 2 W 9 W 7‘ -

we set the ratio of neutral— to charged-current interactions strengths to p = 1,
use the world—average for the Weinberg angle (in the on-shell convention)

sin2 6w = 0.226 (Caso et al., 1998, section 10), and take the fraction of U to

V CC interactions on nucleons to be 7' = % = 0.507 (Hikasa et al., 1992);
this yields

__ 0'(V1+N—}V(+X),_————= .1 .
U(V1+N—>l"+X) 037 (73)
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Neutrino species r132, BARF) rag, = 7'ng >< Hi,

V“ 1.000 0.317 1.000

3,, 0.0339 0.358 0.0383

V6 0.0148 0.317 0.0148

77.. 0.00191 0.358 0.0022

correction r529, 1.055

effective RV 0.334       
 

Table 7.3: Correction of the 12,, neutral current normalisation in

order to take 7“, Va and We neutral current processes into account.

[F  
Quantity I test 14, NC I 11,J NC ll
 

 

 

 

 

 

  
 

    

Nu... 320162 1060321

rm = Nita: 0.1223 0.405

RV 0.317 0.317

”F. 1.055 1.055

moo 0.1496 0.1496

rm... = TRCE; >< riff. >< moo 0.409 0.1236    
 

Table 7.4: Relative normalisation of the up neutral-current Monte

Carlo sample, and the final normalisation to the data. The figures

shown are respectively the number of vertices in the fiducial volume,

the ratio of this number to the 11,, CC sample, the expected ratio,

the correction due to other neutrino species, the normalisation of

the 11,, CC, and the overall normalisation factor for neutral currents.

The role of the “test” sub—sample is described in section 7.2.2.

for the neutrino species, and

0'(771+N—)31+X)

m= “-358

for the antineutrinos.

Separate runs on simulated Fug/e and 7,. neutral current event samples

have not yet been carried out, so these processes were taken into account

by incrementing the 11,, NC sample by the appropriate number of events.

Clearly this does not give the correct radial distribution of vertices for these

processes, and in the case of the Us and Tie samples the interactions will be

insufficiently energetic in the mean (section 2.2.3). As shown in table 7.3,
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the overall correction to the expected neutral current interaction rate is only

5.5% in this approximation so any additional corrections due to the differing

radial— and energy—spectra should be small.
The normalisation of the neutral current sample to the data is then shown

in table 7.4. The Monte Carlo statistics used correspond to eight times the
expected number of interactions.

7.2.2 A problem in the estimation of efficiency of cuts

Both the choice of cuts against background, and estimates of the efficiency

with which background and three-prong tau decay events pass the cuts, have
been made based on the normalised samples just described. In this situation

there is a risk of incorrectly estimating the efficiency with which a class of

events passes the cuts. Where a variable is continuous, the decision on where
to place the cut is based on the rejection it imposes on the background sample

B, and the efficiency with which events from the signal sample S pass the

cut: an estimate based on the effect of the cut on the samples B and S is in
each case biassed by the preceding decision.

For example, supposing that events from the background B pass some

cut requiring :1: > :20 at an (unknown) small rate b, corresponding to only
3 events in the Monte Carlo sample being considered. However due to a
statistical fluctuation only 1 event in fact passes the cut. This influences the

decision to place the cut at this value rather than some more strict value

:1: > :61 = $0 + 6, and the cut is considered to be more effective at reducing

the background than it is in fact. Upward fluctuations of course also occur,
so that in some situations estimates of this kind are too pessimistic. However
their effect is to deter placing the cut at the value :50, so that it is placed at
some more strict value :1: 1 where the fluctuation is reduced or removed. A bias

towards over—estimating the rejection power of cuts against the background

is thus introduced.

In a similar way, an upward fluctuation in the number of events from

the signal sample passing a cut will influence the decision to place the cut
at that value, introducing a bias towards over—estimating the rate at which
signal events pass the cut. Where a. “cut” is discrete (such as the decision on
how many tracks should be subjected to muon- or electron-veto conditions)

there is likewise a bias due to fluctuations in the effect of the cut on signal
and background events.

This problem has been addressed as follows: for the three—prong decay
sample, and the V”, neutral-current and 1/” charged-current backgrounds, de—
cisions have been based on approximately one—third of the final Monte Carlo
sample in each case: these are the “test” sub-samples included in the nor—
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malisation tables 7.2 and 7.4 above for completeness. The estimate of the

rate at which events pass the cuts has then been made using the full sample.

The effect of statistical fluctuations on the decision—making process is in fact

increased by this process (the relative size of fluctuations in the test samples

will be greater by a factor x/Z’: E 1.7 in the mean) but the estimate of the

effect of the actual cuts chosen is more reliable.

For the 118 and is charged current backgrounds, the Monte Carlo samples

used were in both cases a very large multiple of the expected sample in the

data, and the number of surviving events in the full samples were of order 100,

so that statistical fluctuations are expected at the 10% level: the full samples

were therefore used throughout. For the most part the 3,, charged—current

sample was treated as a variation of the main V” CC, with no additional

decisions needing to be taken: the exception being studies of the transverse

size ratio cuts described in section 6.7.6 above, where the relative size of the

5,, background was important to establish: a test sample comprising a 40%

of the total was used.

For the remainder of this chapter, all efliciencies quoted and distributions

shown will be for the full Monte Carlo samples, to avoid the unnecessary

duplication of quoting test— and full-sample efficiencies. It should therefore

be stressed that all decisions, including those of the previous chapter, were

taken based on the test samples.

7.2.3 The choice of variables and cuts against the total

background

In the previous chapter (section 6.7) we defined nominal cuts against the

neutral current events, requiring

1. qT > 1.4 GeV/c for the isolation,

2. MR < 2.2 GeV/c for the required mass, and

3. E37r > 20.0 GeV/c for the energy of the 37r candidate.

Given these cuts, we set additional conditions to suppress the Vu/Vu charged-

current backgrounds which remained. An event is rejected if

4. any drift chamber track is matched to track segments in the muon

chambers (section 6.6.2);

5. a muon chamber track-in-space points close to the central detector

volume (section 6.7.1);
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6. the highest— or second—highest-ranked track in pT satisfies any of the

conditions

(a) in both z- and y-projections, a muon chamber hit or track segment

is associated to the track (loose muon identification), or

(b) the detectability criterion cl defined at (6.26) is less than 0.95
(track not detectable as a muon), or

(c) the probability for the track to pass through the gap in the first
muon station, assessed using the method of section 6.6.4, is greater
than 104;

tracks with end-vertices being treated according to the prescription of

section 6.7.3.

To suppress the electronic backgrounds, the event is rejected if

7. any track fitted to the primary vertex, or its daughter, is identified as

an electron (section 6.7.4); or

8. either the highest— or second—highest—ranked track in [IT has a TRD
electron acceptance E. > 0.01, with special cases treated as defined in

section 6.7.5: note that this implies that the event is rejected if the

tested track is outside the TRD acceptance.

To suppress all of the charged-current backgrounds, particularly in the high—
qT region, a final cut on the event structure is made, requiring

9. R?” > 0.2, where R?" is the minimum value of the transverse size ratio
R}; over all tracks 2' at the primary vertex (sections 6.6.7 and 6.7.6).

In (8) and (9) we have chosen for definiteness the second of the two options
canvassed in section 6.7.6.

These cuts were determined by treating the neutral— and charged-current
backgrounds in isolation. Applying them to the combined background, as
normalised in section 7.2.1, we find that 5.6 events are expected to survive.

By comparison, 2.4% of three—prong tau decays survive these cuts: for os-

cillations occuring at the previous experimental limit, sin2 20 = 5 X 10‘3

at large Am2 (Ushida et al., 1986), 1.7 three-prong decay events would be
expected; for the strongest limit currently published, set by the combined

NOMAD analysis of several tau decay modes, sin2 20 = 1.2 X 10‘3 (Astier

et al., 1999a), 0.40 events would be expected.1 Any signal would not there-

fore be visible above the background. A more stringent qT cut yields better
 

1The method for calculating the expected number of tau events in the case of oscillations

is discussed in section 7.5.1.



7.2 Definition of cuts on the normalised Monte Carlo events 329
 

 

  

 

 

 

       
  

1.461

0.3245

1.5 2 2.5 3 3.5 4 4.5 5

(a) expected background at high qT ‘17 (GeV/c)

$710.15— Meon 2.210

g ' RMS 0.7489

-2
1o _

-3
10 :—
|||l|l|
 

. n . . 1

1.5 2 2.5 3 3.5 4 4.5 5

(b) signal at present limit, high ‘11 ‘11 (GeV/c)

Figure 7.1: The expected total background in the high-qT region

for 1995—96 data statistics (a); the expected tau signal if oscillations

occured at the present published limit is superimposed, dotted, and

shown separately at (b).

performance, with an expected number of observed three-prong decays 1.2

and 0.3 respectively, above a background expectation of m 1.

The situation is not of course as simple as just presented:

0 the final analysis would take place using the full 1995—1998 dataset,

which is more than twice as large as the 1995—96 dataset used here;

0 in practice this analysis would be combined with analyses of other

decay modes 7‘ —-> VTUee’, 7" —) um", 7'_ —> VT7r"7r0, with the

oscillation level or limit being set by the four results taken together;

0 to properly exploit the difiering qT distribution of the expected back—

ground and any three—prong decay signal (figure 7.1) we would carry

out the analysis in several bins in qT, the number of surviving events

with (say) 2.0 < qT < 3.5 GeV/c being significantly more sensitive to

the presence of a 7' signal than events with 1.4 < qT < 2.0 GeV/c or

events in the extreme tail qT > 3.5 GeV/c.
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Notwithstanding these points, the sensitivity of the analysis to oscillations

should clearly be improved if possible. Apart from the more fundamen-

tal improvements canvassed below (section 7.6) the values of the cuts (1)

through (3), (6b) and (6c), (8) and (9) are in many cases rather arbitrary,

and should in principle be tuned. Prior to testing the prediction of the back-

ground in the data, however, we will treat the cuts (2) through (9) as fixed,

and allow the value of the isolation cut (1) to vary if needed. More subtle

changes to the cuts may be made, if warranted, at a later stage.

7.3 A search for three-prong 7+ decays using

an equivalent analysis

We may gauge the effect of these cuts in the data, without prejudicing the

final result, by conducting a search for the charge-conjugated decay 7+ ——->

'17,7r+7r"7r+ + n7r°(n Z 0). The flux of 7,, is sufficiently low, with 1.3 x 104

charged—current events expected in the 1995—96 data as normalised above,

that even if 17,, ——> E oscillations occurred at the previous experimental limit,

we would expect only two three—prong 7+ decays to occur in the data. Given

the efficiency of the analysis we would not therefore expect to see any signal,

even in this most optimistic case; and the present NOMAD limit is in any

case more stringent by a factor of three.

It turns out that a 7" signal, if it exists, may also contribute to the

apparent T+ —-> UT7r+7r‘7r+ + n7r°(n Z 0) rate. The dominant process is for

a 7r'7r+ pair from three—prong 7" decay to be grouped together with a 7r+

from the hadronic system, yielding a 7r+7r‘7r+ combination which in some

cases approximates the kinematics of the 7" and has acceptable invariant

mass. (This may be compared with 7r"7r+7r‘ combinations with Z 1 “wrong

pion” being selected, and passing cuts, in 1" decay events; section 4.6.)

Recent simulations have shown that such an “induced” 7“" signal would be

reduced by a factor of 10 with respect to the true 7’ signal (DiLella, 1999):

u), ——) V7- oscillations at the level of the previous experimental limit Would

therefore induce a negligible 7r+7r‘7r+ signal in the 1995—96 data.

We may therefore use the number of surviving events in a “positives

search” as a measure of the background, to gauge how well the backgrounds

have been modelled in the Monte Carlo, and to test whether the analysis is

robust against the inevitable differences between simulated and actual events.

As a first test (section 7.3.1) we compare distributions of significant variables

in the Monte Carlo and the data, with the veto conditions (4) through (9) in

place, but without applying the cuts (1), (2) and (3). In section 7.3.2 we then
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compare the rate at which events survive the full set of cuts, as the isolation

cut (1) is varied, for the simulation and the data. Certain difierences are

found, and a correction to the simulation is defined in section 7.3.3 as a means

of taking these differences into account. A further means of correcting for

differences between simulation and data is briefly discussed in section 7.3.4.

7.3.1 Distributions for Monte Carlo and data positives

Beginning with the most important analysis variable, the isolation qT, we are

immediately confronted with significant differences between the simulation

and the data. Based on figure 7.2, we may identify two key discrepancies, as

follows:
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Figure 7.2: The isolation variable qT in the normalised Monte Carlo

(histogram) and the data positives (points with Poissonian error

bars). Statistics refer to the data. Events with identified muons

and electrons have been rejected, and the vetos against muons and

electrons for the leading— and 2nd-leading pT tracks have also been

applied; no kinematic cuts have been imposed. The isolation of the

background is underestimated in the Monte Carlo: there is also a

significant additional population at the highest qT values.
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1. The isolation is in general underestimated in the simulation, an effect

visible as a horizontal displacement between the otherwise—similar data

and Monte Carlo distributions (linear scale, upper plot). This effect is

seen in all NOMAD analyses and is imperfectly understood, although

poor simulation of the details of fragmentation at low Q2, nuclear rein—

teraction effects, and the omission of some subtleties of drift-chamber

response from the Monte Carlo have all been suggested. In any case,

a technique to at least partially correct this problem exists, and is

discussed below in section 7.3.4.

2. There is a significant additional background at large values qT > 1.3 GeV/c

(say) for which mere underestimation of qT appears an insufficient ex-

planation: for some values the number of survivors in the data is in

excess by factors of four or five. We note in addition that the qT—

underestimation effect is in the first instance a problem of the neutral

current background, and that the expected level of this background

at very large qT g 2.0 GeV/c is insignificant, while the observed data

excess is prominent in this region. This suggests that the excess is due

to charged—current events which have not been properly controlled.

A consistent picture emerges if we survey the other important variables

of the analysis (figures 7.3 through 7.7). In general the agreement between

the simulation and the data is good. Among the four remaining summary

kinematic variables defined in chapter 3 the candidate energy E3”r is overes-

timated in the Monte Carlo (figure 7.3(b)), which may have the same under-

lying cause as the underestimate of qT: hadronic systems are more “open”,

with particles having more momentum perpendicular to the system axis, in

the data than in the simulation. On the other hand, the small but significant

excess of events with 0.25 < p37r < 0.50 and MR Rs 2.3 GeV/c, visible above

distributions which are otherwise remarkably well-reproduced, is consistent

with an additional charged—current background, these events typically having

required mass values in the signal region (cf. figure 6.21) and large transverse

momentum fraction p3".

Turning to the 37r structure variables, the invariant mass distribution is

well-predicted for the higher values 1.1 < M33, < 1.5 GeV/cz, while there is

a small but consistent excess at lower masses 0.8 < M317; < 1.1GeV/c2, not

presently understood (figure 7.4). Of the remaining quantities, the two—pion

mass—squared variables 51 and .52 are very well predicted by the simulation

(figure 7.5(a) and (b)). Most of the distribution of the scale—free opening

angle 73mm“ is similarly in close agreement, although there is a signifi—

cant excess at the peak, representing the lowest values readily attainable,
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Figure 7.3: The four remaining summary kinematic variables in the Monte Carlo

(histogram) and data positives (points with Poissonian error bars). The agreement

across the distribution is good for (a) the required mass and (d) the 37r transverse

momentum fraction. The candidate energy (b) is overestimated in the Monte

Carlo, reflected also in the 31r energy fraction (c) Where the agreement in the shape

of the distribution is poor. The small excess in the required mass distribution

about the peak MR z 2.3 GeV/c is consistent with an additional charged-current

background; see the text.
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in the data.

73W0max g 1 (figure 7.5(c)). An examination of the processes giving rise to

this distribution (appendix C.2) shows that for low 37r masses M33, lead—

ing to limited pion momenta 13" in the 37r rest frame, 73mm“ is restricted to

these low values. The excess is thus consistent with that seen in the invariant

mass.
Finally, the isolation angle Bisol is seen to be significantly overestimated

in the Monte Carlo, with a clear excess of cases in the data where the 37r and

hadronic systems overlap (Hisol < 0), and a deficit of cases where all of the

31r tracks are well-isolated from the hadronic system (Gisol > 0.3; figure 7.6).

This may reflect the same differences in the hadronic system between the

simulation and the data as have been seen in the qT and E37r distributions.

The most significant evidence supporting the interpretation of an addi-

tional charged-current background ((2) above) is seen in the distributions of

the transverse size ratio variables (figure 7.7). For both R17 and Rf", the

distribution for RT > 0.3 is very well predicted, while an excess of events is

clearly visible in the RT < 0.3 region where the charged—current backgrounds

are concentrated.
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Figure 7.5: The remaining 37r structure variables in the Monte Carlo (histogram)

and data positives (points with Poissonian error bars). The agreement is good

for the two—pion mass-squared variables (a) 31 and (b) 32. The scale-free opening

angle (c) is overestimated in the Monte Carlo, consistent with the underestimate

of the invariant mass 33;; see the text. The isolation angle ((1) is overestimated

in the Monte Carlo: see also figure 7.6 and the discussion in the text.
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Figure 7.6: The candidate isolation angle oisol in the Monte Carlo and data posi-

tives, shown with a logarithmic scale. The Monte Carlo predicts 37r systems whose

tracks are systematically more isolated from the rest of the event than those ob-

served in the data.
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(b) transverse size ratio R711" in the positives

Figure 7.7: The transverse size ratio, minimised over (a) negative tracks and (b)

all primary vertex tracks, in the Monte Carlo and data positives. In both cases

agreement across the distribution is good, excepting a significant excess of events

at low values RT < 0.3.
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7.3.2 Events surviving cuts in the data positives

Turning to the events surviving kinematic cuts and the R1?“ > 0.2 structure

cut, we find that the excess of events noted in the previous section is still

present. There is a substantial additional population at large values of the

isolation qT, leading to a dramatic excess of events surviving any given out

(1T > q?” in the data positives (figure 7.8(a) and (b) respectively).

Considering the 28 events passing the cuts defined above (Le. with the

isolation out set to qT > 1.4 GeV/c) we find that the remaining kinematic

variables are consistent with a charged—current background, so far as the lim-

ited statistics allow a comparison to be made (figure 7.9). The required mass

distribution is peaked about MR N 1.6 GeV/c, as is typical for 37r candidates

in charged—current events, rather than having a strictly rising distribution
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Figure 7.8: (a) The isolation variable (IT in the normalised Monte

Carlo (histogram) and the data positives (points with Poissonian

error bars), after vetos and all other cuts have been applied. (b)

The number of events surviving all cuts as a function of the isolation
cut

cut 9T .
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Figure 7.9: The remaining summary kinematic variables for the events surviving
all cuts (including qT > 1.4 GeV/c) in the data positives.
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as would 371' from neutral-current events (7.9(a), cf. figure 6.21). Another

variable offering some discrimination between the two classes of background

is the transverse momentum fraction pa", with a rather fiat distribution at

large qT values in neutral current events (see e.g. figure 4.12) which is re—

tained under additional kinematic cuts, while the distribution for charged

current events is strongly concentrated at high p3”, with only a small tail

to values p37r < 0.3. The surviving events exhibit a p31r distribution of this

second kind (figure 7.9(d)).
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Figure 7.10: The 371 invariant mass M€31r for the events surviving

For completeness we also show the distribution of invariant masses for

the surviving events (figure 7.10) although this offers no discrimination be—

tween background hypotheses. By contrast the transverse size ratio variables,

bearing in mind that a cut R?" > 0.2 has already been applied, have a distri-

bution consistent with that expected for charged current events (figure 7.11,

cf. figure 6.30(a) of the previous chapter) rather than the concentrations

about R7? 2: 0.9 and R?“ m 0.7 characteristic of neutral current events

(figures 6.28(a) and 6.31(a); these distributions are robust under kinematic

cuts).
Some tests have therefore been made to check for gross failures of the

muon- and electron-rejection procedures defined in the previous chapter. As

noted in section 6.7.3, the data files on which this analysis is based have

corrupt information concerning the probability of tracks to pass through

the gap in the muon detection system, and any “hits” in the muon veto

scintillators are furthermore unavailable. It is not possible at present to

include this information in the analysis in a consistent manner, since this

would require the re—production of the analysis data format for the large
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Figure 7.11: The transverse size ratio, minimised over (a) negative
tracks and (b) all primary vertex tracks, for the events surviving all

cuts (including W > 1.4 GeV/c) in the data positives.

Monte Carlo samples listed in section 7.2.1; however, carrying out this task

on the 1995 and 1996 data we find that when the relevant information is

restored, the number of surviving events falls from 28 to 26. The higher-
than—expected rate of survivors is therefore not due to this oversight, at least

in the first instance. Studies on the nature of the background are continuing.

It was partly in anticipation of possible problems of this kind that this

analysis was temporarily restricted to the 1995-96 data. The higher—than-

expected background suggests that the control of event quality and charged-
current processes is not sufliciently mature to justify finalising the momentum

reconstruction, quality and signal-defining cuts. However for completeness
we will apply the cuts so far defined to the 1995-96 data, and assess the results

as a test of the method developed up to this point. The 1997 and 1998 data

will be kept in reserve, so that any influence which our knowledge of the data

might have on subsequent refinements to the analysis is minimised.
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7.3.3 Adjustment of cuts and construction of a correc-

tion factor

We noted in the previous chapter (section 6.7.6) that transverse size ratio cuts

are most effective against charged current events at large qT values. Since

we appear to have a problem with a poorly-controlled background of this

type, further RT cuts suggest themselves as a way of reducing the number

of survivors in the data. For example, if we apply a cut in the variable Rf

in addition to the cuts already defined, we find that the number of surviving

events falls significantly; the disagreement with the Monte Carlo prediction is

also reduced (figure 7.12). Clearly we incur a loss of efficiency for three-prong

decays by merely adding a cut in this way (17%), but short of an extended

study of the problem there is little present alternative. In addition to the

cut (9), then, we require that
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Figure 7.12: Events surviving all cuts in the Monte Carlo (his—

togram) and data positives (points with Poissonian error bars), (a)

for the vetos and cuts previously defined, and (b) when an additional

cut R7? > 0.5 is imposed.
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10. R7? > 0.5, where R; is the minimum value of the transverse size ratio

13% over all negatively-charged tracks i at the primary vertex.

Even with this cut in place, we see from figure 7.12(b) that the observed

background to the 7+ —> 7,7r+7r‘7r+ + n7r°(n 2 0) search exceeds that

predicted by the Monte Carlo, and we would anticipate a similar phenomenon

in the 7" —> V¢7T_7I'+’/T_ + n7r°(n _>_ 0) search. Accordingly we define an ad

hoc correction factor

dZer N+(qr > Wham (7 5)

N+(qT > C1%")M0 '

by which we will multiply the Monte Carlo background prediction for the 7"

search at any given qfil“. Plots of this quantity for the cuts defined above,

0(fit)
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Figure 7.13: A multiplicitive factor C(qffW), based on the results of

the positives search in the data, to correct the number of survivors

predicted by the Monte Carlo, (a) for the vetos and cuts previously

defined, and (b) when the additional Rf > 0.5 cut is imposed. The

10 uncertainty due to the data and Monte Carlo statistics used is

shown using error bars: clearly the uncertainty for neighbouring q?“

values is strongly correlated.
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and after the additonal cut (10) is imposed, are shown in figure 7.13: the

improvement with the B4? cut is clear. I

The limited data statistics, and the low number of surviving events at

high q; in the Monte Carlo, lead to a significant uncertainty on the value

of the correction factor, also shown in the figure. This is unsatisfactory as

uncertainty in the background prediction greatly complicates the calculation

and interpretation of physical parameters from experimental results. In the

following sections we will therefore restrict ourselves to values of the isolation

cut where the correction factor C, and its uncertainty, are relatively modest.

7.3.4 “Data simulator” corrections for the neutral cur-

rent background

For completeness we should also note an established technique for correct—

ing the neutral current Monte Carlo for the apparent mis-simulation of the

hadronic system, noted above (section 7.3.1). Beginning with identified

11,, charged—current events in the data, the muon track and any associated

calorimeter clusters, muon chamber hits etc. are removed from the data

structure, and the measured muon momentum 15‘“ is assigned to a Monte

Carlo lepton l which is added to the event. In the case I = 11 no addition

is required, and this data simulator technique yields “fake” neutral current

events, with hadronic system properties taken directly from those in the data,

although there is a charge-bias effect due to the fact that a charged lepton

rather than a neutrino was actually produced in the deep inelastic scattering.

For the case I = 7', granted a proper simulation of the 7' decay and detector

acceptance etc. for the decay products (the latter being a non-trivial task),

fake tau decay events are obtained.

The efficiency with which neutral current backgrounds pass cuts in the

established NOMAD analyses is then calculated as

 6 = 6M0 >< EDS (7-5)
CMCS

where 6M0 and 6135 are the efficiencies for Monte Carlo and “fake” neutral

current events respectively; eMcs is the efficiency for Monte Carlo 11,, charged-

current events where the muon has been removed in an analagous way (the

“Monte Carlo simulator”). The ratio 6133/CMCS is a suitable correction factor

for the Monte Carlo efficiency, describing the differences between hadronic

systems in the Monte Carlo and the data, on the assumption that any dis—

tortions due to the muon removal, or charge bias, cancel in the ratio. (Astier

et al., 1999a, section 4.1)
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A data simulator for the present analysis has not yet been implemented.

Since the correction factor C defined in the previous section is applied to the
combined background we are already taking Monte Carlo underestimates of
the background into account, albeit in a much more crude manner than is
done with a data simulator. We further note that

o the correction Cps/EMCS for the neutral current background to the

three—prong analysis reported by Astier et al. (1999a) was found to
be 1.1, modest compared to the correction already employed for this

analysis; and

0 based on the distributions shown above we suppose, although we cannot

prove, that this analysis is in any case dominated by a poorly—controlled

charged—current background.

It is also conventional to apply a correction as at (7.6) to the efficiency

with which simulated tau decay events pass analysis cuts. However, no such

data simulator study has yet been carried out for a full three-prong decay

analysis in the NOMAD experiment. This matter is discussed further in

section 7.5.2 below.

7.4 Results of the analysis for the 1995-1996

data

As discussed in section 7.3.1, the presence of a background at high—qT not

predicted in the Monte Carlo suggests that the data-quality controls in this
analysis—especially for charged current events—require further development.
Nevertheless we may make a preliminary application of the analysis to the

data using the correction factor defined by the positives search (section 7.3.3)
to model the differences between the simulation and the data.

With this correction in hand, we choose a final qT cut in section 7.4.1,

in such a way as to maximise the sensitivity of the analysis to oscillations.

We also define a blind region or sealed box with a more loose cut in qT:
in section 7.4.2 we compare distributions of events in the data with the

Monte Carlo, excluding any events in the blind region where a potential
signal might be apparent, as a last test on the data; the rate of surviving

events in the Monte Carlo, multiplied by the correction factor defined above,

is also compared to the data outside the blind region. Finally, in section 7.4.3

we open the box to discover the number of events in the data surviving all

cuts.
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7.4.1 Choice of final QT cut and blind region

With all elements of the analysis now fixed, it remains to choose the final

cut in the isolation variable qT which defines the signal. Clearly we wish to

do this in such a way as to maximise the sensitivity of the analysis to any

three-prong tau decays which may be present, and alternatively to set the

most stringent possible upper limit in the case that no signal is observed.

Once the value of q?“ is chosen, we proceed as follows. Given an observed

number of events Nobs with qT > q?”, and passing all other cuts, and the

expected number of background events with these same properties New, we

determine either an upper limit or a confidence belt for a neutrino oscillation

signal using the unified approach of Feldman and Cousins (1998). In this

way the choice between setting a limit and setting a confidence belt is made

consistent with coverage at the desired confidence level (see the discussion in

the work cited). In order to measure the intrinsic sensitivity of an analysis to

the underlying physics—rather than the result actually obtained, which may

be a strong function of background fluctuations, mis—estimates eta—these

authors recommend the use of the following quantity: the average upper

limit on the number of signal events which would be found in an ensemble

of experiments with expected background New, but no true signal. This

quantity, which we will label N53,”, provides a suitable way of choosing the

value for the cut in qT.

We use table XII of the work cited to find Nsem as a function of the

expected background New, choosing a 90% confidence level for the final limit

or confidence belt. In order to choose the best sensitivity to the oscillation

probability P, we minimise the ratio

Nse'ns

6.
(7.7)

where 6.,- is the efficiency with which three-prong tau decays pass the cuts.

Clearly c, is a function of qfrut; Nsens is also a function of q?“ due to its

dependence on New. The ratio (7.7), which will be more fully motivated in

section 7.5.1, is plotted for a range of qffi“ values in figure 7.14.

The resulting curve is relatively flat for a broad range of cuts qT > q%“‘,

rising significantly only for q?“ values above 2.4 and below 1.2, and so some

additional criteria are appropriate in choosing a value.2 We choose to

 

2We cannot at present make a consistent plot of the sensitivity for g?“ values of 1.3

or below as the table of N5,3m values in Feldman and Cousins (1998) stops at New = 15.

Accordingly the sensitivity (7.7) with N55m calculated using a 90% confidence Poisson

upper limit, given Nab, = exp, is shown dotted in the figure. This quantity provides an

under-estimate for the sensitivity of Feldman and Cousins, as can be seen from the region
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Figure 7.14: The sensitivity to the neutrino oscillation probability,

Nsens /67-, as a function of the qT cut. The solid line shows the sensi-

tivity as calculated using the Nsen, values of Feldman and Cousins,

while the dotted line shows the sensitivity where Nsens is set using

the standard Poissonian upper limit (both at 90% confidence; see

the text). A detail of the lower-(153‘t region is shown in (b).

1. improve the efficiency with which any true three—prong tau decays

would be detected; and

2. minimise the correction defined in section 7.3.3 which must be applied

to the expected background.

Both criteria select a value at the low end of the minimum—region, as e, is

a monotonically falling function of qgf“, and the correction is a monotically

increasing function of q?“ in this region. The value used as a nominal cut up

to this point, qT > 1.4 GeV/c, is therefore suitable as the final value for the

cut.

 

where the curves overlap, and is included as a guide to the evolution of the sensitivity as

qfifut is lowered.



7.4 Results of the analysis for the 1995—1996 data 347

We will use the lower value (1T 2 1.2 GeV/c to define a blind region or

sealed “box” which we will exclude from consistency plots, etc., when the

data is first examined.

7.4.2 Comparison of distributions for Monte Carlo and

data events

As a first test of the analysis we compare the number of events surviving

all cuts with the corrected background prediction, for values of the isola-

tion cut outside the blind region: the results are shown in figure 7.15(a). A
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Figure 7.15: The number of events surviving all cuts in the data, as a

function of the isolation cut qCT'“, outside the blind region. Note that

in this case the data is shown as the histogram: points with error

bars show the expected background and its uncertainty, (a) after

correction with the factor C(qfil‘t) described above, and (b) with no

correction applied. The agreement with the data is greatly improved

by the correction, although the uncertainty on the background also

rises substantially. (Note also that the uncertainty for neighbouring

q?“ values is strongly correlated.)
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satisfactory agreement is seen, although we should note that a substantial un—
certainty has been introduced into the background prediction by the limited

number of events used to define the correction, as discussed above. (The sta-
tistical uncertainty is shown; we do not here attempt to assign a systematic

uncertainty to this procedure.) By contrast, the uncorrected background
prediction has a relatively low uncertainty, governed by the Monte Carlo
statistics, but the agreement with the data is very poor, even for isolation

cuts as low as qT > 0.9 GeV/c where we would not expect any oscillation sig—

nal to be clearly manifested (figure 7.15(b); cf. figure 7.1 and the discussion
of present limits in section 7.2.3 above).

Considering the distributions of analysis variables in the data, with the

lepton vetos in place but without other cuts applied (figures 7.16 through 7.20),
we see in general a similar behaviour to that of the positives sample (cf. fig-
ures 7.2 through 7.7). The distribution of qT outside the signal region shows
the well-known offset from the Monte Carlo prediction discussed above (fig—
ure 7.16). The remaining kinematic variables are in better agreement with
the Monte Carlo prediction than was the case in the positives search: the

excess at the peak in the required mass MR is less significant, and the candi—

date energy E37r reproduces the Monte Carlo prediction in the tail, whereas

a deficit was seen in the positives (figure 7.17, cf. figure 7.3).
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(histogram) and the data (points with Poissonian error bars). Statis-

tics refer to the data. Events with identified muons and electrons
have been rejected, and the vetos against muons and electrons for

the leading— and 2nd—leading pT tracks have also been applied; no
kinematic cuts have been imposed. The signal or “blind” region

qT > 1.2 GeV/c has been excluded.
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Figure 7.17: The four remaining summary kinematic variables in the Monte Carlo

(histogram) and data (points with Poissonian error bars). The agreement across

the distribution is good for all variables except the energy fraction (c).
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By contrast in the 37r structure variables there is greater disagreement
with the Monte Carlo: the difference in the shape of the invariant mass dis—

tribution is noticeable (figure 7.18) and there is a corresponding, and rather
pronounced distortion in the opening angle distribution (figure 7.19(c)). For
the transverse size ratio variables, the excess at RT < 0.3, discussed above,
is seen (figure 7.20).
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Figure 7.18: The 37r invariant mass M31; in the Monte Carlo and
data. The excess of candidates at low masses is more pronounced

than in the positives search (cf. figure 7.4).
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the peak in the scale—free opening angle (0) are much more pronounced than in

the positives search (cf. figure 7.5), consistent with the behaviour of the invariant

31r

mass Min”.
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(b) transverse size ratio R711" in the data

Figure 7.20: The transverse size ratio, minimised over (a) negative

tracks and (b) all primary vertex tracks, in the Monte Carlo and

data. Note the excess of events at low values RT < 0.3.

7.4.3 Results in the signal region

Turning to the results within the blind region we find for the isolation cut

previously defined, qT > 1.4 GeV/c, and all other cuts and vetos ((2) to

(10)) in place, 10 surviving events in the data; the corrected background

expectation is 12 events. Examining the number of surviving events across a

large range of q?“ values (figure 7.21) we find that the corrected background

estimate agrees well with the data within its uncertainties: the behaviour seen

is thus rather consistent between the positives search and the true 1‘ ——>

V17r‘7r+7r‘ + n7r°(n 2 0) search shown here.
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Figure 7.21: The number of events surviving all cuts in the data,

as a function of the isolation cut qfiwut. Good agreement is seen with

the corrected background (a), within its substantial uncertainty, for

all values of the isolation cut. By contrast the data is in significant

excess of the uncorrected background (b).

7.5 Estimation of neutrino oscillation param-

eters

lntuitively it is clear that this result shows no evidence for neutrino oscilla-

tions within the present sensitivity of this analysis. In order to quantify this

statement we now proceed to calculate the limit on the oscillation probability

based on the observed number of events passing the cuts. The basic formulae

and quantities are set out in section 7.5.1; limits on the 11,, —) 1/,- oscillation

probability and mixing parameters, as well as the sensitivity of the analysis,

are then determined in section 7.5.2.
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7.5.1 Quantities determining the oscillation probabil-

ity

In addition to the numbers of events seen in the data Nobs, and the number

expected from the background New, we require the mean number of three—

prong decays which would survive all cuts if 1/” —) 1/, oscillations occurred

with unit probability. This quantity, which we label wa, is estimated using

the formula

NW“, 2 N“ X Z: X B(3—prong) x 6., (7.8)
0))

where the suppression of the 1/7— interaction cross-section (section 2.2.3), the
combined three—prong branching fraction, and the efficiency of the analysis
for three—prong decays are taken to be

a, _
a: _ 0.48, (7.9)

B(3—prong) = 0.152 and (7.10)

e, = 0.0196 (7.11)

respectively. We should note that the NOMAD Monte Carlo simulates the
three-prong decays using only the three modes listed at (2.9), but as these
have a total branching fraction of 0.145 and the remaining modes (involving
kaons) have a similar ratio of neutral—bearing to charged—only types, we as—
sume that the simulated modes are representative of the full set, and therefore

use the larger branching fraction at (7.10).
The total number of V“ charged-current events in the fiducial volume, Ny,

is itself an estimate, since we require the number prior to the effect of muon

identification efficiencies etc.. Using the quantities defined in section 7.2.1
where the Monte Carlo was normalised to the data (see table 7.1) we use
the efficiency of muon identification in the 1/” CC Monte Carlo to correct the
number of 1/), + N —> ,u— + X events identified in the data, setting

 d 1 NM?N). = M35 x N3; (7.12)
p-ID

= 391880 (7.13)

Where a limit Num is set on the number of three—prong decay events

seen, as is the relevant case here, the corresponding limit on the oscillation

probability is then

NlimNW. (7.14) P034141 —-) VT) <
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For alternative case of a confidence interval [Nijfsc] on the number of
events seen, the interval for the oscillation probability is determined in an

analogous manner.
We should also note that to determine the sensitivity of the analysis, in

the sense defined by Feldman and Cousins, we simply substitute the quantity

N86“ for Nam in expression (7.14). Consulting (7.8) we therefore find that

the sensitivity to the oscillation probability depends on the level of the qT

cut, and indeed on any of the analysis cuts, only through the quantities Nsem

and 6,. The ratio
Nse'ns

7

67
which was used without explanation in section 7.4.1 to set the level of the

isolation cut, is thus seen to be a suitable measure of the effect of the cuts

on the sensitivity of the analysis.

7.5.2 Limit and exclusion region for 11,, —+ 1/7- oscillation

Given the values listed above, we find from (7.8)

NW = 560. (7.15)

The values for the cross-section suppression, branching fraction, and num-

ber of 1/“ CC interactions used ((7.9), (7.10) and (7.13) above) are the best

presently available, but we should note that the estimate for the efficiency

with which three-prong decay events pass the cuts at (7.11) is rather poorly

controlled, being determined from the Monte Carlo simulation alone. Bear—

ing in mind the known mis-simulation of the hadronic system in the NOMAD

Monte Carlo, we should make some correction to this efficiency. As discussed

in section 7.3.4 above, “data simulator” studies for three-prong decay effi-

ciency have not yet been carried out: noting that a reduction as large as

18% has been found for the tau efficiency in previous analyses of other decay

channels, we use this figure as a correction for want of any other estimate.

Replacing the efficiency at (7.11) by

6: = 0.0161, (7.16)

then, we find the corrected estimate of the signal at maximal mixing to be

mew = 460 (7.17)

Consulting table V of Feldman and Cousins (1998) we find that for 10

events observed, given an expected background of 12 events, the 90% confi—

dence interval for the signal mean is [0.00, 4.71] so that

Num = 4.71 (7.18)
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is the upper limit on the signal mean, yielding a limit

P0341}, —+ u.) < 0.010 (7.19)

on the oscillation probability.
As discussed in section 7.4.1 above, it is also appropriate to estimate the

sensitivity of the analysis to oscillations, apart from any fluctuations which

might affect the result actually observed. Consulting table XII of the work

cited we find that an average upper limit

NW = 7.28 (7.20)

is found for experiments with an-expected background of 12 events, if no true

signal is present; this corresponds to an oscillation probability

P5671502, —> u.) = 0.016 (7.21)
086

We translate these estimates into an exclusion region (or sensitivity) in

the neutrino oscillation parameters as follows. Applying the simple two—

neutrino (or “two—flavour”) oscillation model described in section 1.4, the

oscillation probability is given by the function

1.27 (Amz/eVZ) (L/km))

’ (7.22)
 P(Vu —> Mr; L) = sin2 20 sin2 ( Eu/GeV

where the parameters (sin2 26, Am2) describe the neutrino mixing, and the

physical baseline L and neutrino energy E, are characteristic of the experi-

ment. For sufficiently large Am2 (Le. Am2L/Eu >> 1) the effect of the second

term is “washed out” even by small variations of L and E, about their mean

values, so that we may replace it by its mean value; the oscillation probability

is then given by

P(1/,, —> VT) 2 ésin2 20 (7.23)

as previously discussed. This justifies our use of a single oscillation prob—

ability above to characterise all the experimental results, regardless of the

features of individual events.

In this case the limit on the mixing paramter is just twice the limit on

the oscillation probability, so that

sin2 20 < 0.020 (7.24)
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in the large—Am2 region, with a corresponding sensitivity

(sin2 20),“, = 0.032 (7.25)

Where the condition AmzL/Eu >> 1 fails, the determination of mixing

parameters is rather more complicated. For a given set of surviving events,

for example, the total energies of individual events contain information on

the Am2 value (in the hypothesis of neutrino oscillations) through the second

term in (7.22). Since we make no such test in this analysis, the properties

of the surviving events do not contribute to the calculation: however the

properties of the simulated signal do contribute, since the oscillation proba—

bility (7.22) is a function of Eu for each individual event.
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Figure 7.22: The range of mixing parameters (sin2 20, A1722) ex—

cluded by this analysis, at 90% confidence, based on the 1995-96

NOMAD data. The published NOMAD limits at large Am2 and

large mixing, based on an analysis over several decay channels for

the 1995-96 and 1997 data, are also shown (Astier et al., 1999a)
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We therefore determine the limit in sin2 20 as a function of Am2 by as—

signing a weight

LmaI

/ dL sin2(1.27Am2L/E,,)

L
w; = 0-5(Lmin _ me) (7.26) 

to each event i (z = 1. . . N71.”0) surviving cuts in the three-prong tau decay

Monte Carlo, for a range of values of Am2 (Feldman and Geiser, 1999). In

this expression the oscillation lengths Lmin = 0.415 km and me = 0.830 km

correspond to neutrinos produced in decays at the end of the vacuum de—

cay tunnel, and the region immediately following the T9 target respectively

(see section 2.2.1); E1, is the true energy of the incident 1/T taken from the

simulation. The value

NMC

1 T

Nmmmz) = Arm—W Z w.- (7.27)

T i=1

is then substituted for Nmar in equation (7.14) and the limit on sin2 26 re-

calculated.

The resulting exclusion region is shown in figure 7.22.
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7.6 A discussion: The present state and prospects

of this analysis

It is clear, from the results of the “positives search” in section 7.3, and our

resort to a correction factor for the expected background, that this analysis

is limited by its poor control of background processes. We should also note

that the excess at large values of the isolation qT has not yet been subjected

to a sustained study: it is therefore not clear whether the background cur-
rently seen is characteristic of the analysis, or whether some straightforward
measure would bring the background into agreement with the Monte Carlo

prediction.
For this reason we treat the limit on 1/” ——> V,- oscillations determined in

the previous section as an illustration of the present state of the analysis,

rather than a serious estimate of the underlying physics. Supposing in the

worst case that the background seen is characteristic of the analysis in its
present form, the expected level of the background would need to be accu-
rately determined before a limit could be calculated using the simple tech—
nique of section 7.5; alternatively, the effect of the substantial uncertainty on

the background would have to be taken into account by the implementation

of a toy Monte Carlo, or some other means. Supposing on the other hand

that the background is reducible, a more reliable (and sensitive) limit would
be drawn from a modified analysis.

With these points in mind we may define the following agenda for the
development of the analysis presented in this work.

1. Most straightforwardly, the two known “bugs” in the analysis should
be removed:

(a) The corrupt information describing the muon scintillators and the

“gap” in the muon system has already been corrected for the data,

and needs to be extended to the Monte Carlo simulation. Its

effect appears to be small based on studies to date (sections 6.7.3

and 7.3.2).

(b) We noted in section 6.3.2 that the handling of V0 vertices is a
holdover from dedicated V0 studies: in particular, reconstructed

V0 very close to the primary vertex are treated as such, rather than

being merged to the primary as is done for other classes of vertex.
This creates potential problems for the momentum reconstruction,

for example the formation of fake V0 by primary tracks, followed

by the discarding of the tracks due to the V0 failing pointing cuts.
As with the previous case, this is straightforward to test and/or
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rectify but requires the reprocessing of the analysis data format

over several million events.

The events passing cuts in the positives should be studied, in order

to establish if possible the nature of the surviving background. The

quality cuts defined in the previous chapter (sections 6.2 through 6.4)

should also be re—examined in case misreconstruction effects are con-

tributing to the background excess.

The charged-current veto for this analysis is relatively unsophisticated,

and could be extended using a number of techniques already developed

elsewhere. For example,

0 the NOMAD reference analysis for this decay mode uses a trans-

verse momentum fraction for the candidate lepton p; in conjunc—

tion with the transverse size ratio variable (Astier et al., 1999a,

section 8);

o electron identification and momentum reconstruction in the 7“ ———)

uffiee‘ and 7" ——> 1/77r‘ analyses is augmented by reconstruction

of the “bremsstrahlung strip” in the electromagnetic calorimeter

for candidate electrons (op. cit, sections 5 and 6).

Various other quantities, such as variables measuring the calorimeter

response to tracks (section 6.6.5) are yet to be exploited in this analysis.

While retaining the description of neutrino interactions and 37r candi—

dates developed in chapters 3 and 4, the analysis could be extended by

the use of likelihood functions to properly exploit

(a) the differing correlations between qT, E37r and the RT cuts for

three—prong decays and the backgrounds; and

(b) the differing distributions of the 37r structure variables M33, 31

and 32 for three—prong decays and the neutral current background,

as discussed in section 4.7.

An improvement in sensitivity is to be expected from each of these mea-

sures. Some loss of 'r efficiency may be incurred by tightening the charged—

current veto, so that it is not possible to have assurance about an improved

final result: the effect may merely be to exchange the correction factor of

section 7.3.3 for a higher background estimate. Extending the analysis pre-

sented here to include a likelihood function, however, may be expected to

yield a significant reduction in the ratio of background to signal efficiency,
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and hence an improvement in the final sensitivity of the analysis. The dif—

fering correlations between qT, E37r and RT are clear, as are the differing

distributions of the 371‘ structure variables. Having identified these distinc—
tions between signal and background, we are not yet exploiting them in an

optimal way.
A comparison between the present work and the NOMAD reference anal—

ysis (Astier et al., 1999a, section 8) is to be made in the light of this last

point. The reference analysis is undeniably more mature, as may be de—

termined from the additional features implemented, and its more accurate

prediction of the background seen in the positives. It is also clearly more

sensitive, with a background expectation half that of the present analysis,

and a tau efficiency nearly twice that found here. We have however shown

that the key kinematic features of three—prong decay candidate events may

be described by a remarkably economic set of variables (chapter 3); and that

much of the confusing array of “37r structure” variables may be set aside when

kinematic and 37r mass effects are properly taken into account (chapter 4).

The present work thus contributes to the transparency of the analysis: it is to

be hoped that once the likelihood method, and certain other features of the

reference analysis are incorporated into this 7" —> I/T7r’7r+7r‘ + n1r°(n 2 0)

search, a significant improvement in the sensitivity to neutrino oscillations

will be achieved.
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Conclusion

The NOMAD experiment, while optimised for the search for 7" —> 117-796—

decays, is also sensitive to hadronic decays of the the tau, in particular the

three-prong decays 7" —> 1/,7r‘7r+7r‘ + n7r°(n Z 0). Both these and other

analyses rely in part on efficient particle identification to suppress various

backgrounds.

In the course of the particle identification studies reported here, we have

shown the suitability and effectiveness of the standard NOMAD TRD vari—

ables for the task of electron rejection, tuned to a level required by a given

analysis. The technique for discriminating between protons, kaons, pions and

muons, based on ionisation energy deposited in the TRD straw tubes, has

also been shown to provide useful results in certain kinematic ranges. In par-

ticular the application to a search for c5 —) K+K‘ decays, at present limited

by the NOMAD data processing, offers the potential for a first measurement

of ¢ production in neutrino interactions.

The search for three—prong tau decays, developed in this work, relies in the

first instance on the separation of candidate three—prong decay events from

neutral current interactions, using summary kinematic variables. A simple

argument shows that five such variables should be sufficient to describe an

event, in the approximation where particle and multiparticle—system masses

are ignored.

Both our understanding of the fragmentation process, and detailed Monte

Carlo simulation, suggest that the isolation variable qT is the single most

important kinematic quantity for separating tau decay from neutral current

events. Once this quantity is in hand, an analysis of the remaining degrees

of freedom shows that the use of the traditional “transverse plane” variables

is no longer strictly appropriate. An analysis of events based on the “plane

of momenta” leads instead to a consistent set of five summary variables, of

which the most important are the isolation qT, the decay candidate energy
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E3", and the transverse mass Mi.

Consideration of the 'r‘ —+ VT7r“7r+7r' decay structure then suggests the

modification of Mi to include the kinematic effects of the 37r mass, leading

to the required mass variable MR which provides superior rejection of the

neutral current background. Among the many remaining structure-sensitive

variables, only the three-pion invariant mass M33}, and the invariant masses

of 7r+7r' combinations among the three pions (conventionally written fland

@) are found to provide significant discrimination under the conditions of

the NOMAD experiment.

Once the separation of tau decay and neutral current events is established,

strong additional measures must be taken to suppress the background due to

charged—current processes. In addition to the rejection of events with identi-

fied muons and primary—vertex electrons, it is found necessary to veto events

with high—pT tracks which are identified as muons or electrons by rather weak

criteria, or which are hard to identify in this way due to acceptance effects

etc.. Cuts in the “transverse size ratio”, an event-structure quantity, are also

found to be important in suppressing the charged—current backgrounds.

With all of these cuts in place, the application of the analysis to the

1995-96 data shows that a background is present in excess of the Monte

Carlo prediction; a study of kinematic and structure variables suggests that

this background is due to a charged-current process. After correcting for this

background we find no evidence for 1/” —) VT oscillations in the 1995-96 data,

setting a limit
sin2 20 < 0.020

at 90% confidence in the large—Am2 region. The corresponding sensitivity of

the analysis to the mixing parameter is found to be

(sin2 20)sen, = 0.032.

The analysis presented in this work has potential for further development.

In addition to a number of measures to improve the charged-current veto,

which is at present its limiting feature, the analysis should be extended by

the use of likelihood functions. Both the treatment of tau structure variables,

and the correlation between the two kinematic variables qT and E3" and the

event structure variable RT, are well—suited to this technique, which would

lead to a more powerful discrimination between tau decays and the back—

ground processes. Once the analysis is extended in this way, a substantial

improvement in the sensitivity to neutrino oscillations may be foreseen.
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Appendix A

Formulae for the relation

between planes of the event

In section 3.4.6 above the connection between the plane—of—momenta rep-
resentation of an event (figure 3.9 and section 3.4.2) and the variables of
the transverse plane (section 3.4.1) were discussed using Euler angles. For
completeness the relevant formulae are presented here as an appendix.

A.1 Representation of the rotation using Eu-

ler angles

An arbitrary rotation (x’, y’, z’) +—) R($’, y', z’), with the origin fixed, may be

decomposed into three successive rotations:

l. a rotation by 1!) about the z'—axis,

2. a rotation by (9 about the rotated y’—axis, and

3. a rotation by a3 about the rotated z'—axis,

where the order of the rotations is of course significant. The matrix of the

rotation is then

cos ¢cos€cos¢ — sin¢sint/) —sin¢cos9cosz/2 — cosgbsind) sinGCosz/J

R: cos¢cos6sin¢+sin¢cos¢ —sin¢>cos6’sin1,b+cosgz$cos¢Y sin03in¢

— cos ([5 sin 0 sin ()5 sin 0 cos 0

(A.1)

Granted 0 S ¢,0,¢ < 27r, and 0 74 0,7r, the decomposition into the Euler

angles 1/2, 9, d) is unique (Zwillinger, 1996).
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p31! “~‘~~

 (0,0,0) pm, % (0,0,p§"+ p,;

h d

(-qT,0,p£ ) hm 2’

Figure A.1: The plane—of-momenta representation of the event, in a

standard position in the 33’ — 2’ plane, with coordinates shown.

In section 3.4.6 an event, in the “massless vectors” approximation, was

described by placing its plane—of—momenta representation in a standard po—
sition and then performing two rotations. The standard position chosen was

for the momentum vectors 773”, “had, 13““ to begin at the origin of coordinates

and lie in the 33’ — 2’ plane, with the total momentum vector 15"“ aligned with

the z’—axis. This arrangement, together with the (m’,y’,z’) coordinates for

the vectors which it entails, is shown in figure A.1. Since these vectors will
be rotated it is convenient to have a subscript other than 2 or z’ to describe

the components of [7'3" and fihad parallel to the total momentum, equal to

«(193")2 — q% and \/ (ph‘w‘)2 — qgn respectively: we choose C, which we will use
to label the image of the z’-axis under rotation, where necessary.

As is easy to verify from (A.1), the azimuth of the C- or rotated-z’—axis
is given by the angle 21). Since we are assuming throughout the analysis that
the overall azimuth of the event is irrelevant, we set 1/) = 0 whereupon the

matrix of the rotation takes the much—simplified form

cos¢cos0 —sin¢cos0 sin0

R = sinqb cos¢ 0 (A2)

—cos¢sin9 singbsinél cost?

The final or “rotated” momentum vectors are then given by
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+qT qT cos g5 cos (9 + p?" sin 0

53” = R 0 = qT sinqb (A.3)
p2" —qT cos (b sin 9 + p37r cos 0

—qT —qT cos g!) cos 0 + phad sin 0

p'had = R 0 = —qT sin¢ (AA)
pg” qT cos ¢ sin 0 + phad cos 0

while the “missing” transverse momentum is given by

31r had '
amiss _ p + p SlIl 9W = ( c 0c ) (A.5)

These expressions were used to generate the event sketches in figure 3.21.

A.2 Some notes on expressions for p3 ,”p’Tad andpm“

The expressions for the transverse momenta used in the discussion of vari—
ables in section 3.4.6 were taken from the formulae (A.3) through (A.5),
making the following3observations and approximations:

0 Since "”53 — 7r+ phad sin 0, if we setPT

pap?"
1r+ phad

we can write p37rsinél—— kpm‘” and phad sin0—— (1 — k)p"”35, making
had missclear the dependence of pT’r and pT on pT

o The comment that a correction of i§p$iss can easily arise in the

M m 2QT + 21w?“ ~ 2qT + p?” expression at (3.13) follows from
an assignment p37r ——2ph“d, whence k = g.

0 From (A.4),phad is given by

phad ——|—qT cos0 + pg“dsin0|

when ¢ = 0, with the change between qT— and pgad—term dominance

occurring at phad—— qT cos 0/ sin 0. The approximate condition for qT

to dominate quoted in the text, p?” g 2qT, holds for c036 % 1 and

p2" —_p£‘“d so that phud sin0—— apm” If instead the longitudinal (216.0
component of either the 37r— or hadronic systems dominates the event,
then the condition will no longer be true even as an approximation.
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0 The standard approximation

p?iss 2 (p?iss)2

2 — m 1

qT+(2> ”(Jr 8% >

taking the first two terms in the Taylor expansion of V1 + x, was used

to clarify the expression for M at (3.15).

 

o M depends on both of the minor degrees of freedom of the plane-of-

31r

momenta, .3037r and 53%;?

— given 10?” and gb, say, the sum pt“ 2 p?" + p?” is needed to

determine the cos 0 terms (1)?” 2 pm sin 0);

— the factor k depends by construction on the relative size of the pc

terms.



Appendix B

Some results concerning

transverse mass variables

A number of results concerning the transverse mass variables Mi, MT and

MB, in particular the latter, were quoted in chapter 4: the corresponding

derivations and proofs are assembled in this appendix. The derivation of

MB is given in B.1. In B2, MR is shown to be a type of transverse mass

variable, obeying the inequality M_L < MT 3 MR. In B.3, the interpretation

of MR as the minimum mass “required” for the T if we identify 13‘}? = 5779‘”,

quoted in section 4.3 above, is formally proven. In B.4 it is shown that given

ideal measurement of momenta by the detector, MR is bounded above by the

tau mass. Finally, the form of the surface in the (p37', phad, M) space showing

the effect of a cut in MR on the variables of the transverse plane (as discussed

in section 4.3.3 of the text) is derived in B5.

B.1 Derivation of MR

Suppose we interpret an event as due to the interaction 1/T + N —> 7" + X

followed by the decay 7'" —) z/T7r‘7r+7r‘, and further that we identify the

missing transverse momentum ,5me with the transverse momentum of the

final-state tau neutrino 1375'. We may then use the equation for the tau mass

to solve for the longitudinal momentum of the final—state neutrino pf,

m: : (Eu-r + E31r)2 __ (13w, +1331r)2

~31r

= 2E3" (10:73)2 + (192’)2 + (Mi-533;)2 - 2515’ 2% — kiwi",

(B.1)
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where various terms have been cancelled, and the longitudinal and transverse

momentum components separated, in the second line. Rearranging,

2E3”\/ (2)?)2 + (202’)2 = m3 — (M339)2 + 215T” 17%" + ZPZ’P‘Z";
(B2)

and squaring,

4(Ea")2 [(19592 + (1)232] = (D + flit???) (13-3)

where we write

D = m3 - (MEL? + 217T” 16%"- (13-4)

Expanding the square and then gathering terms, we arrive at a quadratic

equation in pf:

3 2 3 2 2 3 2 3 2 02
[(M‘ing) + (PTW) l (Pi?) — [pr] (pf) + (p?) (E 7') — T = 0(_

B5)

Now frequently no solution can be found to this equation. In this case

we replace the constant m, by a variable M, so that

D = M2 — (Mac)? + 25;? rs", (13.6)
and seek the smallest value of M which will allow a solution, Le. that value

for which the determinant is zero:
D2

A = (p330)? — 4 [(M;1)2+(p%" 2] (perm/‘3")? — T
= 0. (B.7)

Collecting terms we have

D2 = 4(1)?)2 [(1)352 + (ll/[3132] ,

and solving with (B.6) for M, finally,

M2 = (MM )2 + 2P? (ll/fit)2 + (11%")2 - 213T” '17?"-um

Instead of using the solution for pf which this allows, we consider the

properties of the solution for the tau mass M itself. We call
 

MR=\/(M3;>2+2pr” (M%Z)2+(p%")2—213‘F"‘-fi%" (
B.8)
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the required mass, as M = MR is the smallest nominal tau mass for which the

37r—missing momentum system can be interpreted as the product of the decay

T" ——) 1/77r‘7r+7r‘ (identifying pm‘ss—- 575’; see also section B.3 below).

Intuitively, a cut on this variable will be more demanding than a cut on

the transverse mass, since the derivation of MR incorporates information on

longitudinal momenta within the 371' system which is ignored by M“L and MT.

B.2 Comparison of MR, MT and ML

The required mass was originally developed as an analysis variable following

the argument of the previous section. Comparing the expression (B.8) for

MR with the generic transverse mass expression (4.6), viz.

M2 =(Emiss + E%W)2_ (“miss +p-'31r ,

we see that MR is in fact a transverse mass variable with

E3" = (Mar + (par,

as discussed in section 4.3. This raises the question of the relationship be-

tween the value of MR and that of the other transverse mass variables dis-

cussed in that section,

 

MJ. : \/(p?iss +p3‘1r)2_(p17_‘niss + "31r)2

 

 

 

: \/2p$issp31r _ 217Tmiss _ 17%” (B9)

and

MT = x/(pr'r + E?!) was” + 53*)?

= We")? — (10%in 2pr‘ssEa?” — 2W” W,
(B.10)

where

E37r—— Z m2++(pT)2. (B.11)

wE3fl

Immediately we have the result that MT > M_L, since (B.9) and (BIG) are

identical apart from the first term in (BIG), and a substitution p31" I—> E?!“
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in the second term, while

2 i/mi + (In?)2 > 2 \/(Pi)2
«631 163W

=Zlfi$
«63w

EFT
«63w

__ 3w

—PT-

 

 

It is also true that MR 2 MT for all events, a proof of which follows:

Comparing equations (B8) and (BIG), we see that the third terms are

identical, while the first and second terms in the expression for MR exceed

or equal the first and second terms respectively of MT when

(an?)2— ((123522)2 — (P302) 2 0- (B-12)

Writing 13'3" = fi”+ + 13'": + if”; and similarly for E3”, 5%" and E523“, and

using equation (RH) for E52", we evaluate the squares and then cancel terms,

leaving

2(E"+ E”? — E5:+ E" 2*p? )+

2(E"*E"2' — EFE" writ? )+
2(E"1—E"2— — ELFE" —p’Ll'pL)_> 0. (3.13)

It will be sufficient for the inequality (B.12) to hold if each of the terms in

parentheses in (B.13) is non-negative definite; for simplicity of notation we

write a and b for a pair of pions (say 7r+ and WI), and must show

EaE” — 122pr 2 EéEct- (3.14)

Both sides of this expression are positive, so squaring preserves the inequality,

[mi +00“:r)2 + (192) 2] [mi + (10%)2 + (pi)2] + (pt)2(pl’L)2 - 2E“E"p“Lp'£
2 [mi + (P‘fr)2l [7713+ (prVl ,

where the E2 terms have been expanded. Cancelling terms and regrouping,

we have

(Eb)2(Pi )2 +(E“)2 (PbL) -2E“Ebp%pL_> 0
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When pipi < 0, this holds trivially. When paLp’i 2 0 we may change sides

and square:

(192)4(Eb) + 2(EaEprpL)2 + (1034(9) > 4(1“7“Eb10L10L)2 -

Regrouping, we have

Kama? — (mel’ 2 0
which always holds; thus the inequality (B.14) holds for each of the three 27r

combinations in (B.13), so inequality (B.12) holds always. That is,

M; < MT S MR. (13.15)

B.3 The interpretation ofMR as the “required

mass” of the tau

As noted in section B.1 above, the quantity MR was originally introduced

to allow a solution of equation (B. 5) in pf, in cases where1no solution for

M: mT exists. Labelling the solutions of the quadratic as p94)and p(L)(with

199’ > pg’), then, a sensible choice15

u, {pg)(M 2 m7), when A(M 2 m7) 2 0,
PL :

PERM = M3), otherwise,

the second of these choices being unique as A(M = MR) = 0 by construction.

Instead, since we are not using the pf estimate in the analysis, we have

interpreted the quantity MB in all cases as the minimum mass M which

can be ascribed to the 7' in order to obtain a solution for pf, and thus

for the 37r-missing momentum system to be interpreted as a tau decay. This

interpretation requires that there are no cases where MR > M’ but a solution

exists for M = M’ (Le. A(M = M’) 2 O). In the Monte Carlo such cases,

although rare, can be found for 11,, + N —) z/u + X events analysed as tau

decays, where M’ = m1; such cases cannot be found when a cut at or below

the tau mass is placed on the invariant mass of the 37r system. In fact any

solution where A(M= M’) > 0 for M’ < MR is due to an unphysical value

of M3" as will be shownin the remainder of this section.
17w?

Suppose that a solution to equation (B.5) exists for M: M’ < MR. That

is,

(M192: (M33)? +211?” (MEZLV +003")2—-217m‘” '5?"

> (M’)2 (B.16)
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(compare with equation (B.8)) and

A=<p%"D)2— 4[(M3:;) WW] WWW”) J;
= (153732“?2 — 4(1)"my [(Mi’LV + (19%)?”

= (E302 { [(M')— (Mm) + 217m -5T3"]2— 4W”
> 0

(compare with equation (B7)). Writing

A: (M')2

13= (M1132— 251'3‘i38 '13?"

c = 2p?” (Mat)? + (per,
the inequality (B.16) yields

A — [B + C] < 0,

and the inequality (B.17) yields

(A—B)2—C2>0,
A2—2AB+(Bz—02) > o,

(A—[B+C])(A—[B—C]) > o.

Inequalities (B.18) and (B.19) together require

(A — [B — 0]) < 0

and since C 2 0, this also requires

(A — B) < 0,

that is,

(M’)--(M3;)+ 217”” 5%"<0-

)[( M31r
27w) +(p%")2]}

(13.17)

(B.18)

(B.19)

(B20)

Now M’ must be interpretable as the invariant mass of the 37r—missing mo—

mentum system, in which case

(MI2=) (Emiss + E31r)2_ (fimiss + fi31r)2

= ( Mini/)2 + 2EmissE37r_ 2-‘miss . 43w _ 2pmiss 31r
PLPL
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(compare with equation (B.1)), where p?“ is given by the corresponding

solution of equation (B.5). Substitution into the inequality (B20) yields

2(EmissE37r _ pfisspir) < 0

which is impossible. That is, for any 37r—missing momentum system, MR is

the smallest mass which can be ascribed to the T if the system is to be inter—

preted as the product of 7“ —+ VT7T—7l'+7T_ decay, under the identification
_‘V1" "miss
PT 2 PT

Considering the inequality (B.20), it will be apparent that the cases men—

tioned above (where MR > mT but A(M = m7) > 0) require that the mass

of the 37r system M33, be larger than the mass M = M' = m, ascribed to the

tau: hence such cases are excluded by cuts on M33. The unphysical solution

to A(M) Z 0 arises because the two sides of an expression derived from the

tau mass equation ((B2) above) are squared (to give (B3)) in the derivation

of the equation for pf.

B.4 Bounds on the transverse mass given ideal

measurement

We now prove the result quoted in section 3.4.4, that if 17%" etc. were perfectly

measured, the transverse mass would be bounded above by the tau mass.

Assuming all measured quantities to correspond exactly to those of the

particles, we may write for the tau mass

m: = (E"’ + E”)2 — (5” + 53")2
___ (EU-r)2 + 2E”? E31r + (E31r)2 _ (571.11- + 15:13:”)2 _ (pg-r + pix)? ,

where we have partially expanded both squared terms; expanding the ener—

gies,

= ((135?)2 + (pf?) + 2E”’E3" + (03%"? + (11%")2)
all? —¢ 1r 2 1/,- V1- 1r 7f .

" (PT + P; ) _ ((PL )2 + 2PL Pi + (P? )2): (B21)

regrouping,

= [(E;r)2 + (Barry _ (153:7 + fiT31r)2] + 2Ell-r E37r _ 21921-1???

= [M3, — 2E;:E;"] + 2EVTE3” — 2193 pi". (B22)
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So to show that mT 2 MR under the assumptions listed, we must prove that

E"' E37r — E;’E%” 2 p‘fpi". (B23)

Since both sides of (B23) are positive, it will be sufficient to show that

1/..- 7r V1- 1r 2 11-, 1r 2(E E3 —ET E?) 2 <pr2) . (13.24)
Expanding the left-hand side, we have

(Eur)2(E37r)2 _ ZEVT EBWE;TE%W + (E;T)2(E%7r)2

= [(Ea’rf + (pz'fl [(E%")2 + (22%")2] — 2E"*E3"E;'E%" + (E;*)2(E%")2;
regrouping,

= [(Ei')2(Ei’~”)2 + (PZ')2(Ei")2l + [(Ei')2(Ei")2 + (E;')2(Pif)2l

— 2EWE3WTETE3=W + (2231?)?
and re-forming energies from (E% + pi) terms,

2 [El/,- E%W]2 + [Ea/"f E31]? _ 2E” E31rEuIIf E5131” + (pig-p.21.- 2

: (Ell-r E3.” _ E;TE31)2 + (pirpi'lr)2

Z (Pi’pi")2 (B25)

as required; so (B24) is proven.
That is, given ideal measurement,

MR S m, (B26)

so that finally

MJ. < MT S MR S m7" (B27)
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B.5 A transverse-plane approximation to the

required mass

In section 4.3.3 of the text it is noted that if the 371' invariant mass is treated

as fixed,
Ms""W = ma, constant,

the required mass becomes a function of 17%" and 17%“! only. That is, it

becomes a purely kinematic variable in the terms of chapter 3; more specifi-

cally, it becomes a variable of the transverse plane. We may therefore express

MR in this approximation, as a function of the three variables (p3", phad, M)

describing the transverse plane (sections 3.3.2 and 3.4.1):

2

M = [(Mmg + (10%”)? + pm”) — (5%" + W”)?

= M2 ( (%)2 + (p31)2 +[1_ p31r _ phad]) _ M2(phad)2_

 

 

Writing now for compactness

n = (3;)2 + (1)3")2 - p3",

and dividing through by the transverse mass scale M, we have

(%>2 = ([1 + 77] - pm)2 — (p’m‘i)2

 

= [1+ 77]2 - 2p'““‘[1 + 77]-

Given a value for MR, then, we have an equation relating any one of

the three transverse plane variables to the other two: expressing ph‘wl as a

function of p3”r and M, say,
2

had _ (1+ ")2 _ (AIME)

2(1 + 77)

which describes a surface in (p3’r, phad, M) or equivalently, at fixed M, a con—

tour in (p3",ph“d). A cut MR < 2.2 GeV/c, in the fixed M3; 2 ma approxi-

mation, thus corresponds to contours

(WMJ)
20+ Watt—paw)W = (3.28) 
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on the (p37r, phad) plot as a function of the transverse mass scale M. These

are the contours shown in figure 4.13, with MR set to the value 2.2 GeV/c.

Note that if ma ——) 0, then 17 —> 0, and we recover the expression

2

P - 5 ‘ W
for the contour of a cut in Mi (equation 3.11), as we should, since MR —) Mi

in the approximation of vanishing 37r mass.



Appendix C

Constraints on the opening

angle of 7' —> V37T pions

In section 4.4.2 of the text it was demonstrated that individual opening angles

0 of the 37r system scale as 1/737r when the three—pion system is energetic

(73" >> 1). The same behaviour holds for the largest of these angles, 0mm:-

This immediately raises the question of the form of the distribution of the

scale-free part of the opening angle, 73’0max. It can be shown that once

the invariant mass of the 37r system is decided, the form of the 73W0max

distribution is largely set, regardless of whether the 37r system is the true

product of a decay al— ——> 71"7r+7r’, or a group of pions arbitrarily chosen.

The arithmetic involved is straightforward but lengthy, and is included

here as an appendix. The basic result, relating the opening angle of a pion in

the lab to its momentum in the rest-frame of the 37r system, is derived in C.1.

This is then applied to pions in the backward hemisphere, 0* > 90°, in the

rest-frame of the 371' system (C2); then to pions in the forward hemisphere

(03). Finally, in CA, the resulting constraints on the distribution of 73mm

are deduced.

C.1 The constraint on an individual pion

C.1.1 Motivation

In section 4.4.2 it was shown that for a decay A ——> B + C(+D + ..) of

a particle with velocity 3 and Lorentz factor 7, a decay product B with
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TC

31:
= * ——‘—7 I l

pr p dlréCthl’l

z; = 7(p;+BE*)

Figure C.1: The components of the momentum 153p of a pion in the

laboratory frame, in terms of the pion momentum in the 37r—rest

frame, 17:}. The direction of 15'3" in the laboratory is shown; 0 is the

angle between the pion 13' and 13'3”.

momentum if“ and energy E* in the rest—frame of A emerges at an angle

flztanfl = 12
PL

1)}
= —— C.l

7(p2+fiE*) ( )

to the direction of motion of A in the laboratory: this situation is shown

in figure C.1 where A = 37r and B is one of the decay pions. (We use the

direction of motion of A in the lab as the reference or longitudinal direction,

and ignore the azimuth about this direction throughout.) From this we see

immediately that a slow pion with 17* << m,r (where E“ m m”) will emerge at

a very small angle 0 << 1/'7 regardless of its polar angle 0* in the rest—frame

of A. In this case, however, at least one of the remaining pions will have

a much larger momentum, taking a large fraction of the energy of the 37r

system. For such a pion it turns out that there are non—trivial lower bounds

on the angle 9 in the laboratory for large regions in 0*.

In the more general case, assuming M317; close to the al mass (which

is large, ma,1 = 1.230 GeV/c2 > m,) at least one of the three pions must

have significant momentum p* > m,” and in many cases two or all three of

the pions are relativistic in the rest-frarne of A. By construction of the 371'

rest—frame 2‘63” 13? E 6, and so

0 all of the pion momenta 132-" lie in a plane, and

o the polar angle 03‘ of a pion, as well as its momentum p“, is determined

once the momenta 132-“ of the other two pions are set.
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Because of this, the weak condition that the 37r system be close to the al

mass will be sufficient to derive an approximate lower bound on the largest of

the opening angles in the laboratory, Omax. An upper bound and the general

form of the distribution will also follow.

C.1.2 The condition to escape a cone of given opening

angle

To determine these bounds we must first derive the condition for a particle B

of momentum 17* in the rest-frame of A to reach a certain angle 0 with respect

to A in the laboratory. Since we are interested in energetic 371' systems so

that 7 >> 1, we see from (C.1) that the angle 0 obeys an approximate scale

1/7; it is therefore convenient to measure angles in terms of this scale. We

require that B escape the cone of opening angle a/y around the direction of

A, where a is some (positive) constant:

__P*T_. > E
7(192 + (313*) 7

p} > 0(1)}. + flE*)
(19*T- apt) > aflE*- (0.2)

The term on the right is positive definite, so we find that p} < (1132 will be

sufficient (although not necessary) for B to be contained by the a/y cone in

the laboratory. Considering instead the case p} > apz, we may square both

sides of the inequality (0.2), obtaining

(iv?)2 — 2ap1frp2+ 020032 > azfiz [m2 + (p?)2 + (2032] ,

where the (E"‘)2 term has been expanded. Writing ,82 = 1 — 1/72, then,

a2 2 a: 2 ‘12 a: 2 .u a: 2 1 2
33 — (a — 1) (PT) + 720%) “ 2aprL > a (1“ gyn-

Collecting the aZ/y2 terms, and writing p2 = p* cos 0* and p} = p* sin 0*, we

obtain

2 _
-1—2(E’“)2 — (a 1) (p"‘)2 sin2 0* — (g)( *)2 sin0* cos 0* > m2.
7 a2

Finally then,

2 _

sin 6* [(2) cos 0* + (a 2 1) sin0*] < —k, (C.3)
a a
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which will be the basic condition from which the remaining results will follow.

The left-hand side of (C3) depends only on the decay angle 0*; the factor

k: is given by

 

k égf m2 _ 71—2‘(E*)2

(19")2
(1 - $07712 1

= — — 0.4
(17*)? 72 ( )
2

——> (19*)2 as 7 —> 00, (C5)

the deviation from scaling with 1/7 being contained in the variation of this

term with 7, which is small for 7 >> 1.

As we will be applying these results to 7' —) 1/37r candidates which are

energetic, we will ignore the case where 7 is of order unity and the factor k is

potentially negative: we will assume k > 0 throughout. It will be convenient

to work with the limiting value

kw dé‘ m (0.6) 

for most purposes.

0.1.3 Variation of the factor k with momentum

Clearly for 13* < m, the factor k becomes large and solutions of the inequal-

ity (C.3) will be possible only for small a < 1: that is, the decay product will

emerge at a small angle 0 << 1/7 in the lab. This result was already derived

from the basic formula (0.1) in section 0.1.1 above, where it was noted that

in a 371' system of al-like mass, such a slow pion will be accompanied by at

least one fast pion (19* > m").

It is these faster pions on which the constraints on Omax will ultimately

depend, and the two most useful reference cases are as follows:

The maximum pion momentum

The largest possible pion momentum is attained where one pion emerges

back—to—back with two slower, collinear pions which share the balancing mo-

mentum. Now for a decay to three particles, the decay momentum p“ obeys

 

p* = {Mi/[M2 — (m12+ mm [M2 — (mm — mm (0.7)
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where mm is the invariant mass of the system formed by the other two

decay products (compare (Caso et al., 1998, equation 35.20b)). In this case

mm = 2m1r¢ so we have

 

1

pr,“ = WWW - 3mfi)(M2 — mi) (0.8)

= 0.599 GeV/c for M = 1.230 GeV/cz,

for which

km = 0.054, (C.9)

where the central value for the al mass distribution has been used. Setting

the full width (which is uncertain) to PM = 0.400 GeV/cz, the factor km

changes from 0.127 through 0.030 as we move across the distribution from

M = (m,11 — PM) to (ma, + Pal). The constraints derived below will vary

only weakly with k for values of this type, where k is significantly less than

unity.

The momentum of equally-shared—energy

Since slower pions will be confined to smaller angles 0 in the lab, but we

are interested in the largest of these angles 0",“, it is instructive to consider

the smallest possible value for the largest of the three rest—frame momenta,

inf{max{pf, i E 3W}}. Since each of the three pions has the same mass, this is

given by the momentum for which the energy of the system is shared equally

among the three pions. Trivially

M 2

p:hare = (73—) — m2 (010)

= 0.386 GeV/c for M = 1.230 GeV/c2,

for which

k0, = 0.131, (0.11)

this value changing from 0.342 through 0.071 as M moves across the al

mass distribution. It should be noted that in this case all three pions are

relativistic, and are separated from each other by 120° in the plane of the

decay.



386 Appendix C. Constraints on the opening angle of T ——+ V37T pions

C.2 Decay angles in the backward hemisphere

We now consider solutions to the fundamental inequality (C.3) for particles

emerging in the backward hemisphere, i.e. 7T/2 g 0* S 7T . Setting d) = 7r—6"

we have sin1/) = sin 0* and COS’l/J = cos 0*; writing 5 = sinrb and \/1 — s2 =

cos d), then,

1) s] < -k,siemct
(E)sm> k+ (“251)

 

 

a

a

The left-hand side of this inequality is non—negative definite: when the right-

hand side is negative (for some a < 1), the expression holds trivially; other-

wise we may square both sides, yielding

4 2—1 2—1 2
(§>32(1—s2)>lc2+2k(aa2 )sz+(aa2 )34

(a2 —1)254 + (W) 52 + k2 < 0. (012)
a2 a2

 
 

and so

 

The left—hand side is a quadratic expression in 32: given roots 3%,) > 3%,) (so

that we have (s2 — 56))(52 — 3?”) < 0), the inequality will be satisfied for

s?” < s2 < 3%,). The two roots are given by

2
2 _ a _ 2_ 2 2_ 2_ 2__ _ 2 2 2s _————(a2+1)2( k(a 1)+2i\/I?(a 1) 4k(a 1)+4 k (a +1)),

so that the 0 > a/*7 condition will be satisfied when SlIlI/J lies between the

two values

 

 

 

a2:1\/2—k(a2—1)i2 (1+k)(1—ka2), (0.13)

having simplified the expression under the inner square root.

0.2.1 Escape to large angles 0 > 1/7

For the case a = 1 the inequality takes the simple form

/_,/_2 ,/_2
L—ZL—k—<sinz/)< $21—11; (0.14)
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and as noted above, for k < 1, the variation of these bounds with k will

be weak. For the case of equally shared energy (p* = pghm and M = ma],
so km = 0.131) the bounds are 0.066 < sinib < 0.998, corresponding to the
range of polar angles 176° > 9* > 94°; for the maximum pion momentum

(p* = 19;“, l»:co = 0.054) the range is slightly larger, 178° > 6* > 92°.
That is, a fast pion entering almost any part of the backward hemisphere

in the rest-frame ofA will emerge with an opening angle 0 > 1/7 in the

laboratory. .
As the factor a is increased, the region which a fast decay pion must

enter to escape to large angles 0 > a/7 becomes progressively smaller. Some

sample values are given in table 0.1.

 

 

 
 

 

 

 

 

 

 

 

shared momentum pghare maximum momentum pfnax
a 0 > a/7 region solid angle 0 > a/7 region solid angle

:nin 0:nax 9/471' :nin 6iknax 9/47].

1.0 93° 177° 0.47 92° 178° 0.49
1.5 119° 174° 0.26 115° 178° 0.29
2.0 135° 171° 0.138 130° 177° 0.177
2.5 149° 167° 0.059 141° 176° 0.112
3.0 —— —— — 148° 175° 0.071

3.5 —- — —— 155° 173° 0.044
4.0 — — — 161° 171° 0.022              
Table C.1: The range of decay angles 0* for which a pion of momen—
tum p* = pzhare (left) and p“ = pfnax (right) will escape a cone of
opening angle 0 = a/7 about the direction of a decaying al in the

laboratory frame (for 73'” >> 1).

The solutions (C.13) exist only for ha2 < 1, so it follows that

1
“max = —

x/E
= 2.76 for p* = pQ‘hare, and

(0.15)

= 4.23 for p* = piknax

yields the largest opening angle (imam/7 to which any pion can escape. Only

the fastest pions can escape to angles of a significant multiple of 1/1

C.2.2 Lower bounds on 0 for the backward hemisphere

From the table we can see that there is a region at 0* z 180°, which grows

slowly with a, for which pions fail to escape the 0 = a/‘y cone due to their
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small p}; and a region around the “rim” of the backward hemisphere, 0* >

90°, which grows quickly with a, for which the pion p} is large but the value

of Ipzl (pf < 0) is sufficiently small that the particle is “thrown forward” by

the Lorentz boost into a cone 6 < a/7. Pions emerging at intermediate angles

in the rest-frame of the decaying particle emerge at large angles 0 > a/7.

For sufficiently small a values the small-angle region at 6* 2 90° closes

for pions of a given momentum p*, Le. the larger solution of (C.13) goes to

one,

02

m(—1,-(a2 — 1) + 2 + (1+ k)(1— mm) =

expanding to

(k + l)2a8 + 2k(k + 1m6 + (k2 — 2k — 2)a4 — 2ka2 +1: 0

with unique solution

 age“ = 1 (0.16)

= 0.940 for p" = pghm, and

= 0.974 for p* = pfnax

The smaller solution of (0.13) never goes to zero (assuming 1:: > 0

throughout), but the solid angle subtended by the 0* m 180° region is al—

ways small (see the table), so we calculate the fraction of (41r) solid angle

subtended when a = (13%, and find

9.3,, _ 1+ g — 1/1 + k

471' _ k+2

= 9.5 X 10'4 for p* = pghare, and

(0.17)

= 1.7 x 10'4 for p“ = pfnax;

to obtain a more intuitive expression than (0.17) we expand the square root

(for 19 << 1) and find

911m ’92
471- m m. (C.18)

So while a strict lower bound cannot be set, for a fast pion in the backward

hemisphere the region yielding 0 < (raga/7 is tiny.
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(3.3 Decay angles in the forward hemisphere

Considering instead solutions to the inequality (0.3) for particles emerging

in the forward hemisphere, i.e. 0 g 0* < 7r/2: if We write 3 = sin 0* and

V1 — 32 = cosd“,

2_s[(§)r_sz+(aag)s] <
2——

(§)s 1—s2 < —k—(aa21)s7‘. (0.19)

Now the left—hand side of this expression is non—negative definite, so solutions

will exist only when

1_ 2

( a: )52 > k. (0.20)

 

 

 

Since this condition cannot be met for a > 1 we immediately have the result

that all pions, regardless of decay momentum p*, which enter the forward

hemisphere will emerge within the 0 = 1/7 cone around the direction of the

decaying particle

This result depends only on the k > 0, i.e. 7 >> 1 condition noted above.

C.3.1 Lower bounds on 6 near 6* = 90°

For sufficiently low values a < 1, however, we can define a region near the

rim of the forward hemisphere, 6* = 90°, where pions will escape to angles

0 > a/ey in the lab. Assuming the condition (C20), we can square both sides

of (0.19) yielding

4 2 — 1 2 — 1 2
(?)sz(1—s2)<k2+2k (ad2 >32+(a a2 > .s4

2_ 2 2_ _

(a 1) 54+<M)32+k2>0. (0.21)
a2 a2

 
 

and so

 

which is the same as the inequality (012), with the sense reversed. Given

roots 3%” > s?” (so that we have (s2 — 56))(32 -— 332)) > 0), the inequality will

be satisfied for 82 > is?” and 32 < 3?”, although the latter solution will in

practice be ruled out by the additional condition (C20) above. The 9 > a/7
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condition will thus be satisfied when sin 0* exceeds the larger of the values

at (C.13), Le.

sin0*> “ \/2—k(a2—1)+2\/(1+k)(1—ka2)
“2 + 1 (0.22)

 

 

A pion of maximum momentum (p* = pfnax, koo = 0.054) at an angle 6* > 79°

in the rest—frame of the 371' will thus escape to an angle 6 > 0.8/7 in the lab.

For the following section it will be more practical to know the angle to

which a particle of given momentum p* will escape once its polar angle 0*

is determined. We may determine this by solving the earlier, fundamental

expression (0.3) for a given 9* and the factor k: after a calculation similar

to those already shown, we have

* sinc9“ *
a(t9,k)—m(V1+k—COSG) (0.23)

CA Constraints on the distribution of 73mm“

Noting that the three pions are constrained to lie in a plane in the 37r-rest

system, with 21.63” 17;“ E (7, several constraints on 73mm follow straight-

forwardly from the various results derived above. We will list these in turn,

and also relax some of the assumptions previously made, to determine how

strictly these constraints will apply in non-ideal cases.

0.4.1 The upper bound on Wan.“

The simplest of the constraints is a straghtforward upper bound: it was noted

at (0.15) that 0 < amax/y regardless of decay angle 0*, and for the fastest

possible pion amax = 4.23; since this applies to each of the angles 0 it applies

to Omax, so 73mm < 4.23.
We have up to now considered principally the case M = ma}: for smaller

masses the bound is more strict, while for larger masses, taking the extreme

value M = (ma1 + I‘M), the bound increases only to 5.8. From table C.1 it is

clear that the available solid angle for cases approaching the upper bound is

very small, even when p* takes the largest possible value; thus values greater

than (say) 5 will not in practice occur.

The bound will however not apply when the 73" >> 1 condition is not met.

In this case the 1/72 correction terms in equation (CA) become important:

scaling with 1/7 fails and a “tail” in 73mm grows as 73" falls. So assuming

the central mass M = 1.23 GeV/cz, for ’73" = 5 and p* = 10;,” the factor k
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has fallen to 0.0121 (c.f. km = 0.054) and amax = 9.1. Because the rest of the

analysis relies on the 371' system being energetic—indirectly through the qT
cut, and directly through cuts on p3"—such a case, where p37r is only 6 GeV/c,

will not affect the analysis in practice. For the more realistic 73" = 10, k

falls to 0.044 and amax rises only to 4.8.

C.4.2 The shape of the 73"0max distribution

In general the angle 0max will be due to a pion emerging in the backward
hemisphere in the 37r—rest frame: consulting section C.2.1 and especially ta-
ble C.1 we see that the available solid angle for the 0 > a/y region falls
rapidly as a rises towards its limit amax; furthermore, this limit falls rapidly
with pion momentum. In the absence of conspiratorial effects on pion de—

cay angles 0*, therefore, the upper part of the 73"0m8x distribution will be

concave, approaching its limiting value as an asymptote.

On the other hand, since the three pions lie in a plane, at least one of

the pions is constrained to be in the backward hemisphere (including the
rim at 0* = 90°). For a fast pion, as noted in section C.2.1, this implies

0 > 1/7 for almost all decay angles 0*. Even if a pion as slow as p* 2

figure 2 0.193 GeV/c is considered, the 0 > 1/7 region spans 0.345 X 47r in
solid angle, ale. 69% of the backward hemisphere. (For this and slower pions,

there are significant contributions to 01mx from forward hemisphere pions, as

will be discussed below.) The peak value of the 73"0max distribution will

therefore occur somewhere above one.

C.4.3 Approximate lower bounds for 73mm“

No true lower bound on 73mm“ may be derived, due to a handful of extreme

cases: most importantly, where one of the p* = pfnax the pious are collinear,
so that if the decay angle 0* is very close to either 0° or 180° all pions will

be confined to small angles 0 < 1/7. By considering possible 37r configura-

tions in turn, however, it will become clear that apart from a small tail the

distribution of 73"0max is bounded below.

A fast pion in the backward hemisphere

If the backward pion is fast then for almost all decay angles 0* a strong

limit 0 > afien/V applies, so that for fast pion momenta p* > pghm, 737r0max

is bounded below by a number 0.940 or greater. For a small fraction of

cases where the fast pion escapes at 0* z 180°, it is thrown forward to small
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angles by the Lorentz boost, so that if both companions lie in the forward

hemisphere, 73"0max will take on a value significantly less than 1.

The case of equally-shared-energy

In this case the small—angle region at 0* % 180° subtends less than 10'3 X 471'

in solid angle (see (C.17)), and supposing that one pion escapes through

this region its companions are constrained to lie at 0* % 60° in the forward

hemisphere. In this case we may apply the formula at (C23), finding a = 0.55

for the forward pions. For all remaining decay angles at least one of the pious,

lying in the backward hemisphere (0* 2 90°), obeys 0 > (1%?“ /7: 73"0max is

then bounded below by 0.940.

For neighbouring cases with a harder backward pion p* > pzhm, this

bound increases in value. For M > ma1 the bound increases in value, while

for M 2 (mal — Pal) it falls only to 0.863. If the 371' system has only modest

73" > 1, then the factor k < koo and the bound increases in value, while the

region at 0* z 180° shrinks.

A relatively soft backward pion

We now consider the remaining case, where the pion emerging in the back-

ward hemisphere is relatively Soft: p“ = §p§ham = 0.193 GeV/c will be a

suitable reference value. For the majority of decay angles 0* > 90° this pion

will escape to angles 0 > afign/y, that is, > 0.81/7 in this case.

The region at 0* % 180° for which the pion is contained by a cone 0 <

(1%?“ /7 takes up 0.011 x 47r in solid angle, i.e. 2% of the backward hemisphere,

and this will grow as the momentum p* falls below the value considered. A

soft pion of this kind, however, takes only a small fraction of the 377 energy

and its companions become energetic: if they share the remaining energy

equally they reach 12* = 0.476 GeV/c, i.e. 80% of p*max. If the soft pion

emerges at 0* m 180° these companions emerge at 0* % 78°, close to the rim of

the forward hemisphere, and an angle 0 = 0.79/7 in the lab (equation C23).

Even a slight unequal sharing of energy forces one of the companions to wider

angles 0*, and angles close to 1/7 in the lab; the same applies if the slow pion

emerges at (say) 0* = 170°, close to the boundary of the 0 < afign/fy region.

So when the backward pion is as soft as p* = §p§hare or softer, the limit

on 0max due to the companion pions becomes comparable to or greater than

that of the backward pion. Values significantly below 73mm“ m 0.8 cannot

therefore be reached in this configuration. For 37r masses M > mal the

limit hardens slightly, while for masses as low as M = (ma1 —— Fa, ), the limit

softens only to z 0.75. The backward pion is largely unaffected if the 73" >> 1
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condition fails, but the limits on the companions become more strict.

C.4.4 Summary

Bringing together these results,

0 there is an approximate lower bound on 73"0max at 0.8, with a tail to

m 0.5 (and perhaps smaller values, due to energetic pions escaping at

0* 2 180°, but with very low probability);

0 the 73mm distribution then rises to a peak above 1;

o the upper part of the distribution falls asymptotically to a limit above

5.

The shape of the distribution is thus largely determined: in particular, apart

from low—probability tails it is bounded. It is worth noting that masses

close to mal, and an energetic 37r system, have been the only strong as—

sumptions made to derive these results, so the constraints deduced should

hold for groups of (unrelated) pions selected by cuts, just as well as for true

a1— —> 7r'7r+7r_ decay pions. It is true that an implicit appeal has been made

throughout to a distribution of 37r systems in a phase space, but none of

the results depend on a uniform distribution in such a space—only that the

pathological cases do not occur with high probability. The constraints listed
above should therefore be robust.
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