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6 CONTENTS

This manuscript is organized in the following way.

In the first chapter the history of neutrino physics and unsolved problems of
neutrino masses and mixing are discussed from both theoretical and experimental
point of views. It is shown that the investigation of phenomenon known as neutrino
oscillations is the only possible way nowadays to detect neutrino masses below
~ 1 eV. Some of the past, present and future experiments searching for neutrino
oscillations are reviewed.

The second chapter is devoted to the description of the NOMAD experiment
currently searching for v, — v, (and v, — v,) neutrino oscillations in the neutrino
beam from the CERN SPS accelerator. The general idea of this experiment and
the performances of the NOMAD subdetectors are presented.

In the third chapter we present the algorithms used for the charged and neu-
tral track reconstruction in the NOMAD setup. Special emphasis is put on the
description of the track model used for the charged track reconstruction in the NO-
MAD drift chambers and on the subdetector matching technique implemented for
the particle identification. Algorithms developed for the electron identification and
reconstruction are presented.

In the fourth chapter we describe the procedure used for the simulation of the
neutrino interactions in the NOMAD setup and show the achieved quality of the
reconstruction of the event kinematics.

Finally, in the last chapter the method based on likelihood ratios developed for
the v, CC selection and v, — v, oscillation search in the 7= — e~ 7.v, decay
channel is presented. Preliminary results for the data set corresponding to the
NOMAD ’96 run are given and major current limitations are discussed.



Chapter 1

Introduction

1.1 History of Neutrino

The history of neutrino started in 1930 when W.Pauli invented this particle to
explain the continuous electron spectrum in nuclear §-decay [1]. Experimentally
the first neutrino (electron antineutrino 7.) was observed only 25 years later in the
Savannah River reactor experiment directed by Reines and Cowan [2]. The second
type of neutrino, the muon neutrino v,, was discovered in 1962 in the experiment
lead by Lederman, Schwartz and Steinberger [3] using the first high energy neutrino
beam [4] at the Brookhaven accelerator [5]. This result was the first confirmation
of the family structure of the fundamental fermions.

The third family of leptons was established via the observation of 7 produc-
tion at the SPEAR ete™ accelerator [6]. As to the corresponding third generation
of neutrino v,, it has not yet been directly detected through its interactions with
matter. But the evidence for its existence was deduced from the momenta distri-
bution of secondary particles in 7 decays, 7 lifetime measurements [7] and from
the observed W-boson partial production cross section ratios o(W — ev,)/a(W —
wuvy)/o(W — ;) [8]. The existence of v, was also confirmed indirectly by LEP
experiments giving 2.991 4+ 0.016 [9] for the number of light (m, < Mz/2) neutrino
types from the invisible width of the Z°-boson.

Since the construction of the first intense neutrino beams these particles are
heavily used as probes of the structure of matter and of the weak interactions.
Difficulty of their experimental observation is related to the fact that neutrinos
reveal themselves only via weak interactions. But this is at the same time the reason
for the interest in neutrino physics where weak interactions are completely separated
from the other type of interactions. Many neutrino experiments have contributed
to build the so-called Standard Model, the theory of electro-weak interactions [10].
Among the most important results are the discovery of the negative helicity of
neutrinos [11], the interpretation of the linear rise of the total neutrino-nucleon
cross-section by the quark structure of matter [12] and the discovery of neutral
currents by the Gargamelle bubble chamber at CERN [13].

There has been an obvious progress in neutrino physics during the last decades.
Moreover, there are more than 50 different experiments involving neutrinos which
are currently running. Nevertheless neutrinos are still the least known particles
among the well-established fundamental fermions and several very important ques-
tions about their intrinsic properties remain open. The most important among
them:

e - are neutrinos massive?

e - do their families mix by analogy to the quark sector?

7
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1.2 Neutrino Masses

1.2.1 Experimental aspects

The question of neutrino masses was addressed by a large number of experiments
using kinematical techniques to provide direct measurements of neutrino masses.
Unfortunately, no evidence of massive neutrinos has been found up to now. The
best, current upper limits are summarized in the Table 1.1

Table 1.1: Experimental upper limits on neutrino masses from direct measurements.

|| Limit | Method | Experiment ||
m,, < 3.9eV (95% CL) end point of e~ energy spectrum | Troitsk [14]
from tritium decay
my, < 0.17 MeV (90% CL) 7t = pty, decay at rest PSI [15]
m,, < 23.1 MeV (95% CL) T — 51 (7°) v, ALEPH [16]

One should point out that the great majority of experiments measuring the
region near the end point of the #-spectrum of tritium give negative values for m2,
due to anomalies which are not yet understood. For example, the result of the
Troitsk experiment giving the most stringent upper limit was initially presented as
m2, = —22+4.8 (eV?), while a better treatment of the shape of the measured part
of the beta spectrum gives m2_ = 1.545.9 + 3.6 (eV?) [14].

Using the energy-momentum conservation in the two-body © — p decay at rest
and measuring the momentum of the outgoing muon, one can derive the following

expression for the v, mass:

2 _ .2 2 / o 2
m,, =My —my, 2m, p;, +my

The experiment at PST also gave a negative value m; = —0.016 £ 0.023 (MeV?),
where the largest uncertainty comes from the knowledge of the pion mass m, [15].

Limit on the v, mass has been derived (using a two dimensional likelihood fit of
the visible energy and the invariant mass distribution) from the study of the decay

7 — 57 (7°) v,

where the available phase space for the neutrino is significantly reduced compared
to the other decay channels [16].

It is becoming clear now that the end of the road has been reached in these
experimental efforts unless a new generation of techniques is forthcoming.

1.2.2 Theoretical aspects

Let us look at the problem of neutrino masses from the theoretical point of view.

The Standard Model assumes massless neutrinos, as well as the existence of
left-handed neutrinos and right-handed antineutrinos only. However, it does not
give any reason why neutrinos are massless. The masses of the other leptons are
introduced as additional parameters into the theory. Nevertheless, several models
beyond the Standard Model provide a mechanism to generate neutrino masses [17].

In order to introduce a neutrino mass one has to extend the Lagrangian of
the weak interaction by an additional mass term which has to be hermitian and
invariant under Lorentz transformations.
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For the weak interactions it is convenient to deal with chiral projections vy, g of
the neutrino field operator v:

v, = =(1—y)v = v_

DN | =

and 1
VR = 5(1 +ys)v = vy

Mass terms always transform left- and right-handed neutrinos into each other.
This can be seen by the fact that it is possible to find massive particles in opposite
helicity states, depending on the frame chosen. Experimentally observed neutrinos
of one family are the left-handed neutrinos vy, and their C' P partners right-handed
antineutrinos (7g).

Dirac and Majorana neutrinos

Before going into details, let us consider the difference between two possible neutrino
representations: Dirac and Majorana neutrinos. This difference can be illustrated
with the help of the following example [18].

Suppose there exists a massive neutrino with negative helicity v_. If the theory
under consideration is CPT invariant, then there exists also the CPT mirror image
of v_, an antineutrino with positive helicity 4:

But since the neutrino v_ has a mass its velocity is smaller than the speed of light
so an observer can move faster. Then in the frame of this observer, the neutrino is
running the other way around but it is still spinning the same way. In other words
it is possible to convert with a Lorentz boost a neutrino with negative helicity into
a neutrino with positive helicity v .

Lorentz boost

A

(V* ) ’7+) ( ) VJr)
—_——
CPT

The question is whether these two states with positive helicity (v; and ) are the
same (do they interact in the same way)?

o If we assume that v is not the same particle as 7, then v, has its own CPT
mirror image 7_. This new state can be connected to ¥, by a Lorentz boost.

Lorentz boost
A

CPT CPT

So, we have four states with the same mass. This set of states is called a Dirac
neutrino. In general a Dirac neutrino can have an electric dipole moment and
a magnetic dipole moment, but they are proportional to the mass of the
neutrino [19]:

- 3€Gpm,,

My = W =3.2x 10*19(m,,/leV),uB,

(where Gp is the Fermi constant and up = is the Bohr magneton)

Me



10 CHAPTER 1. INTRODUCTION

and consequently much too small to give rise to experimentally observable
phenomena'.

e If we assume that v, is identical to 7, then there are only two states with

the same mass left.
Lorentz boost

e

(V— ) V+)

———
CPT

This set of states is called a Majorana neutrino.

In the rest frame a CPT transformation applied to either of the two spin
states reverses its spin. Then a 180 degrees rotation brings the neutrino back
to the original state. In other words a CPT transformation is equivalent to a
Lorentz boost for Majorana neutrinos. That is the meaning of the expression
saying that a Majorana neutrino is its own antiparticle.

Consequently Majorana neutrinos have no magnetic dipole moment and no
electric dipole moment.

If neutrinos are Majorana particles, then it is also possible for a v, interacting
with matter to produce a pt rather than a p~. But the probability for a given
vy, component of the v, to be produced with positive helicity is proportional
to (m,,, /E})?, where E, is the energy of the v, in the rest frame of the
decaying hadron (7 or K meson). Unfortunately, since the value (m,,, /E;,)?
is likely to be extremely small this effect cannot be observed experimentally.

If neutrinos were Majorana particles they would be unique among the known
fermions due to the fact that Majorana masses cannot be generated by an
ordinary Higgs doublet as it is the case for Dirac masses.

We have to emphasize once again that the distinction between Dirac and Majo-
rana neutrinos disappear in the case of massless neutrinos.

Let us see now how one can introduce neutrino mass terms in the Lagrangian
of weak interactions.

e Dirac mass term
The simplest way to describe the mass is to introduce the right-handed neutri-
nos although they have not been seen so far. The mass term in the Lagrangian
is
Lpirac = —(7rMvg +7pM'vr)

where v, g are given by

Ve
VL, R = VM
Vr ) LR
In general M is a 3 X 3 complex mass matrix, and hence there is no guarantee
that mass eigenvalues are positive. One needs to bi-diagonalize M using two

unitary matrices U and V:

miy 0 0
U+MV = Mmp = 0 mo 0
0 0 msa

IThe best experimental upper limit on the v magnetic moment is u < 1.8 x 10~ p at 90%
CL [9].
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where U and V relate the mass eigenstates I/Em), I/I(%m) and weak eigenstates
VL, VR

v = UI/(Lm)

VR = Vlll(%m)

The diagonalized mass Lagrangian is

(m)

‘CDi'r‘ac = —I7L mDI/I(%m)-i-h.C.

Physically, since only vy, is involved in weak interactions, the matrix U is the
analog of the Cabibbo, Kobayashi and Maskawa (CKM) mixing matrix.

The total lepton number [ = I, + [, + [, is conserved in case of a pure Dirac
mass term.

The two important questions to this approach are: why do not we have any

proof of the vy existence and why is the mass scale so small?

Majorana mass term
The Majorana neutrino mass can be described by the use of vy, only

1
ACM(J,]'orana = _ilszVL‘i‘h-c-

where 7§ is a right-handed neutrino.

Since 7 Mvy, = ¢ MTvp, we have M = M7, ie. M is symmetric and
diagonalization can be done by a single unitary matrix U in this case. Again,
with

vy = UI/(Lm)
we can rewrite
L _ 1 —c — c
Majorana — _g(yLmDVL +VLmDVL)
Defining varajorana = Vi + v, we obtain
1
L:Majorana = _§VMajorana mp VMajorana

The major difference with respect to the previous Dirac case is that the lep-
ton number is violated by two units. To understand that this fact is not in
contradiction with existing experimental data (as it was mentioned above), let
us recall the origin of the introduction of lepton number [18]. It was observed
experimentally that the neutral particle which is emitted simultaneously with
a pt in 7T decay interacts with matter producing a p~ and never p*. This
neutral particle was called v,,. Something similar happens for 77: the neutral
particle (called 7,) which is emitted simultaneously with a p~ interacts with
matter producing a u* and never u~. The conventional explanation of these
facts is that

— v, and 7, are distinct from each other;

— there is a quantum number which is conserved during these interactions
- the lepton number. If we assign the lepton number +1 to p~ and v,
and —1 to u* and 7, then v, can only produce p~ in matter;
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However, there is no evidence that this explanation is correct. The existence
of the lepton number is not necessary. An alternative explanation arises from
the fact that the neutral particle produced in 7+ decay has a left-handed
helicity, while the neutral particle produced in 7~ decay has a right-handed
helicity. Now, suppose that the parity-violating weak interaction is such that
every neutrino with a right-handed helicity interacts giving a u*, while every
neutrino with a left-handed helicity interacts giving a p~. In this case we do
not need to introduce a conserved lepton number. The helicity constraints are
sufficient to account for all the observed facts. If this is the true explanation,
then, v, and 7, are, respectively, just the left and right helicity states of a
single particle - the Majorana neutrino as it was already introduced above.

Dirac-Majorana mass term, see-saw mechanism
Let us consider now the mixed mass term of the most general Dirac-Majorana
type. In case of only one generation, the Lagrangian of interest is

1
Lp_m = —mpULVR — E(mLDEVL + mRﬂ%VR) + h.c.

where mp is Dirac mass and my,, mg are Majorana masses.

If we define a left-handed neutrino state v as
(%)
v = c
VR
the Dirac-Majorana Lagrangian looks like that of Majorana alone:
]' —C
Lp_ym = —51/ Mv + h.c.
where the mass matrix M is
M _ mry, mp
- mp MmMp

It is to be noted that the state v is not a mass eigenstate. Diagonalizing M
yields

1

mip = @_5\/4”1%_‘_(”11%_”1[/)2
mr, +m 1

me = oL TR 5 R+§\/4m%+(m3—mL)2

Now, the mass eigenstate v("™ can be defined as

Jm) _ V1 — Uy C‘OSG -vg —sinf - v
Vs sinf - vy +cosf - v
2mD

—=mD__  There are two
(mr—mr)

where the mixing angle is given by tan20 =
interesting cases

— first, when mp >> my,mpg. In this case m; and my are almost de-
generate in mass (|mi| & |ma| &~ mp) and we have 6 ~ 45°. This case
practically corresponds to a one four-component, Dirac neutrino. v; and
v have equal masses, opposite C'P parities and the mixing is maximum.

— second, when mpr >> mp,mp. If we assume m = 0 for simplicity, then
mp

lmy| ~ —=
mg
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|ma2| &~ mpg
implying that m; is naturally small and ms is large. Since § ~ 0°, vz and
vy are practically decoupled. This is the so-called see-saw mechanism
[20]. Note, that mp has the standard model mass scale whereas mpg is

the mass scale of the right-handed neutrino associated with GUT models
[21].

The essential feature of the scheme with a combined Dirac-Majorana mass
term is the appearance of “sterile” fields which are not present in the standard
weak interaction Lagrangian. Then, the mixing between “active” and “sterile”
neutrinos is possible. “Active” neutrinos are those which take part in the
standard weak interactions. In case of pure Dirac or pure Majorana mass
terms only mixing between “active” neutrinos is allowed.

If we generalize the above approach to the three generations

m <~ — —m; = ﬁ’LDM_lﬁ’Lg

where all barred objects are 3x 3 matrices and as before we assume |(mp);, ;| <
|M; ;|. Now we have a 6 x 6 mass matrix given by

N 0 mp
M= (o Nin )

At this point two possibilities can be considered

— There is no mass hierarchy among the right-handed neutrinos. That is

1 0 0
MR ~ MR 0 1 0

0 0 1
implying

2 2 2 2 p2 2
m(vy) :m(v2) :m(vs) = My, Me T <or Me . T, mT)

Mgy Mg Mg Mp  Mp Mg

where m,,, m. and m; are the masses of "top” quarks (u, ¢, t) of the cor-
responding families and m., m,, m. are the masses of the corresponding
leptons (electron, muon, tau). This relation is called the quadratic see-
saw mechanism.

— The other possibility is the case where the right-handed neutrinos have
the mass hierarchy similar to that of the known ”top” quarks

B T 0 0
Mgr ~ Mg 0 Tnc 0
0 0 m

In this case we have

m(V)'m(l/)'m(V)—ﬂ'mc'ﬂ orme'ﬂ'mr
Y 2 7 Mgr Mg Mg Mg Mpr Mg
which is called the linear see-saw mechanism.

The see-saw mechanism is the only one known that allows to explain in a natural
way the smallness of neutrino masses with respect to the masses of all the other
fundamental fermions.

For a detailed review on the subject of neutrino masses see [22].
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1.3 Neutrinos and Astrophysics

Besides the importance of neutrino masses in the theory of weak interactions, there
exists also a deep interest in neutrino physics from cosmology. The indirect obser-
vation of dark matter in the dynamics of galaxies indicates that the major part of
their mass resides in a form which does not emit light.

According to the Big Bang hypothesis neutrinos were produced and interacted
during the first short time interval. But as the Universe expanded, they found few
particles to interact with and were left as a uniform sea. Neutrinos decoupled at a
temperature Tp, when the expansion rate of the Universe became larger than their
interaction rate (Tp = 5 MeV). The density of such relic neutrinos is calculated
to be 113 particles of each 3 types per cm? [23]. The other sources of neutrinos in
the Universe are supernovae (produce ~ 10°® v’s of about 10 MeV per explosion)
and stars (the Sun gives ~ 3% of its power in the form of »’s). If neutrinos are
massive and stable they can contribute significantly to the mass of the Universe.
The current upper limit from cosmology on the sum of all 3 types of v depends
on two parameters - the Hubble constant Hy and the present energy density of the
Universe py [21]:

> my, <100-Q- b7 (eV)

i=e
where h and Q are defined via Hy = h - 100 [(km/sec)/Mpc] and py = Q2 - p,
pe is the critical density corresponding to a flat Universe

_ 3H;§
Pe= &G

The limit on the sum of the masses of all neutrino flavours is

> m,, < 15465V
i=e

The above limit applies only when neutrinos are stable or much longer lived than
the age of the Universe.

1.4 Neutrino Oscillations

A very interesting phenomenon being searched for experimentally is called neutrino
oscillations. It was introduced by B.Pontecorvo in 1957 [24] by analogy to the
K° — K system. Under the assumption of massive neutrinos and mixing of their
families, neutrino interaction with matter is described by flavour eigenstates |v, >,
while neutrino propagation in space-time is governed by mass eigenstates |v; >. As
it was already shown before, in this case the flavour eigenstates can be represented
as a superposition of the mass eigenstates

n
Vo >= > Udilvi >
i=1

where U is a unitary mixing matrix analogous to the Cabibbo-Kobayashi-Maskawa
mixing matrix for quarks and n is the number of neutrino families (n = 3 for v,
Uy, Vr).

In other words the flavour of a neutrino along its propagation can be changed
because of the interference between different mass states.
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One should point out that there might be an essential difference between quark
and neutrino mixing since the electrical charges of quarks differ from zero, whereas
those of neutrinos are zero. Consequently, quarks are Dirac particles while neutrinos
may be either Dirac particles (there is a conserved lepton charge in this case) or
truly neutral Majorana particles (no conserved lepton charge). By studying only
neutrino oscillations one can not distinguish the Dirac case from the Majorana case.

In 1962 the formalism describing neutrino oscillations in case of two types of
neutrinos (v, and v,) was proposed [25]

Ve = v1-c0sl + vy -sinf
v, = —vi-sinf + vy -cosf
where v; and v, are mass eigenstates, v, and v,, are the observed particles, i.e. weak
interaction eigenstates.
The probability of neutrino oscillations (Fig. 1.1) is given by

L
Py, = Plvg ¢ vg) = sin®(26) xsin2(1.27Am2E)

where Am? = m3 — m? [eV?] is the difference of the squares of the masses of the
appropriate neutrino eigenstates, L [m] is the source-detector distance, E [MeV]
is the energy of the neutrino. This formula is valid regardless of whether Dirac or
Majorana neutrinos are involved.

One can define the oscillation length as L,s. = 2.5 X ﬁ. The sensitivity of
an experiment is normally judged by its L/FE ratio. Neutrino oscillations could be
observed if the mixing angle is large enough and the oscillation length is less or
of the order of the source-detector distance (L,s. < L) which can be rewritten as
Am? > £ To search for low mass differences (Am?) the distance (L) should be
large and the energy of the neutrino (E) has to be small.

0.8 g \/ P(vu)
: ~ 1/Am’

sin 20 P(v)

Figure 1.1: Probability of neutrino oscillations in case of 2 neutrino flavours.

The important consequence of the formula above is that neutrino oscillation
experiments cannot measure individual neutrino masses, but only differences of
squared masses.

With the rising evidence for v, existence this approach was extended to 3 types of
neutrinos but it was originally shown [26] that the results should not be significantly
different?.

As a consequence, although there are three neutrino flavours, data were analyzed
assuming oscillations between just two of them.

2However, the results depend strongly on the assumed mass hierarchy.
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Figure 1.2: Exclusion plot for a toy experiment (from [9]). Shown here are pos-
sible areas of neutrino oscillation parameters excluded by different experimental
techniques: appearance and disappearance experiments (see later).

Experimental results are usually presented as an area on the 2-dimensional
{sin®(260), Am?} plot. An example of such plot is given in the Figure 1.2 for a
toy experiment using unrealistic assumption that b = 1.27% has a Gaussian distri-
bution with standard deviation o about a central value® by.

One should note that

e since the fast oscillations are completely washed out by the resolution for large
Am?, sin®(20) = 2 < P > in this region;

e the maximum exclusion to the left is approximately < P > and it occurs at
2 _ .
Am* = ﬁ,
e the intercept at sin?(20) = 1 is at /< P >/by.

Currently it is commonly believed that all the experimental results should be
analyzed in the 3-neutrino approach. Moreover, there exist a strong recommenda-
tion from the Particle Data Group saying that ”in a comprehensive analysis of all
current data on limits on neutrino oscillations, one should use a three-generation
mixing framework” [27]. We will come back to this discussion later.

At this point we can state that the observation of neutrino oscillations could
provide positive answers to both questions about neutrino mass and neutrino mix-
ing. Moreover, it is the only possible technique nowadays to detect neutrino masses
below ~1 eV.

3In a real experiment I and E have some spread and one must average the probability P over
the appropriate distributions.
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1.5 Neutrino Oscillation Experiments

Experiments looking for neutrino oscillations have been carried out using accelera-
tors, nuclear power plants, cosmic rays, the Sun and even the supernova SN 1987A
as neutrino sources.

There are two types of experiments to search for neutrino oscillations. In exper-
iments of the first type (exclusive) one is looking for the appearance of neutrinos
of a given flavour vz (8 = e, u, 7) at some distance from the source of neutrinos
of a different flavour v, (@ = e, u; a@ # (). In experiments of the second type
(inclusive) at some distance from the source of neutrinos of a definite flavour one
detects neutrinos of the same flavour looking for disappearance of the original neu-
trinos. In the first case experiments answer the question whether the probability
Pysv.(a # B) is different from zero. In the second case experiments test if the
probability P, = 1 — >, 5Py, is not equal to unity.

The method looking for the appearance of ”unexpected” neutrinos can be very
sensitive to small mixing angles as it is in principle sufficient to detect a small
number of events induced by ”unexpected” neutrino flavour.

The other method is less sensitive to small mixing angles being in general limited
by the statistics and systematical uncertainties in the absolute intensity of the
neutrino source used, the neutrino spectrum and the detection efficiency. However,
this technique is the only one sensitive to neutrino oscillations into any neutrino
species. Even oscillations into “sterile” neutrinos (neutrinos that do not take part
in the standard weak interactions) can be measured with this kind of experiment.

The nature (and the amount) of a given neutrino vg (3 = e, 1, 7) is measured in
terms of the charged leptons /g which come out of charged current (CC) neutrino
scattering v X — I X'. In appearance experiments of v, — v type the expected
number of charged leptons Ig is given by

dos(E, q)

o8} qmam
N(voy =g L) = nT/ dE/ dg e(q)Fo(E) 1 P(vq — vs; E, L)
0 0 q

whereas in disappearance experiments the attenuation of the original neutrino beam
is being measured

e o] Imaz E
Nao(L) — N(va = lo;L) = nr / dE / dq s(q)Fa(E)idaac(lq’q)x
0 0

(1 — P(vq = va; E, L))

where
dos(E, q)

oo dmax
Nas(L) = nr / dE / dq &(q)Fa(E) ,
0 0 dq

F,(FE) is the flux of neutrino v,, nr is the density of target nucleons, (q) is the
detection efficiency for the charged lepton [ as a function of its energy ¢, %f’q) is
the differential cross section of the interaction v X — [3 X' and P(v, — vg; E,L) =
| < va(0)|vg(L) > |? is the probability of v, — v transition for a neutrino of energy
E after traveling a distance L.

Different techniques are used to cover various regions of phase space expressed
in terms of Am? and sin?(26). Accelerator experiments give limits down to Am? ~
0.1+1eV2. Reactor experiments cover the region of Am? ~ 102 eV2. Atmospheric
neutrino experiments allow to reach: Am? ~ 10~* eV2. Solar neutrino experiments
test the region of very small Am?: ~ 107% + 107! eV/2

We present here a breaf review of neutrino oscillation experiments.
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1.5.1 Solar Neutrino Experiments

At present there are several indications in favour of non-zero neutrino mass and
mixing. The first one comes from the Solar neutrino experiments: Homestake,
GALLEX, SAGE and (SUPER)KAMIOKANDE. The results of these experiments
are usually compared with the predictions of the Standard Solar Model (SSM) [28,
29, 30, 31] - a physical description of the Sun based on stellar evolution equations.

There are several nuclear fusion reactions occurring in the Sun core, all having
the effect of transforming four protons into *He nucleus:

4p — ‘He + 2" + 2v, + 26.73 MeV — E, ,

where E, represents the energy taken away by neutrinos (< E, >~ 0.6 MeV).
Thus, the average energy produced by this reaction and emitted by the Sun in
the form of electromagnetic radiation is @ =~ 26.1 MeV. The Sun luminosity is
measured to be Lo = 3.846 x 1026 W = 2.4 x 10%° MeV/s [9]. It is possible to
calculate roughly the rate of v, emission from the Sun:

dN (v.) Lg 38 —1
=2— =~1. 1
7t 0 8 x 10°°s

and, using the average distance between the Sun and the Earth (D = 1.496 x
10 m), the solar neutrino flux on the Earth:

®, ~6.4x100em st
There are two main nuclear reaction cycles in the Sun core:

e The pp cycle responsible for 98.5% of the Sun luminosity. It involves the
following reactions:

p+p—o et + v +d
p +d— v + 3He
He + *He — “He + p + p

These reactions represent 85% of the pp cycle. In the remaining 15% of cases
the last reaction is replaced by the following sequence of reactions:

He + *He — v + "Be

v + "Be = v, + "Li
p + "Li—» *He + “He
The last two reactions in this chain in 0.19% of cases are replaced by
p+ "Be— v + ®*B

8B — 8Be + et + 1,
8B — “He + *He

Let us denote the neutrinos produced in the corresponding reactions by vpp,
vge and vp. We have to point out that v, and vp have a continuous energy
spectrum while vp, is monoenergetic because it is produced in a two-body
final state reaction (see Table 1.2)
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Table 1.2: Main components of the solar neutrino flux on the Earth (as predicted
by different SSM).

Solar Model BP 92 TCL BP 95 DS
Flux Component Energy [28] [29] [30] [31]
pp flux (® x 10"°/em?/s) | < 420 keV | 6.00 £0.12 6.02 5.914+0.06 | 6.1
"Be flux (® x 10°/em?/s) | =860 keV | 4.89 £0.88 4.33 5157538 | 3.71
¥B flux (® x 10°/em?/s) | <15 MeV | 570+0.82 | 44+ 1.1 | 6.6270.7; | 2.49

e The CNO cycle which involves heavier elements consists of the following chain
of reactions:
p + "N = 2C + *He

p + 2C— v + N
BN 5 BC 4 et 4 o,
p+ B0 4+ UN
p + "“N—= v+ %0
50 BN 4 et + v,

and
p + N > v + 160

P+ 160_> v+ 17F
17Fv_> 170 + e+ + Ve
p+ 70— "N + "He

The differences in the solar models reflect different choices (personal judgement
of authors) of the best experimental measurements of the laboratory cross-sections
and the best extrapolation from laboratory energies to the stellar energies. Dif-
ferences in the neutrino fluxes predicted by various models are small for the pp
neutrinos, ~ 30% for the ”Be neutrinos and up to a factor of two for the ®B neu-
trinos (see Table 1.2).

The solar neutrino spectrum is depicted in Fig. 1.3

It should be pointed out that, while solar neutrinos arrive on the Earth ~ 500 s
after being produced, it takes of the order of 10% years for the energy produced
in the same reactions to be transported from the Sun core to the surface. Thus,
the Sun luminosity which is measured at present is associated with neutrinos which
reached the Earth ~ 10% years ago. This is not considered to be a problem in
the SSM because the Sun is a star with no appreciable change of properties over
~ 108 years.

Let us review briefly the solar neutrino experiments.

e The Homestake 3"Cl experiment [32]

It is the pioneering work in searching for solar neutrinos. The detector is
a radiochemical device based on the measurement of the production rate of
radioactive 37 Ar produced by the neutrino induced reaction

ve + 27C1 — TAr + e~

This technique was first proposed by B.Pontecorvo in 1946 [33].
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Figure 1.3: Solar neutrino flux (in em™
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Due to the energy threshold of 814 keV for this reaction, the detector is
sensitive mainly to the 8 B and " Be solar neutrinos.

The tank of 390 m? filled with 615 ¢ of liquid C>Cly is located 4850 ft deep
underground in the Homestake mine (USA) to reduce the background from
protons produced by cosmic rays (p + 37Cl — *TAr + n).

Every few months Ar is extracted from the tank by Ny flux. After separation
and purification it is sent to a proportional counter where the reaction e~ +
Ar — v. + *Cl with half life-time of 71/, = 34 days is observed via the
detection of X-ray or Auger electron. The extraction efficiency is measured
by injecting a known amount of 37 Ar in the tank. The average daily 37 Ar
production rate (~ 0.5 atoms/day) illustrates the difficulty of the experiment.

The measured solar neutrino flux was found to be significantly smaller than
the one predicted by the SSM. This discrepancy has been known for many
years and is called the ”solar neutrino problem”.

Gallium experiments

Two " Ga radiochemical experiments are dedicated to the measurement of
the solar neutrino flux with the aim of testing the Standard Solar Model and
trying to solve the ”solar neutrino problem”. They use similar technique and
measure for the first time the pp component of solar neutrinos via the reaction

ve + MGa — ™Ge + e

with a threshold of 233 kel (first proposed by V.Kuzmin [34]). By analogy
to the 37Cl experiment, the detection of neutrino captures is carried out by
chemical separation of the "'Ge product and the measurement of its decay.
" Ge is unstable with respect to electron capture (¢, = 11.43 days) and,
therefore, the amount of extracted Ge can be determined from its activity
measured in small proportional counters.

The advantage of this technique is that the detector performance can be tested
with an artificial > Cr neutrino source emitting electron neutrinos with energy
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Figure 1.4: Results for the solar neutrino runs of GALLEX I, GALLEX II and
GALLEX IIL The left hand scale is the measured "*Ge production rate; the right
hand scale, the net solar neutrino production rate (in SNU, where 1 SNU corre-
sponds to 10736 captures s~! atom™!) after subtraction of side reaction contribu-
tions.

of 746 keV. The energy of these neutrinos is similar to the solar ” Be neutrinos
and thus provides an ideal check of the experimental procedure.

To protect detectors from the cosmic radiation one must install them deep
underground.

The specific features of the 2 existing experiments are given below.

— GALLEX [35]

The GALLEX experiment is installed in the Gran Sasso laboratory (Italy).
The target consists of 30.3 ¢ of gallium, containing 12 ¢ of "'Ga dis-
solved in HC'l + H50. Results for the solar neutrino runs of GALLEX
I, GALLEX II and GALLEX IIT are presented in the Fig. 1.4.

The result of the *! Cr neutrino source (0.93+0.08) [36] indicates that the
deficit of solar neutrino flux observed by GALLEX cannot be attributed
to experimental artifacts and demonstrates the absence of any significant
unexpected systematic errors at the 10% level.

— SAGE (Soviet - American Gallium Experiment) [37]

The target for the reaction is in the form of liquid gallium metal (55 %)
located deep underground in the Baksan Neutrino Observatory in the
Caucasus mountains. About once a month the neutrino induced Ge is
extracted from the Ga.

The result from the °'Cr source (0.95 +0.11100%) [38] provides evidence
for the reliability of the solar neutrino flux measurements in the experi-
ment.

While there were some discrepancies after analyses of the first exposures, both
experiments give consistent results now. The measured solar neutrino flux is
again smaller than the SSM prediction.
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Figure 1.5: The cosfsyn distribution for the final data sample in KAMIOKANDE
detector (1036 days) confirms the solar origin of detected neutrinos. The solid line
shows the prediction of SSM [30] and the dashed line shows the best fit to the data
assuming a flat background distribution.

e The KAMIOKANDE (KAMIOKA Nucleon Decay Experiment) [41]

KAMIOKANDE is a water imaging Cherenkov detector located in the Kami-
oka metal mine (Japan) 1 km underground which was originally designed for
the proton decay search. The inner detector consists of a cylindrical tank with
a diameter of 15.6 m and a height of 11.2 m filled with 2140 tons of water and
viewed by 940 photomultipliers* (50 ¢m diameter). It "sees” solar neutrinos
in real time through their elastic scattering on electrons

Ve + € — v, + e

providing the possibility to measure the direction of Cherenkov radiation
(which allows to determine the incoming v direction and to check if it points
to the Sun, see Figure 1.5) and the recoiling electron energy (which is reflect-
ing the incident neutrino energy). Elastic scattering by other neutrino species
(v, and v,) also takes place but its cross section is six times lower than for v..
The sensitivity of KAMIOKANDE to detect electrons goes down to 5 MeV'.
However, to suppress background events from natural radioactivity of the de-
tector itself and those induced by cosmic ray muons, the practical threshold
is pushed to 7 MeV. As a result KAMIOKANDE is sensitive only to the 8B
component of solar neutrinos.

The SUPERKAMIOKANDE

The new SUPERKAMIOKANDE setup is a 50000 tons water Cherenkov de-
tector located 150 m to the south from the old KAMIOKANDE facility. It
uses the same technique to detect solar neutrinos. The detector consists of
inner and outer parts. The latter one serves as a veto counter for the incoming
cosmic ray muons as well as a shield layer against y-rays and neutrons coming
from the rocks. The inner detector is the central part (32000 tons) of water
viewed by 11200 PMT’s and is completely surrounded by the outer detector
with a water layer of about 2.7 m thickness. This inner detector is used to
detect interactions of solar, atmospheric and hopefully supernova neutrinos.

APMT’s
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Figure 1.6: Difference between v, (v;) and v, interacting with electrons in matter.

The advantage of the SUPERKAMIOKANDE detector is a possibility to use
a low energy electron beam from a small linear accelerator for calibration and
detector studies.

The most important results from all 5 experiments using different detection
techniques is that all of them have seen a deficit of the expected rates compared
to the SSM [28, 29, 30]. The results are summerized in the Table 1.3. The solar
neutrino flux is normally measured in Solar Neutrino Units®.

Table 1.3: Results of solar neutrino experiments compared to the SSM predictions.

SSM Prediction BP 92 TCL BP 95 DS
Experiment Threshold Measured Flux [28] [29] [30] [31]
Homestake (SNU) 814 keV | 2.55+0.17+£0.18 [ 81+1.0 | 64+£14 | 9377 [41+1.2
GALLEX (SNU) 233 keV 69.7 +6.773-2 13247 | 12254+7.0 | 13775 | 115+6
SAGE (SNU) 233 keV’ 69 £ 103 13247 | 1225+£7.0 | 13777 | 11546
Kamioka (10%cm™2s7) | 7 MeV | 2.80+0.19+0.33 | 5.74+0.8 | 44+1.1 | 6.62%09 2.49
SuperK (10°cm™2s7") 7 MeV 2.4440.067055 | 5.7+08 | 44+1.1 | 6.627)7 2.49

It should be noted that the amount of deficit is different for the different exper-
iments. It has also been demonstrated that the deficit is most prominent for the
medium energy neutrinos which come mainly from 7 Be reaction.

There were many trials to explain such a strange behaviour of solar neutrinos.

For example, there were attempts to construct so-called non-standard solar mod-
els which, in most cases, were yielding lower core temperatures resulting in a much
lower 8 B neutrino flux. Recently, however, helioseismology has made great progress
and starts to impose strong constraints on the solar model calculations.

MSW effect

As first shown by Mikheev, Smirnov [42] and Wolfenstein [43], the matter effect (in
the Sun) can lead to a resonant amplification in the oscillation amplitude.

The main effect of neutrino interactions inside the Sun is elastic forward scat-
tering on electrons. In analogy to optics, the integral of scattered waves can be
described by introducing a refraction index n, (o = e, u, ), leading to a change
in neutrino phase velocities. Since the solar matter is non-symmetric with respect
to v and v, , (because v, interacts with an electron via both W and 79 exchange
while v, , interact only via Z° exchange, see Fig. 1.6) it follows that n. # ny ..
Therefore an additional phase difference occurs.

As a result of this difference, the eigenstates which propagate in solar matter
without mixing (the ”solar eigenstates”) differ from those which propagate without

51 SNU = 1038 captures s~ atom 1.
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Figure 1.7: The result of the MSW solution (from [44]) in terms of the parameter
space (shaded regions) allowed by the combined observations at 95% CL assum-
ing the Bahcall-Pinsonneault SSM with He diffusion [30]. The constraints from
Homestake, combined Kamiokande and SuperKamiokande, and combined SAGE
and GALLEX are shown by dot-dashed, solid and dashed lines respectively. Also
shown are the regions excluded by the Kamiokande spectrum and day-night data
(dotted lines).

mixing in vacuum (the mass eigenstates). The mixing angle 6 in the solar matter
(the rotation angle between v, —v,, and the solar eigenstates) is related to the mixing
angle 0, in vacuum (the rotation angle between v, — v, and the mass eigenstates)
by:

sin?(26,)
(cos(26,) — %3)2 + sin*(26,)’

sin?(26,7) =

where L, is the oscillation length in vacuum and Ly is a length characteristic of the
motion of neutrinos through the Sun matter which is defined as

2T

Ly= ——r
0 \/§GFN6

G is the Fermi constant and N, is the number of electrons per unit volume in the
Sun.

The equation above has a resonant behaviour. Thus a very appreciable v, — v,
transition may occur in the Sun even for small 8,.
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Figure 1.8: Preliminary measurement by SUPERKAMIOKANDE of the ratio of
the number of observed events over the corresponding number of expected events
from SSM (Data/SSM) versus electron energy. Thick (thin) error bars correspond
to statistical (systematic) ones. The curve indicates what one would expect from
the MSW small angle solution.

This effect, called Mikheev - Smirnov - Wolfenstain (MSW) effect, can explain
the deficit of the measured solar neutrino flux compared to the SSM predictions.
There are 2 consistent MSW solutions for all experiments (see Fig 1.7): the so-called
“small angle solution” at sin®(26) ~ 8 x 1072 and Am? ~ 5 x 107¢ eV? and the
“large angle solution” at sin(26) ~ 0.6 and Am? ~ 1.6 x 1077 eV2.

Vacuum oscillations with the parameters Am? ~ 6 x 10~ eV and sin®(26) ~
0.9 could also explain the observations of the solar neutrino experiments [44].

Future projects

New attempts to shed light on the mystery of solar neutrinos will be made in the
nearest future: measurement of the energy spectrum of the solar neutrinos and
measurement of solar neutrino flux using neutral current reactions which are not
flavour sensitive.

The SUPERKAMIOKANDE detector intends to measure (after at least two
years of data taking) the precise shape of the 8 B solar neutrino spectrum indepen-
dent of the absolute flux value (preliminary results can be seen in the Figure 1.8).
Another important measurement is a study of the difference in the ®B neutrino
fluxes between day and night. The reason is that the large-angle MSW solution of
the solar neutrino problem predicts a small excess in the nighttime which is caused
by the fact that oscillated neutrinos (v, and v,) can be reconverted to the original
V. due to the regeneration in the Earth. A preliminary result [45] reported by the
SUPERKAMIOKANDE collaboration indicates that there is no day-night effect
within experimental uncertainties:

D-N
=—0. +0. .) £0. .
DIN 0.017 £ 0.026(stat.) & 0.017(syst.)

SNO (Sudbury Neutrino Observatory, Canada) [39] is a 1000 tons heavy water



26 CHAPTER 1. INTRODUCTION

Cerenkov detector for 8 B neutrinos. The goal of this experiment is to detect the
neutral current reaction v +d — p + n + v apart from v, +d - p+p+e~. The
former reaction registers v, as well as v, and allows to measure the total flux of
solar neutrinos on the Earth.

BOREXINO [40] is a 300 tons liquid scintillation detector being constructed
at Gran Sasso in order to directly observe the 7 Be neutrino line or to confirm its
absence. The expected threshold for this detector is 250 keV .

1.5.2 Atmospheric Neutrino Experiments

Atmospheric neutrinos are produced through decays of charged pions and kaons
which are secondary particles of the cosmic ray interactions in the atmosphere.
Most of these hadrons decay before interacting due to the low density at high
altitude.

The following decay chain is the main source of atmospheric neutrinos

p(He) + air nucleus — 7% + X

t o ui+ (;)

ui - et + (;) + (:L)

Thus, it is expected that the flux ratio of % is &~ 2. All the available flux
calculations are in agreement within 5% for the flavour ratio of neutrinos with
energies 0.4 < E,(GeV) < 1 [46]. Significant differences in normalization (~ 40%)
arise primary from different treatment of pion production by interactions of protons
in the atmosphere. When dealing with the ratio % most of the systematic
uncertainties cancel or are largely reduced.

In the atmospheric neutrino experiments the fluxes of electron and muon neu-
trinos resulting from cosmic ray interactions with atmosphere are measured. The
atmospheric neutrinos have energies ranging from ~ 100 MeV to a few GeV.

Six underground experiments have measured the atmospheric neutrino flux by
detecting quasi-elastic interactions:

ve(vy) + n = e (u7) + p

ve(y) + p — et(uh) + n

Three of these experiments (KAMIOKANDE [47], IMB [48] and SUPERKAMIO-
KANDE [45]) use large volume water tanks to detect the Cherenkov light produced
by relativistic particles in water. The other three experiments (FREJUS® [49],
NUSEX [50] and SOUDAN 2 [51]) are calorimeters with high longitudinal and
transverse segmentation.

Observed events are classified as two types: (1) fully contained events in which
all the tracks are contained in the detector and the incident neutrino energy is well
estimated; (2) partially contained events in which some of the tracks escape the
detector and the visible energy is less than the incident one.

Muons appear in all the detectors as single penetrating tracks, while electrons
produce electromagnetic showers consisting of many short tracks which can be easily
identified in the calorimeters and result in diffuse Cherenkov light rings in the water
detectors.

The comparison between the measured and predicted (v,/v.) ratio for all the
experiments is shown in the Table 1.4.

6The result of FREJUS experiment includes both contained and semicontained events.
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Figure 1.9: Zenith angle (cos ©) distributions observed by SUPERKAMIOKANDE
(from [45]). (a) electron-like sub-GeV fully-contained 1-ring events corresponding
to 326 day observation (718 events). Crossed bands are those expected from no
oscillation hypothesis and their widths show the statistical accuracy of the Monte-
Carlo simulations. The dashed lines indicate those expected from the assumption of
v, — v, oscillation with Am? =5 x 107 eV? and sin” 20 = 1; (b) same as (a) for
muon-like sub-GeV fully-contained 1-ring events (326 days, 735 events); (c) same
as (a) for electron-like multi-GeV fully-contained events (326 days, 149 events); (d)
same as (a) for muon-like multi-GeV fully-contained events (326 days, 139 events)
plus partially-contained events (293 days, 156 events). (e) Multi-GeV R observed
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Table 1.4: Comparison between measured and calculated (v,/v.) ratio for atmo-
spheric neutrino experiments.

Experiment Detector mass (kt) x (Vu/Ve)measured
time of exposure (years) (V[ Ve)predicted
KAMIOKA (sub-GeV) 4.92 0.60 T 5¢ £ 0.05
KAMIOKA (multi-GeV) 8.2 0.57 7057 £0.07
IMB 77 0.54 % 0.05 + 0.07
FREJUS 2.0 1.00 £ 0.15 £ 0.08
NUSEX 0.4 0.96 025
SOUDAN 2 1.52 0.72+0.19 T30
SUPERK (sub-GeV) 20 0.635 +0.033 +0.053
SUPERK (multi-GeV) 20 0.604 T8 +0.067

The average of all the experiments after adding the statistical and systematic
errors in quadrature is

R = WulVelmeasurea 60 4 04
(Vu/’/e)predicted

The deviation of R from unity is known as the “atmospheric neutrino anomaly” .
(SUPER)KAMIOKANDE and IMB see less v, induced events than expected. The
hypothesis that neutrino oscillations are at the origin of this effect has been sig-
nificantly reinforced by the observation of the zenith angle dependence of R in
KAMIOKANDE [47] and SUPERKAMIOKANDE (see Figure 1.9). The zenith an-
gle is a direct measure of the neutrino path length and neutrino oscillations may
manifest themselves as a possible distortion of the zenith angle distribution.

If interpreted as neutrino oscillations (v, — v, or v, — v;) this result implies
neutrino oscillation parameters Am? ~ (1072 = 1072) and sin?(26) ~ 1.

In conclusion, one can say that the solar neutrino deficit and the atmospheric
neutrino anomaly are the most exciting unsolved problems both for particle physics
and astrophysics.

1.5.3 Reactor Neutrino Experiments

The study of neutrino interactions at nuclear reactors is an important part of the
general field of neutrino physics. Nuclear reactors are the most powerful terrestrial
sources of electron antineutrinos. A reactor with a typical thermal power of 3—4 GIW
emits approximately 6 x 10%°7, s~! with energies up to 10 MeV. However, due
to the low-energy spectrum of these neutrinos, the only possible oscillation search
is via the disappearance v, — 7, experiment. Therefore the sensitivity for the
mixing amplitude sin?(26) is limited by systematic errors in the source strength,
the cross-section of neutrino interactions, the detector efficiency, etc.

As explained above, reactor neutrino experiments are suitable for a search for
Ve — P, neutrino oscillations using the disappearance technique. The most stringent
constraint is provided by the Bugey [52] experiment performed at the Bugey nuclear
power plant (France). High statistics measurements of neutrino spectra were carried
out at 15, 40 and 95 m from a 2.8 GW reactor using detection modules filled
with % Li-loaded liquid scintillator. The minimum excluded values of the Am? and
sin?(20) parameters are 1 x 1072 eV? and 2 x 1072 (at 90% CL) respectively (see
Fig. 1.11).
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Figure 1.10: The positron energy distribution for the LSND events (a) before and
(b) after selection. Shown in the figure are the beam-excess data, estimated back-
ground (dashed) and expected distribution for neutrino oscillations at large Am?
plus estimated background (solid).

1.5.4 Accelerator Neutrino Experiments

Accelerators produce mainly v, (7,) beams from nt, K+0 and p* decays. The
Ve (7.) component is usually small and poorly determined. Accelerator neutrino
experiments use both appearance and disappearance techniques to look for neutrino
oscillations.

At the moment there is only one accelerator experiment whose result could be
interpreted as an evidence for neutrino oscillations - the LSND experiment [54]
at Los-Alamos (USA). Neutrino production from 7 and p decays at rest from the
LAMPF beam stop is expected to arise almost entirely from =% — pty, and
pt — et,v.. Neutrinos from 7~ and pu~ are suppressed due to the smaller m~
yield and to the high capture probability in Fe and Cu of the beam stop. Thus,
observation of significant 7, production would be a hint for new physics. The LSND
detector is looking for the 7, — 7. transition. It consists of a 8.5 m long and 5.5
m in diameter cylindrical tank filled with 180 tons of liquid scintillator. Both
Cherenkov and scintillation light can be detected with the help of PMT’s. The
mean source-detector distance is 29 m. The signature of a v, interaction in the
detector is the reaction 7, + p — et +n followed by n+p — d+ (2.2 MeV'). This
signature is therefore two-fold: a relatively high energy positron (> 20 MeV') and a
2.2 MeV photon which is in time (0.5 ms) and in position (2 m) coincidence with
the positron.

The largest irreducible background for the 7,, — 7, oscillation search is that due
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Figure 1.11: Areas of oscillation parameters allowed by the LSND result (shaded
areas) and excluded by the KARMEN collaboration (solid lines). The expected
sensitivity of the KARMEN experiment after the upgrade is shown together with
the limits established by other experiments (BNL E776 and Bugey).

to a contamination of 8 x 10™* 7, in the beam. The LSND collaboration reports
a raw et excess for 36 < E(MeV) < 60 at the level of 30 effect (see Fig. 1.10). If
this excess is interpreted as neutrino oscillations, it corresponds to the oscillation
probability of Py, 5. = (0.31 £0.12 £ 0.05)%.

This result was confirmed lately by studying v, — v, neutrino oscillations using
v,’s from 7 decays in flight [55]. The v, appearance is detected via the reaction
v.C — e~ X. A total of 40 beam-on high energy electron events (60 < E.(MeV) <
200) consistent with this signature was observed which is significantly above the
21.9 4 2.1 events expected from the v, contamination in the beam and the beam-off
background. If interpreted as an oscillation signal, the observed oscillation proba-
bility (2.6 + 1.0 £ 0.5) x 10~ is consistent with the previously reported result.

The KARMEN experiment [56] at the pulsed spallation neutron facility ISIS
(Rutherford Appleton Laboratory, England) uses the same technique as LSND. A
high resolution 56 tons liquid scintillator calorimeter is located 17.6 m from the
proton beam stop. No positive evidence for neutrino oscillations has been observed
setting the upper limit on sin?(20) < 8.5 x 1073 for 7, — v, oscillations and
sin?(26) < 4.0 x 1072 for v, — v, oscillations at 90% CL for large Am? (Fig. 1.11).

This result is mainly limited by a relatively high background from cosmic rays.
The KARMEN detector was upgraded recently to install additional veto counters
and started to take data in this new configuration planning to cover the area of
oscillation parameters favoured by the LSND collaboration after two years of run-
ning. Preliminary result obtained for 7, — 7. oscillation search using upgraded
KARMEN detector is sin?(26) < 6.2 x 102 for large Am? at 90% CL [57].

Let us mention also the experiment E531 [58] carried out at the Fermilab (USA)
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wide band neutrino beam giving the most stringent limits for v, — v, oscillations
so far. This experiment was devoted to the measurement of charmed particles
lifetimes using a nuclear emulsion target. Due to a very good spatial resolution
(~ pm) such a detector was able to see decays of short lived particles produced
in neutrino interactions. It was therefore possible to look for a possible presence
of 7 lepton decays produced by v, via CC interactions. Drift chambers, a time
of flight system, electromagnetic and hadron calorimeters were used for particle
identification and measurement of their energies. Because of possible background
due to scattering, a kink (single prong) in emulsion was not considered as a 7 decay
candidate if the secondary track had a momentum perpendicular to the parent
direction (pr) less than 125 MeV. Finally, a momentum cut at p > 2.5 GeV on
the potential 7 candidate was applied. The search for 7~ decay signature yielded
no candidates” allowing to establish the following limits on the v, — v, (ve — v;)
oscillation parameters at 90% CL: Am? < 0.9 (9) eV? for maximal mixing and
sin?(20) < 4 x 107% (0.12) at Am? = 50 eV2.

1.6 Related phenomena

There is a number of phenomena which should be present in nature if neutrinos
have masses and if there is mixing in the lepton sector:

e Decay of heavy neutrinos vg.

The phenomenon of neutrino decay is an inevitable consequence of the mixing
of heavy neutrinos. Several experiments were looking for decays of heavy
neutrinos using different detection techniques.

For example, an interesting experiment was performed during the total eclipse
of October 24, 1995 [59]. A radiative decay of solar neutrinos (vgp — v; +
v) emitting a photon in the visible range was searched for. No signal was
found and the limit on the proper lifetime of the corresponding neutrino was
established: 7, > 97 s.

If heavy neutrinos are produced in 7- and K-meson decays, then their masses
cannot exceed my, kg — m.. In the mass range 0 < m,, < mg — m, the
following decay channels of heavy neutrinos are open [60]:

VH = YV

veg — YV

I/H—>6+

e Ve
VH — ,u+671/#
Vg — ;fe+

+

Ve
vg > me
Vg — u"',u_uu

VH — 7r+;f

The production and decay of heavy neutrinos at high energy accelerators
were investigated using CHARM [61], PS191 [62] and BEBC [63] detectors
at CERN and in the beam-dump experiment with the THEP-JINR Neutrino
Detector [64] at Protvino. No evidence of heavy neutrino existence was found
allowing to set limits on the mixing matrix elements |Ueg|?, |Uen| - |Uun|
(see Fig. 1.12 as an example) and |U,g|?. The best upper limits at 90% CL
from accelerator experiments are |U.g|?> ~ 1077, |Uen| - |Upm| ~ 4 - 1077

"There were three surviving events before the last momentum cut.
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1.7

for my,, ~ 100 MeV and |UeH|2 ~ 2.1079, |Uerr| - |Upm| ~ 6 - 10~? for
My, ~ 350 MeV

Lepton number nonconserving processes, for example, muon decays: yu — e,
w— 3e.

The hypothesis of massive neutrinos leads also to these decays which are
absolutely forbidden in the framework of the standard weak interactions.

The best current upper limits on the probabilities of these processes are
Fu%m/l“tot <4.9x 107 and Fﬂﬁge/rtot < 1.0 x 10712 at 90% CL [9]

Neutrinoless double 3 decay.
The Ov — B3 decay can occur under the following conditions:
— the electron neutrino is a Majorana particle;
— v, is massive and/or there exists a right-handed component in the weak

interactions.

Let us stress that the only feasible experiment up to now which can help in
solving the problem of the distinction between Dirac and Majorana neutrinos
is neutrinoless double 3 decay.

The most stringent upper bound on the Majorana mass at present is provided
by the Heidelberg-Moscow experiment: m, < 0.47 eV at 90% CL [65].

Three neutrino approach

From the measurements at LEP of the invisible width of the Z boson (Fig. 1.13)
it follows that only three flavours of neutrinos exist in nature. However, LEP
data do not provide a constraint on the number of massive light neutrinos. The
number of massive neutrinos depends on the neutrino mixing scheme. If the total
lepton number is conserved, neutrinos are Dirac particles and the number of massive
neutrinos is equal to the number of neutrino flavours. If the total lepton number
is not conserved and only left-handed neutrino fields enter in the total Lagrangian
(Majorana mass term), neutrinos with definite mass are Majorana particles and the
number of massive neutrinos is again equal to the number of neutrino flavours. In
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Figure 1.13: Data from the ALEPH, DELPHI, L3 and OPAL experiments at LEP
(CERN) for the cross section of the eTe™ annihilation into hadronic final states
near the Z° peak as a function of c.m. energy. The curves show the prediction of
the Standard Model in case of 2, 3 and 4 light neutrino flavours.

the most general case of neutrino mixing, left-handed and right-handed neutrino
flavours enter in the mass term and the total lepton number is not conserved (Dirac
and Majorana mass term). In this case massive neutrinos are Majorana particles
and the number of particles with definite mass is twice the number of neutrino
flavours.

It is to be stressed once again that if the number of massive neutrinos is more
than three, oscillations between “active” and “sterile” neutrinos are possible.

Let us derive the oscillation equations in case of three neutrinos assuming some
mass hierarchy. We choose the natural mass hierarchy (m; <« mo < mg3). If
neutrino masses are generated with the see-saw mechanism, this hierarchy is a
consequence of the hierarchy of the lepton or quark masses. The squared mass
difference Am3, = m3 — m? is small and can be relevant for an explanation of the
deficit of solar v, ’s as suggested by the MSW solution of the solar neutrino problem.
Thus for all experiments with terrestrial neutrinos we have Am2,L/2p < 1, where
L is the distance between the neutrino source and the detector and p is the neutrino
momentum.

Under these assumptions the amplitude of v, — v transition can be written as

. . . Am?L
AV,;—)V@ — o~ iF1t E : Uﬁchtje_l(Ej_El)t — o~ iFut E : U,B]'Ug(j + U,33UC):3 exp (—’L ;nl’) )
j=1,3 j=1,2

2
with Am? = Am3, = m3 —m{ and Ey = /p? + mi ~ p+ 5. Taking into account
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the unitarity of the mixing matrix

Z UﬁjU;j = 5aﬁ - U63U23

j=1,2

we obtain for the probability of v, — vg transition with 3 # «

1 Am2L
PVQ—ng = §Aua—>ug (1 — COSs < ,,27,; ))

Al/a*}l/g = Augﬁua = 4|U[5’3|2|Uoz3|2

The expression for the probability of v, to survive can be derived from the conser-
vation of the total probability

1 Am?L
P, ., =1 _g Px/a%ug =1- §BV¢1*>VQ <1 — COS ( % >>

where

where the oscillation amplitude B, __,,_ is given by

Bl/a—nla = Z Al/a*}l/g
57

Using the unitarity of the mixing matrix we state that
By, v, = 4Uas*(1 = |Uas)
Let us emphasize that in this model

e oscillations of terrestrial neutrinos are characterized by three parameters: the
mass difference squared (Am? = m2 —m?) and the squared moduli of the two
mixing matrix elements (|U.3|*> and |U,3|%);

e oscillations in all channels are characterized by the same oscillation length
and the amplitudes of v, =+ v, and v, — v3 transitions are related between
each other;

e the probabilities of v, — v3 and v, — Vg oscillations are equal
Pl/a%llg = Pl7a4>l75

This relation is a consequence of the fact that the oscillation probabilities
depend only on the squared moduli of the elements of the mixing matrix.
In the general case of mixing of three massive neutrinos this equation holds
for  # B only if CP is conserved in the lepton sector. For a = (3 it is a
consequence of CPT invariance.

1.8 Possible range of neutrino oscillation parame-
ters

Unfortunately, the experimental situation in the field of neutrino oscillation is ex-
tremely confused (see Figure 1.14). It is difficult or almost impossible to describe
all the observations by a single model in a natural way. Still, using the existing
hints in favour of neutrino oscillations and theoretical issues one can try to pre-
dict the most interesting range of neutrino masses and mixing to be looked at8.

80n the other hand, the situation is so confused that any additional information would be of
great interest.
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Figure 1.14: Current status of neutrino oscillation searches and expected sensitivity
of future experiments.

Assuming a natural mass hierarchy and keeping in mind that the MSW solution
probably implies Am3; = m3 — m? ~ m3 of the order of 1075 eV?, one can invoke
the see-saw mechanism and predict the v, mass to be in the range of 1 + 50 eV?

which is consistent with cosmological requirements.

This region of mass is being investigated by 2 experiments currently running at
the CERN SPS wide band neutrino beam: CHORUS and NOMAD.

The CHORUS (CERN Hybrid Oscillation apparatUS) experiment [66] (see Fig-
ure 1.15) is using the largest emulsion target ever built (800 kg) to search for
v, — v, oscillations in the SPS neutrino beam.

The experiment explores the domain of Am? > 10 eV? for mixing parameter
sin?(26) down to 2 x 10~ . The main advantage compared to the earlier E531 ex-
periment is the usage of a nearly 10 times larger emulsion target providing a unique
3-dimensional spatial resolution of ~ 1 wm in association with a high precision
scintillation tracker (Figure 1.16).

The analysis of such a large amount of emulsion has become possible with the
latest developments of automatic emulsion scanning methods. The hybrid detector
provides tracking capabilities around the emulsion target, muon identification and
means for the measurement of secondary particles momenta, signs of their charges,
total visible energy and missing transverse momentum. This is needed to localize
vertices of candidate events and to give a starting point for the kink search in
the emulsion for the automatic scanning microscope. The measurement of event
kinematics is used for the event preselection. The current state of the analysis is
reported in [67]. A subset of neutrino interactions collected during '94 and ’95
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runs has been analyzed, looking for v, charged current interactions where the 7
lepton decays to p~v,7,. In a sample of 31423 v, charged current interactions, no
v, candidates were found. For large Am? values, a limit on the mixing angle of
sin?(26),, < 3.5 x 1072 at 90% CL can be set, thus improving the previous best
result of E531 experiment.

1.9 Future experiments

Experimental neutrino physics is an active and relatively fast evolving field. A
large number of neutrino oscillations experiments are running, under construction
or being planned and discussed.

Present indications in favour of neutrino oscillations come from the solar neu-
trino experiments, the atmospheric neutrinos and the LSND result. The explana-
tions in terms of neutrino oscillations correspond to 3 very different mass scales. It
is clear that in a 3-family scheme at least one of these indications has to be either
wrong or incorrectly interpreted since only 2 different mass scales should be present.
To clarify the situation it is crucial to confirm these results with other experiments
using, if possible, different techniques.

It has become common now to classify neutrino oscillation experiments according
to their L/E, ratio.

1.9.1 Short baseline

An extended neutrino program will be started at Fermilab when the NuMI (Neutrino
at the Main Injector) facility will be put into operation.

The COSMOS (COsmologically Significant Mass Oscillation Search) experiment
(E803) [68] plans to take data for 4 years starting in 2001 and expects to reach a
sensitivity of sin*(26,,) ~ 1.4 x 10~° and to get down to Am? ~ 0.08 eV? using
a detector very similar to CHORUS but with better momentum resolution (~ 3%)
provided by fiber trackers.
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Figure 1.16: Emulsion target of the CHORUS experiment with an illustration of
the concept of the 7= decay detection technique.

A similar project at CERN (TOSCA [69]) consists in using nuclear emulsions in
combination with a high acceptance spectrometer (silicon trackers and honeycomb
chambers).

1.9.2 Medium baseline

In order to check the LSND indication one needs neutrino experiments with L/ E, ~
1 km/GeV. A unique possibility exists at CERN since the neutrino beam with av-
erage energy of < E,, >~ 24 GeV from the SPS, after entering the Jura mountain,
gets out ~ 17 km away from the source at a place where a detector could be installed
[70].

1.9.3 Long baseline

The range of neutrino oscillation parameters that can explain the atmospheric neu-
trino problem (Am? ~ 1072 eV?2) is accessible to experiments involving human
made neutrinos. One needs experiments with L/E, > 250 km/GeV .

CHOOZ (France) [71] is an experiment devoted to the search for neutrino
7, — U, oscillations in the region of Am? > 10~2 eV'? using neutrinos produced in
commercial nuclear reactors. The detector is located at a distance of 1 km from
the neutrino source at a depth of 300 m of water equivalent to screen the cosmic
radiation background. The detector fiducial mass is 5 tons of liquid scintillator.
The expected event rate in the absence of oscillations is ~ 30 events per day taking
into account the detection efficiency.

The CHOOZ experiment has already reported its first results [72]. From the
statistical agreement between detected and expected event rates (see Fig. 1.17),
there is no evidence (at 90% CL) for neutrino oscillations in the 7, disappearance
mode for a parameter region given by Am? > 0.9 x 1073 eV? for maximum mixing
and sin?(26) > 0.18 for large Am?.

A very similar reactor experiment will be performed at Palo Verde (Arizona,
USA) [73].

There are several long baseline projects involving usage of the v, beams produced
at accelerators.
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Figure 1.17: Initial results from the CHOOZ experiment.

The first experiment which is approved and financed is K2K (E362) in Japan [74].
It plans to use a neutrino beam from KEK to SUPERKAMIOKANDE (~ 225 km
away). Due to the fact that the neutrino beam energy is typically 1+ 2 GeV, most
of the neutrino reactions are either quasi-elastic or single-pion production, which
are easily handled with a water Cherenkov detector. The signature for v, — v,
oscillations will be the appearance of v, CC events while for v, — v, oscillations the
disappearance of v, CC events (the energy of the beam is below the 7 production
threshold) with respect to the expectations obtained from near (~ 0.6 km) and
intermediate (~ 24.4 km) detectors. For 10%° p.o.t (~ 2 years of data taking) one
expects ~ 400 CC events in the absence of oscillations that would be reduced to 150
in the presence of v, — v, oscillations with Am? ~ 10~2eV? and maximal mixing.
The sensitivity to the mixing parameter sin?(26) is of the order of sin*(26) > 0.4(0.2)
for v, — v, (v.) oscillations.

The second project uses a neutrino beam from the Fermilab main injector to be
sent to a new large, specially designed detector MINOS (Main Injector Neutrino
Oscillation Search) [75] located 730 km away in the Soudan mine. A near detector
of similar structure will also be constructed. Due to a very high intensity of proton
beam the far detector with a fiducial mass of ~ 10 kt could register ~ 3 x 10*
events/year. This experiment is sensitive to a relatively small mixing parameter
sin?(26) > 0.02 for Am? above ~ 3 x 1073 eV2.

The discussion about the possibility to construct a special beam line from CERN
to the Gran Sasso laboratory (~ 730 km) and to use the ICARUS detector for the
oscillation search [76] is still under way.

There are also many other proposals devoted to the neutrino oscillation searches.

1.10 Summary

The problem of neutrino mass and mixing is the central issue of today’s neutrino
physics. The study of this problem is associated with the search of new scales in
physics. The investigation of the neutrino masses is also connected with the hopes
to understand the nature of the dark matter in the Universe.
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The observation of neutrino oscillations would provide positive answers to both
questions about neutrino mass and mixing. Currently experimental evidences from
several sources suggest (with a different degree of confidence) that neutrino oscil-
lations may take place. The deficit of measured solar neutrino flux relative to the
expectations from the standard solar models and the deficit of v,’s produced by
cosmic ray interactions in the atmosphere find a natural (although not unique)
explanation in this phenomenon. Furthermore, there is a claim by the LSND col-
laboration of the direct observation of v, — v, and v, — v, transitions.

The Standard Model limits itself to massless neutrinos while large variety of
theoretical models beyond the Standard Model predict different patterns for neu-
trino masses and mixing parameters. For these reasons many searches for neutrino
oscillations in different regions of the parameter phase space {sin?(20), Am?} are
being performed and planned using natural and human-made neutrino sources.

One of such experiments - the NOMAD experiment which is presently taking
data at the CERN SPS accelerator - is supposed to shed light on the possible
v, — v, mixing for the cosmologically significant neutrino mass difference. The
description of the NOMAD experiment will be given in the next chapter.
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Chapter 2

The NOMAD experiment

2.1 General idea

The main goal of the NOMAD (Neutrino Oscillation MAgnetic Detector, WA-96)
experiment [77] is to search for the appearance of tau neutrinos (v,) in the CERN
SPS wideband predominantly v, neutrino beam.

The NOMAD detector [78]! was designed to measure and identify most of the
particles, charged and neutral, produced in neutrino interactions within the de-
tector. The active target is a set of drift chambers with a fiducial mass of about
2.7 tons and a low average density (98.6 kg/m?). The detector is located in a dipole
magnetic field of 0.4 T which allows the determination of the momenta of charged
tracks via their curvature, with minimal degradation due to multiple scattering.
The active target is followed by a transition radiation detector to tag electrons, an
electromagnetic calorimeter including a preshower detector, a hadronic calorimeter
and muon chambers.

In three years of running at the CERN SPS, NOMAD should collect data with
more than 1 million charged current (CC) v, events.

The possible presence of v, in the beam is being searched for via its CC inter-
action: v, + N — 7~ + X. Given the lifetime of the 7= and the average energy
of the CERN SPS neutrino beam, the 7~ travels about 1 mm before decaying.
The spatial resolution of NOMAD, while good, is not sufficient to recognize such
short tracks. Instead, the decays of the 7~ are identified using kinematical criteria,
based on a good measurement of the missing transverse momentum in the final state
(p™5%). The presence of at least one neutrino in the final state allows the usage
of momentum balance in the plane perpendicular to the beam direction to select

v, CC candidates from copious (V)&u CC and NC background [79]. By studying
correlations between the sizes and directions of three vectors in the transverse plane
(s 5P and ph*d) we can distinguish events containing 7~ decays from differ-
ent sources of background assuming that the event kinematics is well reconstructed.
Let us consider the 7= — e~ v, 7, decay channel as an example (see Fig. 2.1). Since
we have two escaping neutrinos in the final state, we expect the missing p,m%*
vector to point roughly in the same direction as the primary electron candidate
(Pf) and their sum to be opposite to the hadronic vector direction (5;2%?) in the
transverse plane. While the background from v, CC interactions behave differently.
First of all, if we are able to reconstruct correctly the event kinematics, 5% vec-
tor should be small and randomly distributed in the transverse plane, while the pi°
vector is expected to be back-to-back with the hadronic vector p2%¢. In order to

fight against background originating from NC events one can use an isolation cut

IThe publication was extensively used for the preparation of this chapter.
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Figure 2.1: Comparison of the event kinematics for v, CC event followed by 7= —
e v, decay and v, CC event.

requiring that the primary electron candidate should be well separated from the
rest of the hadrons.

The background contamination from v, in the original beam was estimated to
be well below the sensitivity of the experiment.

This technique is a complementary approach to the one adopted by the CHORUS
collaboration [66] which is based on the detection of the kink from 7 decays in
nuclear emulsion (where this kink can be actually seen).

In order to be sensitive to a large fraction of the 7~ decay modes and to be able
to select events with high efficiency and low backgrounds, the NOMAD detector
must satisfy the following requirements:

e be as hermetic as possible to provide a good measurement of event kinematics;

e measure the momenta of charged particles in the drift chamber target with
good precision;

e identify and measure muons, electrons and photons with high efficiency and
good purity.

As will be discussed below the NOMAD detector has achieved these goals. Tt
is able to search for 7= decays into two leptonic channels: e v, v,, p v,v, and
into three hadronic ones: 7~ v,, p~ v, and 7~ 7t nay,, i.e. about 86% of the T
decays:
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Figure 2.2: A sideview of the NOMAD detector

Decay Mode Branching Ratio
T S e U 17.8%
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Total ~ 86%

The advantage of using both leptonic and hadronic decay channels of the 7~
consists in the possibility to perform a cross-check since the background conditions
for these decay modes are crucially different.

As can be computed from the average energy of the neutrino beam and the
distance between the neutrino production point and the position of the NOMAD
detector, the experiment is especially sensitive to the cosmologically interesting v,
mass range: Am? ~ 10 + 100 eV2.

In addition to searching for neutrino oscillations, the large sample of data in a
detector with a target density of a hydrogen bubble chamber permits NOMAD to
explore many other processes involving neutrinos.

Let us describe the CERN SPS neutrino beam, the NOMAD subdetectors and
their performances.

2.2 The Detector and Beam

The NOMAD detector is shown schematically in Figure 2.2 (sideview) and Fig-
ure 2.3 (topview). It consists of a number of subdetectors most of which are located
in a dipole magnet with a field volume of 7.5 x 3.5 x 3.5 m3. The magnetic field
is horizontal, perpendicular to the neutrino beam direction, and has the value of
04T.

Refering to Figure 2.2, one can define the coordinate system adopted for NO-
MAD: it has the X-axis into the plane of that figure, the Y-axis directed up towards
the top of the detector and the Z-axis horizontal, approximately along the direction
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Figure 2.3: A topview of the NOMAD detector

of the neutrino beam. One should keep in mind that the neutrino beam is inclined
by 42.5278 mrad (or 2°26'12") in the YZ-plane with respect to the chosen Z-axis.
The system of coordinates with Z-axis along the neutrino beam direction is used
for the analysis.

2.2.1 The Neutrino Beam

The NOMAD detector is located at the CERN West Area Neutrino Facility (WANF)
and is exposed to the SPS wide band neutrino beam which consists predominantly
of v,. The beam line has been re-optimized for the NOMAD and CHORUS exper-
iments. Figure 2.4 shows a schematic layout of the WANF beam line.

The neutrinos are primarily produced from the decays in flight of the secondary
m and K mesons originating from 450 GeV protons impinging on a beryllium target
(made of 11 rods 10 ¢m long and 3 mm in diameter each separated by 9 em gaps).
The secondary pions and kaons are focused by a pair of coaxial magnetic lenses
- the horn and reflector. These secondary hadrons are allowed to decay in a 290
m long vacuum tunnel. Shielding made of iron and earth follows to range out the
muons and absorb the hadrons.

The NOMAD (CHORUS) detectors are located at about 835 m (823 m) from
the target. The average distance between the meson decay point and the NOMAD
setup is 620 m.

The SPS cycle repeats every 14.4 s. The protons are extracted from the SPS
in two 4 ms long spills (fast/slow extraction) separated by a 2.6 s ‘flat top’. The
proton beam has a Gaussian shape with o = 0.5 mm at the target. This new beam
line has been operating now for more than three years with record intensities up to
1.5 x 10'3 protons in each of the two spills.

Figure 2.5 shows the predicted neutrino energy spectra which were obtained
from a detailed GEANT [80] simulation of the beam line at the position of the
NOMAD detector and for a fiducial area of 2.6 x 2.6 m2. The fluxes are given per
10° protons hitting the target (p.o.t.).

The parameters of the various neutrino components are summarized in the Ta-
ble 2.1. The neutrino beam simulation is affected by uncertainties due mostly to
the limited knowledge of the 7 and K yields from the hadronic interactions in the
beryllium target. The measurement by the SPY collaboration [81] of the production
rates of m and K mesons and their ratio from 450 GeV protons hitting a beryllium
target will reduce these uncertainties in the neutrino flux.
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Table 2.1: Monte-Carlo predictions for the average neutrino energy, relative beam
composition and expected number of CC interactions in NOMAD in a fiducial area
of 2.6 x 2.6 m*> (for 2.4 x 10'? p.o.t.)

| | Average E, (GeV) | Relative Abundance | Number of v CC interactions |

Vs 23.6 1.000 1.15 % 10°
Vi 22.7 0.07 0.39 x 10°
Ve 37.0 0.01 0.17 x 107
e 33.2 0.003 0.22 x 10"

The intrinsic v, component in the beam, from the prompt reaction:

p+ N o DEf 4 X, DE 5 = + 5,

followed by 7+ — (’7)7 + X has been calculated to be negligible [82, 83]. The
relative number of v, produced from the above reaction chain and interacting via
CC in the fiducial volume of NOMAD has been estimated to be ~ 5 x 1075 the
number of v, CC events. After selection criteria, the resulting intrinsic v, signal is
much less than 1 observed event in the total duration of the NOMAD experiment.

2.3 The NOMAD subdetectors

Let us describe the NOMAD subdetectors in more details. We will follow the
neutrino beam direction.

2.3.1 Veto Counters

The veto system consists of an arrangement of 59 scintillation counters covering an
area of 5 x5 m? at the upstream end of the NOMAD detector. The scintillators have
a thickness of 2 em, width 21 em, and are of two lengths, 300 em and 210 em. Most
(56) of the counters are viewed at both ends by photomultipliers; the remaining (3)
counters have single-ended readout. The counters are arranged in a geometry which
provides optimal rejection of charged particles produced upstream of NOMAD, of
those produced in neutrino interactions in the iron detector support and of large
angle cosmic rays travelling in the same and in the opposite direction to the neutrino
beam. A small fraction of interactions in the central region of the iron cannot be
excluded, as the support frame for the steel structure (the ‘basket’) in which the
central detector is mounted passes through the space in which scintillators would
ideally be placed. Similarly, interactions in the upstream part of the magnet coil
are not vetoed, but can be distinguished from target interactions by reconstruction
of the event vertex.

The charged particle rejection efficiency of the NOMAD veto is constantly mon-
itored and has remained stable at a level of 96-97%.

2.3.2 Forward Calorimeter

The NOMAD detector is suspended from iron pillars (the ‘I’s) at the two ends
of the magnet. The front pillar was instrumented with scintillators to provide
an additional massive active target for neutrino interactions. Physics topics to
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Figure 2.6: Top view of the FCAL

be addressed by this forward calorimeter (FCAL) include multi-muon physics and
searches for neutral heavy objects produced in neutrino interactions.

The FCAL consists of 23 iron plates which are 4.9 em thick and separated by
1.8 em gaps. Twenty out of the 22 gaps are instrumented with long scintillators
which are read out on both ends by 3 inch photomultipliers. The dimensions of the
scintillators are 175 ¢m x 18.5 cm x 0.6 cm. To achieve an optimal light collection
and a reasonable number of electronic channels five scintillators along the beam
axis are ganged together by means of twisted light guides and form a module. Ten
of such modules are placed above each other and form a stack. Along the beam
axis are four such stacks. The area of the FCAL ‘seen’ by the neutrino beam is
175 em x 190 em (see Figure 2.6). The detector has a depth of about 5 nuclear
interaction lengths and a total mass of about 17.7 tons.

For neutrino interactions in the first stack of the FCAL, the equivalent hadronic
energy of a mip (minimum-ionizing particle) has been determined to be 430 MeV'.

2.3.3 Drift Chambers

The drift chambers, which provide at the same time the target for neutrino inter-
actions and the tracking device, are a crucial part of the NOMAD detector. They
were designed with the conflicting requirements that their walls should be as heavy
as possible in order to have a significant number of neutrino interactions and as
light as possible in order to minimize the effects of multiple scattering, secondary
particle interactions, photon conversions and bremsstrahlung for electrons. To keep
the total number of radiation lengths as small as possible for a given target mass,
the chambers are made of low density and low atomic number materials: there is
less than 1% of a radiation length between 2 consecutive measurement planes.

The chambers (figure 2.7) are built on panels made of Aramid fibres in a hon-
eycomb structure. These panels are sandwiched between two Kevlar-epoxy resin
skins. These skins give the mechanical rigidity and flatness necessary over the large
(3 x 3 m?) surface area. Each drift chamber consists of four panels. The three 8-
mm gaps between the panels are filled with an argon - ethane (40% - 60%) mixture
at atmospheric pressure. Because the panels are not completely gas tight, the gas
is circulating permanently in a closed circuit with a purifier section that removes
oxygen and water vapour.

The three gaps are equipped with sense wires making angles of +5, 0 and -
5 degrees with respect to the magnetic field direction. Potential wires, made of
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Figure 2.7: An overview of the drift chamber layout
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Figure 2.8: Drift velocity as a function of the electric field and the argon - ethane gas
mixture at atmospheric pressure. Different curves correspond to different percentage
of ethane in the gas mixture.

Cu — Be with a diameter of 100 um, are interleaved with the sense wires, made
of gold-plated tungsten with a diameter of 20 um. These wires are equally spaced
vertically to provide drift cells of £3.2 ¢m around each sense wire. The chambers
are placed inside the magnet, field shaping aluminium strips (2.8 mm wide, 12 um
thick, separated by 1.2 mm) are printed on mylar and are glued to the panels. The
3 m long wires are glued to support rods at 3 places to keep the anode—cathode gap
constant at 4 mm and decrease the electrostatic and gravitational displacements of
these wires. The gap is maintained at 8 mm using 9 spacers. The potentials on the
strips provide a drift field of 1 £V /em. With this electric field and the gas mixture,
the ionization electrons drift with a velocity of about 50 um/ns (Fig. 2.8). In order
to compensate for the Lorentz angle and to keep the drift direction parallel to the
planes when the magnetic field is turned on, the potentials on the strips are set at
different values on the two sides of each gap.

As can be seen from the Fig. 2.9, non linearities occur at both ends of the drift
cell which has a width of 3.2 em in the NOMAD drift chambers:

e Close to the anode wire the field is central and not constant. This extends to
several mm. Primary ionization fluctuations indicate that for a track within £+
300 um from the anode wire, the time is independent from the drift distance;

e The drift cell is closed by a potential wire which is at the same voltage as the
facing strip. The electric field then vanishes close to the end of the cell.

The transverse dimension of the chambers is approximately 3 x 3 m? and they fill
completely the available space inside the magnet coil. The total number of chambers
in the complete detector is 49 corresponding to 147 sense wire planes and a total of
6500 wires. The target chambers are combined in 11 modules of four chambers each
in the front part of the detector. Five additional chambers are installed individually
in the TRD region to provide a precise information about track extrapolations to
the TRD planes, preshower (PRS) and electromagnetic calorimeter (ECAL).

Each chamber contributes 0.02 radiation length. The fiducial mass of the cham-
bers totals 2.7 tons over an area of 2.6 x 2.6 m?. As shown in [84] the NOMAD
target is close to be isoscalar (Nprotons @ Nneutrons = 92.4% : 47.6%).
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Figure 2.9: Raw drift time distribution.

The chambers are operated at a voltage 100 V above the beginning of the
plateau, which was found 200 V' wide. Under these conditions, the typical wire
efficiency is 0.97, most of the loss being due to the supporting rods. Wire signals
are fed to a preamplifier and a fast discriminator, allowing track separation down to
1 mm. Discriminator output signals are sent to Lecroy 1876 TDC’s with a bin width
of 1 ns. These TDC’s measure a time difference with a common stop technique:

At = tstop - tstarta

where
tstart = tinteraction + Attof + Atdm’ft + Atwire + Atelect

which takes into account the interaction time (t;nteraction), the time of flight of the
measured particle between the interaction point and the measured plane (At;yf),
the drift time of electrons (Atgrip.), the signal propagation along the sense wire
(Atyire) and the signal propagation in the electronic circuits (Atezect).

tstop = tinteraction + Attof_trig + Atdelay

consists of the time of flight of the triggering particle (Atior +rig) and a delay
(Atgetay) long enough that the stop signal arrives after all start signals. Finally,
the time measured by the TDC is

At = (Attof_trig + Atdelay) - (Attof + Atdrift + Atwire + Atelect)

This time can be corrected for the At,pect and Atyire (if the z coordinate of the hit
along the wire is known), so that the true drift time is extracted.

To provide the information about the relative (with respect to a corresponding
wire) coordinate of a particle, the drift time should be converted into the distance
with the help of the so-called time-to-distance relation?.

2The actual hit position is computed taking into account the wire position and shape.
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The generalized coordinate ¢ is obtained from the coordinate ¢, of the wire and
from the drift distance d, which is a function of both the drift time Atg,;¢; and the
local angle ¢ between the direction of the track projected onto the wire plane and
the direction of the drift velocity. The drift distance is either added to or subtracted
from ¢,,. This is known as the up-down ambiguity:

¢ = ¢y £ d(Ataripe, @)

Unfortunately, this ambiguity should be resolved at the level of track construction
and fit.

A special alignment procedure [85] was set up to measure wire positions and
shapes, the time-to-distance relationship and other relevant quantities using muons
crossing the NOMAD detector.

In the drift chamber system, the position of a track is derived from a drift time
measurement and a wire position. The alignment process consists in determining
as best as one can all the quantities that enter in this conversion:

e the wire positions and shapes;

e the time to distance relationship and its dependence on the angle of the track
in the drift cell;

e the systematic offsets that affect the drift times measured by means of TDC'’s.

In the NOMAD drift chamber system, the delay introduced by electronics and
cables (Aterect ) can in principle be measured by a pulser system. This pulser is made
of a gate generator that is fanned to all the chamber planes and then distributed
to the wires via a strip that runs on the chamber side and excites capacitively
the wires. This system has also been used to check that the equipment functions
correctly. With about 1000 pulses, an average of the arrival time of the pulse in the
TDC’s can be computed, and misfunctionning channels can be identified.

The velocity of the signal propagation along the wire was measured from the
data and was found to be 26 ¢m/ns. This knowledge allows to correct for the time
of the signal propagation along the wire Atyre, if the 2 coordinate of the hit is
known.

Due to the fact that drift chamber planes can work under different gas® and high
voltage conditions, it was decided to determine the time-to-distance relation for each
plane independently. One should keep in mind that the precise determination of
the drift velocity? is important because a mistake of the order of one percent could
lead to a bias in the spatial resolution of the order of several hundred microns
(dmaz - 22 = 3.2cm - 0.01 & 300um).

Global alignment uses reconstructed track residuals, i.e. track-to-hit (signed)
distance and tries to minimize any systematic offset (see [86] for details). The
proposed procedure analyzes the residuals of reconstructed tracks and computes
systematic shifts of averages of these residuals. Then, the corresponding parameters
are updated and the reconstruction rerun. This process is iterated several times
(typical value is 15) until it stabilizes.

The DC track reconstruction is governed by a large number of parameters among
which 2 directly impact on the track to hit residuals: the road width for a track
search and the allowed x? increment when adding a point during a track expansion.
These parameters could vary at different steps of the alignment procedure requiring
several iterations.

3Due to different nitrogen contamination caused by different leak rates.
4No dependence of drift velocity on the presence of the magnetic field (after applying the
compensating voltage on strips) was found in our data.
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Figure 2.12: The definitions which are used for the drift chamber efficiency studies.
See text for details.

The distribution of residuals which has been obtained after careful alignment of
all wires (fitted in several segments along the wires to take mechanical defects and
electrostatic effects into account) as well as a detailed description of the time-to-
distance relation is shown in Figure 2.10. This distribution has a sigma of about 150
microns and confirms the good spatial resolution of the NOMAD drift chambers.
The dependence of the resolution on the drift distance and the polar angle is shown
in Figure 2.11.

The drift chamber efficiency and its dependence on the track angle and track
position in the drift cell was carefully studied using muons crossing the detector
between two neutrino spills [87]. All the drift chamber planes touched by the recon-
structed track were considered. In each plane we have defined the drift cell crossed
by the track and events were classified into 4 categories. The definitions which were
used are illustrated in the Fig. 2.12. The event of the first class (TYP=0) occurs
when there is a hit in the crossed cell and this hit lies within 3o (where o is a com-
bination of the drift chamber resolution and of the contribution due to the effect of
multiple scattering) from the predicted track position in this measurement plane.
The second class (TYP=1) contains events in which there is a hit in the crossed
cell but it was not included in the track since it lies more than 30 away from the
predicted track position. The third class (TYP=2) contains events in which there
is no hit in the crossed cell but there exists a hit in the adjacent cell or there is a
hit in the adjacent cell which is closer to the predicted track position than another
hit in the crossed cell. Finally, the last class (TYP=3) contains events with no hits
in both crossed and adjacent cells.

With the help of this classification we can define minimal and maximal efficien-
cies:
events with TYP=0

all events

events with TYP=0,1,2

Smax -

Emin =

all events

The inefficiency (1-€m:n) was calculated as a function of the z-coordinate (along
the wire). The results are given in the Fig. 2.13. This distribution can be well fitted
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by a constant (= 2.4%) and three Gaussians with a width of ~ 6 mm centered at
the supporting rod’s positions. As a result we can state that the efficiency in the
region between wire supporting rods is emin ~ 97.6% which is consistent with our
expectations and we confirm that the inefficiency is caused mainly by the presence
of the rods.

Further studies show that the major loss of efficiency is not due to the absence
of the hit in a measurement plane but due to non-Gaussian tails in the residual
distributions. If one extends the road for the hit collection during the track recon-
struction a maximal drift chamber efficiency up to €4 & 99.7% can be obtained.

One can also study the regions of inefficiency along the drift cell (Fig. 2.14) to
make sure that we understand correctly the behavior of the drift electrons. The
only unrecoverable loss of efficiency corresponds to the (type=3) events. It varies
from ~ 0.1% at the beginning of the cell to ~ 1% at the end. One can see also that
the efficiency loss in the first bin for the (type=0) events can be compensated by
adding the events of the (type=1) class. This fact can be explained by the presence
of large non-Gaussian tails in the residual distribution especially in the region close
to the wire. As expected, (type=2) events occur if the track passes at the edge of
the drift cell.

Unfortunately, there are other hardware effects which could cause efficiency
losses: planes with short circuits between strips, disconnected field wires, misalign-
ment of a wire with respect to the facing layer of strips. These effects have also
been studied and the following conclusion can be drawn (see Fig. 2.15):

- planes with short circuits between strips: efficiency loss ~ 42%,
- disconnected field wires: efficiency loss ~ 12%,
- misaligned strip layers: efficiency loss ~ 10 + 15%.

To have an idea about the hardware performance of the NOMAD drift chambers
we present here an overall situation during the '96 run data taking period: among
147 planes in total 1 or 2 planes were switched off due to unrecoverable problems
(such as a broken wire), 2 or 3 planes suffered from short circuits between strips
and 3 planes had field wires disconnected.

A potential problem was present in the drift chamber response which is related
to the presence of afterpulses (or bounces): some of the hits can be accompanied
by one or several other hits on the same wire [88]. If we plot the time difference
between the hit included in a given track and the other hit on the same wire we see
the following distribution (Fig. 2.16,left). One can observe two contributions: the
first one is symmetric in time and the second one is concentrated at ~ 50 ns after
the first digitization. The former contribution was attributed to the emission of
low-energy d-rays which produce random hits in the drift cell crossed by the track,
while the latter contribution was associated with the smearing of the electron cloud
consisting of several clusters which could trigger another digitization after the arrival
of the first electron.

Having subtracted the symmetric part caused by d-rays we obtain the following
distribution (Fig. 2.16,right). The additional difficulty is related to the fact that
the rate of the afterpulses depends on the track angle and track position in the
drift cell. This study allowed to include the effect of afterpulses in the simulation
program.

The knowledge gained by the studies of resolution, efficiency and the presence of
afterpulses is used during the reconstruction in the drift chambers. The dependence
of the resolution on the drift distance and track angle was parametrized and imple-
mented at the level of track search and fit. A special bounce filter was developed
to cope with the presence of afterpulses for the hit selection.

The momentum resolution provided by the drift chambers is a function of mo-
mentum and track length. For charged hadrons and muons traveling normal to the
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Figure 2.13: The inefficiency (1-€,,,) as a function of the z-coordinate (along the
wire). Peaks correspond to the wire supporting rods. This distribution can be well
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at the rod’s positions. The small bumps in the second (pll) and third (pl2) planes
are due to the spacers used as chamber supports.
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The horizontal solid line shows £ = 0.98 level for normal chambers. The different
shaded areas indicate different layers of cathode strips. We can state that for

(1) planes with short circuits between strips: efficiency loss ~ 42%;

(2) disconnected field wires: efficiency loss ~ 12%;

(3) misaligned strip layers: efficiency loss ~ 10 + 15%.
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Figure 2.16: Example of the time difference (in ns) between the other hit on the
same wire and the hit included in a given track before (left) and after (right) the
subtraction of symmetric §-rays contribution.
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plane of the chambers, it is parametrized by:

oy 005 0.008 % p
p VL VL5

where the momentum p is in GeV and the track length L in m. The first term
is the contribution from multiple scattering and the second term comes from the
single hit resolution of the chambers. For a momentum of 10 GeV, the multiple
scattering contribution is the larger one when the track length is longer than 1.3 m.

Fig. 2.17 shows the resolution as a function of the track length as measured from
our real data sample. The momentum resolution 3.5% in the momentum range of
interest (2 < p(GeV') < 10) is achieved.

For electrons, the tracking is more difficult because they radiate photons via the
bremsstrahlung process when traversing the tracking system. This results some-
times in a drastically changing curvature. In this case, the resolution is worse and
the electron energy is measured by combining information from the drift chambers
and the electromagnetic calorimeter as it will be described later.

2.3.4 Trigger Counters

Two trigger planes are installed in the NOMAD detector to provide an efficient
selection of neutrino interactions inside the fiducial volume. The first plane follows
the active target and the second plane is positioned behind the TRD region. Both
of them cover a fiducial area of 280 cm x 286 c¢m and consist of 32 scintillation
counters with single-ended photomultiplier readout. The scintillators have a thick-
ness of 0.5 ¢m and a width of 19.9 ¢m. Twenty-eight of the counters are installed
horizontally and have a length of 124 e¢m. In order to increase the fiducial area of
the trigger planes, four counters of a length 130 ¢m are installed vertically to cover
the lightguides of the horizontal counters.

The scintillators are connected to photomultipliers (with an intrinsic time reso-
lution of 1 ns) which are oriented parallel to the magnetic field. The field of 0.4 T
only reduces the response of these photomultipliers by 30%.

A coincidence between the two planes is required for a valid trigger.

The average efficiency of the trigger counters for single tracks has been deter-
mined with the data and found to be (97.5+ 0.1)% [89].

2.3.5 Transition Radiation Detector

The NOMAD Transition Radiation Detector (TRD) [90] was designed to separate
electrons from hadrons with a rejection power greater than 103 keeping 90% electron
identification efficiency. It is placed after the first trigger plane and consists of 9
individual modules. Each of them includes a radiator followed by a detection plane.
The first 8 TRD modules are paired into 4 doublets.

In order to provide a precise track extrapolation from the drift chamber target
to the calorimeter, five drift chambers are embedded in the TRD, one after each
TRD doublet and one after the last TRD module, see Figures 2.2 and 2.3.

The design of the detector was optimised taking into account two main experi-
mental constraints: limited longitudinal space inside the NOMAD magnet and less
than 1% of radiation length per each TRD module®. The chosen design of the TRD
module is the following one (see figure 2.18):

e The radiator is a set of 315 polypropylene foils, each 15 pm thick and 3x3 m?
in area, separated by 250 um air gaps. Foils are stretched on the aluminium

5Less than 2% of X between two DC measurement planes.
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Figure 2.18: A schematic top view of a section of the TRD

frame and embossed to insure a regular spacing in spite of their large size and
of electrostatic effects;

e The detection plane consists of 176 vertical straw tubes, each 3 m long and
16 mm in diameter, separated by 0.2 mm. The straw tubes are fed in parallel
with a xenon — methane (80% — 20%) gas mixture. They are made of two
shifted 12.5 pm thick ribbons of aluminised (115 nm of aluminium) mylar
rolled and glued along a 16 mm diameter helix. The sensitive anode is a
50 pm diameter golden tungsten wire stretched with a tension of 100 g. In
order to protect the gas mixture in the straw tubes from water and oxygen
contamination, each TRD module is enclosed by two aluminised mylar skins
with a permanent flow of dry N inside them.

The calibration of the TRD is continuously performed with the help of a ra-
dioactive °Fe source (E,=5.89 keV') attached horizontally in the middle of each
detection plane. A self-trigger system is used to record ®®Fe signals in each straw
between every neutrino spill. °°Fe source signals reflect all the changes in the
running conditions (high voltage, temperature, pressure, gas mixture composition,
etc.), thus allowing efficient monitoring and calibration of the TRD.

The electron identification in TRD is based on the difference of energy deposited
in the straw tubes by particles of different Lorentz factors v = E/m (see Fig. 2.19).
Charged particles with v < 500 deposit energy in the xenon — methane gas mixture
predominantly by ionization losses, whereas relativistic charged particles (v > 500,
mainly electrons in NOMAD) produce also transition radiation X-rays at the inter-
faces of the foils [91, 92]. As a results, a few photons in a kel range are produced
by an electron crossing a radiator (< Ny >~3 with < E, >~14 keV for 10 GeV
e”).

About 60% of the photons emitted in the radiator are absorbed in the detection
planes due to a large cross-section of Xe for a few kel photons. Transition radiation
X-ray energy deposition is added to the ionization losses of the parent particle in
the same straw tube, because the angular distribution of the emitted photons is
peaked around the initial particle direction (the mean angle of emission is about
1/7).

A pion rejection factor of the order of 1000 is obtained with the 9 TRD modules,
while retaining an electron efficiency of 90% [93] as will be described later.
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Figure 2.19: Signal amplitudes in a TRD straw for 10 GeV pions and electrons (from
test beam measurements). The dashed line corresponds to the >Fe (5.89 keV)
calibration source.

2.3.6 Preshower Detector

The preshower (PRS), which is located just in front of the electromagnetic calorime-
ter, is composed of two planes of proportional tubes (286 horizontal and 288 vertical
tubes) preceded by a 9 mm (1.6 X,) lead-antimony (96% - 4%) converter, see fig-
ure 2.20.

The proportional tubes are made of extruded aluminium profiles and are glued
to two aluminium end plates of 0.5 mm thickness. Each tube has a square cross-
section of 9 x 9 mm? and the walls are 1 mm thick. The 30 um gold-tungsten
anode is strung to a tension of 50 g and secured at each end. In order to avoid
wire vibrations, the anodes are also glued in the middle of the preshower on small
spacers. The proportional tubes operate at a voltage of 1500 V' with a mixture of
Ar: COy (80%:20%).

Signals from each tube are fed into charge preamplifiers.

A large sample of straight through muons is collected during the flat top of the
SPS cycle. These muons have been used to monitor the preshower gains against
pressure and temperature variations. The global variation of the gain induced by
pressure and temperature fluctuations can be calculated on a run by run basis.
The electronic gains for each channel are taken into account, allowing the final
determination of the individual gas gain. The dispersion of these gas gains is found
to be 6% for the 574 tubes and is mainly due to the inhomogeneity of the gas flow
inside the preshower.

The fine granularity of the preshower assists in understanding the signals in the
electromagnetic calorimeter blocks caused by adjacent particles. Once the clusters
with an associated charged track have been constructed, the remaining ones might
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Figure 2.20: A detailed view of the NOMAD preshower detector.

be attributed to photons which have converted®. The preshower is used to determine
the impact point of converted photons and contribute to the electron identification.

2.3.7 Electromagnetic Calorimeter

The physics goals of NOMAD rely strongly on electron identification, as well as on
a very accurate determination of the total transverse momentum in an event.
While electron identification is performed using mainly the Transition Radiation
Detector, the measurement of its energy as well as the determination of the neutral
component of the transverse momentum requires a large acceptance electromagnetic
calorimeter with good energy resolution. In addition, the electromagnetic calorime-
ter (ECAL), used in conjunction with the Preshower Detector should improve (by
at least two orders of magnitude) the electron identification provided by the TRD.
The need to detect electromagnetic showers induced by photons and electrons
with energies ranging from about 100 MeV up to 100 GeV requires a large dynamic
range in the calorimeter response; a lead-glass detector has been chosen for its good
energy resolution and uniformity of response. The presence of the magnetic field
transverse to the counter axis requires a special geometry for the calorimeter. A
detailed description of ECAL can be found in [94]. The performances of ECAL,
when exposed to test beams of electrons, pions and muons are reported in [95].
ECAL consists of 875 lead-glass Cerenkov counters 19 radiation lengths deep and
with a rectangular cross section of 79 x 112 mm?. The direction of the magnetic
field (0.4 T) is perpendicular to the counter axis, imposing severe constraints on
the mechanical assembly of the light detection system (Figure 2.21). The back face
of the lead-glass blocks coupled to the light detectors (two-stage photomultipliers,
tetrodes, with a typical gain of 40 in the operating conditions of NOMAD) was cut
at 45° with respect to the block axis, in such a way that the symmetry axis of the
tetrodes forms an angle of 45° with respect to the field direction, thus minimizing
the signal reduction caused by the magnetic field. This has been found to be

6~ 70% of photons convert in PRS.
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Figure 2.21: Schematic view of some lead-glass counters with phototetrodes.

less than 20% and to be very constant and uniform. A low-noise electronic chain,
composed of a charge preamplifier followed by a shaper and a peak sensing ADC
with a resolution of 12 bits, provides a calorimeter response in a large dynamic
range of more than 3 x 10*.

A fast signal is also provided for time measurements in order to reject energy
depositions not associated with the event trigger and for using the ECAL at the
trigger level, with a resolution of a few ns for energy depositions larger than 1 GeV'.

Monitoring of the lead-glass response is performed using blue Light Emitting
Diodes (LED, two per block) mounted on the same face of the block on which the
tetrodes are positioned; a detailed description of this monitoring system is given
elsewhere [96]. The stability of this system has been shown to be within £1% over
periods of several months.

Before the final assembly in NOMAD, each lead-glass block was calibrated in
a test beam using 10 GeV electrons. The response to the LED pulses, measured
together with that to electrons of known energy (Ap/p=1%), was recorded and used
later on to convert the calibration obtained under the test beam conditions (without
magnetic field) to the NOMAD operating conditions. The effect of the magnetic
field on the calibration is taken into account by making LED measurements with
the magnetic field on and off.

The linearity of the calorimeter response to electrons was verified using test
beam measurements in the energy range 1.5 —~ 80 GeV. Deviations from linearity
are less than 1.5% and can be easily corrected with a logarithmic algorithm. A
detailed study of the energy resolution was performed. After the deconvolution
of the electronic noise from the data, a two-parameter fit of the energy resolution
AE/E = a + b/VE, where E is in GeV, gives a = (1.04 £ 0.01) % and b =
(3.22+£0.07) %.

The uniformity of the ECAL response as a function of the impact point of the
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Figure 2.22: The invariant mass distribution of two photons reconstructed in the
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Figure 2.23: The signal in the ECAL from muons crossing the detector during
normal data taking. A correction has been applied to account for the differences in
impact angle of the muons at the calorimeter front face.
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incoming electrons has been measured to be £0.5% ; the response to electrons
entering at normal incidence in the gaps between adjacent blocks has shown that
ECAL is “hermetic” at more than 99%. A weak dependence of the total energy
release from the incidence angle 8 of the incoming electrons has been found both in
the test beam measurements and in the Monte-Carlo simulations: this dependence,
which has been empirically parametrized as E(f) = E x 1/cos(f), can be attributed
to the small variation with angle of the Cerenkov light collection efficiency.

The calibration and the calorimeter response to low energy photons has been
checked by measuring the 7 mass produced both in a test beam setup and in the
experiment (Fig 2.22). The test beam data gave m, = 133.7 £ 1.2 MeV with a
om =16 MeV.

The calorimeter response to muons corresponds to an average energy of (0.502+
0.003) GeV without the corrections needed to take into account the lead-glass block
geometry and the asymmetry in the light detection introduced by the phototetrode
position”. The muon signals were found to be stable within +1% over a 2 year period
providing a good check on the stability of the calorimeter response. Figure 2.23
shows a typical spectrum of the energy deposited by muons crossing ECAL. This
muon monitoring is complementary to the LED monitoring which is continuously
running during normal data taking.

Triggers based on the ECAL energy deposition are currently being acquired
together with the ‘normal’ neutrino triggers described later. The large mass of
ECAL (~ 20 tons) gives a trigger rate of ~ 2.5/neutrino spill. The large acceptance
makes such events very useful for physics purposes as well as for monitoring of the
beam conditions.

2.3.8 Hadronic Calorimeter

The hadron calorimeter (HCAL) is intended to refine the measurement of missing
transverse momentum by identifying neutral hadrons and measuring their energies
and directions, and by providing a measurement of charged hadronic energy com-
plementary to that derived from momentum measurements in the drift chambers.

The HCAL is an iron-scintillator sampling calorimeter. The NOMAD detector
is suspended from iron pillars (the ‘I’s) at the two ends of the magnet. The down-
stream pillar was instrumented with scintillators to construct the HCAL with an
active area 3.6 m wide by 3.5 m high.

The ‘I’s consist of 23 iron plates 4.9 em thick separated by 1.8 em gaps, and six
of these modules form a wall 5.4 m wide, 5.8 m high, and 1.5 m from front face to
rear face. This wall acts as a filter for the large muon chambers downstream and as
a support for the ‘basket’ which contains most of the NOMAD detector. It provides
also the absorber for the hadron calorimeter.

A schematic frontview of HCAL is given in Figure 2.24. The active elements of
the calorimeter are scintillator paddles 3.6 m long, 1 ¢m thick, and (on average)
18.3 cm wide. The scintillation light is directed to a 5 inch phototube at each end
of the module.

The output from each phototube is split. One signal is delayed and sent to a
charge-integrating ADC, while the second is discriminated and sent to a multihit
TDC. The ADC signals are used for energy and position measurements, while the
TDC signals are used to determine event timing. The energy deposited in a given
module is obtained from the geometric mean of the two phototube signals, and
the horizontal position of the energy deposition is determined from the attenuation
length of the scintillator and the ratio of the phototube signals. Figure 2.25 shows
the difference between the predicted position and the position measured by the

"The corrected value is (0.566 + 0.003) GeV. See Fig. 2.23.
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Figure 2.24: A front view of HCAL; see the text for details.

hadron calorimeter for minimum ionizing muons passing through a single module;
the typical position resolution is of the order of 20 e¢m.

Vertical positions are determined from the pattern of energy sharing between
the modules. There is a high probability that hadrons will begin to shower in the
approximately 2.1 \;,; of material upstream of the hadron calorimeter, and so the
total hadronic energy is taken to be a weighted sum of the energies deposited in the
hadron and electromagnetic calorimeters.

2.3.9 Muon Chambers

The NOMAD muon detector consists of 10 drift chambers previously used in the
UA1 experiment [97]. Each chamber has an active area of 3.75 x 5.55 m? with two
planes of drift tubes in the horizontal and two in the vertical directions. In total
there are 1210 drift tubes, each with a maximum drift distance of 7 em.

The chambers are arranged in pairs (modules) for track segment reconstruction.
The first muon station consists of three modules and is placed behind the hadron
calorimeter. It is followed by an 80 em thick iron absorber and a second muon
station of two modules, see Figures 2.2 and 2.3.

The chambers are operated with an Argon:Ethane (40% : 60%) gas mixture.
Their performance is monitored continuously using high energy muons passing
through the detector. The average position resolution for hits is in the range 350 um
to 600 um depending on the gas quality, see figure 2.26.

The average hit efficiency is 92.5% and the dominant source of the inefficiency
(6.5%) is due to the dead areas between the drift tubes. Before the beginning of
1995 run there was a small gap between the muon chambers in station 1. Starting
from the 1996 run this gap was closed with several small scintillation counters, the
‘muon veto’ (see Figure 2.2).

Track segments are reconstructed separately for each station from (typically) 3 or
4 hits per projection, see Figure 2.27. The measured efficiency for the reconstruction
of track segments is 97%.

Muons are identified if they penetrate more than 8 interaction lengths (A;,t) of
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Figure 2.27: A cut through a muon chamber module illustrating the drift tube
arrangement, and the typical hit pattern left by a throughgoing muon (continuous
arrow) and the track segment reconstructed in projections (dashed arrows).

absorber material in order to reach muon station 1, or 13 A;,; for muon station 2.
For perpendicular incidence, the momentum thresholds to reach the muon chambers
(with 50% probability) are measured to be 2.3 GeV for station 1, and 3.7 GeV for
station 2.

The geometrical acceptance to hit either of the two stations is about 98%. This
number applies to primary muons from charged current interactions, averaged over
their production point in the NOMAD target, and does not include muons which
‘range out’ in the absorber material.

2.4 Triggering
The following triggers were set up for the study of neutrino interactions in NOMAD:

e V x Ty x T,. This trigger allows a study of neutrino interactions in the drift
chamber target region. At least one hit in both trigger planes Ty and T5 is
required. To prevent triggering on through-going muons, no hit should have
occurred in the veto counters (V). The rate for this trigger is ~ 5.5/103 p.o.t.
Of these triggers, about 0.5 are potentially interesting candidates for neutrino
interactions in the drift chambers. The remaining triggers consist of ‘cosmics’
(about 1), non-vetoed muons (1.5) and neutrino interactions in the magnet
(2.5).

e Vg x FCAL. Neutrino interactions in the forward calorimeter with an energy
deposition of at least 3 mip fire this trigger. Through-going muons are vetoed
by the veto subset V5. About 6.5 neutrino interactions occur in the FCAL for
10'3 p.o.t.

e Vg xTy x Ty x FCAL'. This trigger is set up to study quasielastic like events
in the FCAL. Such events allow a relative flux measurement of the neutrino
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beam as a function of the neutrino energy. For this trigger, a threshold of
1 mip energy deposition in the FCAL is requested. The rate for this trigger
is ~ 1.5/10' p.o.t.

o Ty x Ty x ECAL. The electromagnetic calorimeter is also used as a target.
Different physics topics are addressed using events from this trigger; among
them are v, — v, and v, — v, oscillations. An energy deposition of more
than ~ 1.5 mip in the ECAL enables this trigger, which has an average rate
of ~2/10'3 p.o.t.

e RANDOM. A random trigger which allows a study of detector occupancy was
constructed in the following way: a prescaled V' x Ty x T, trigger was taken
and delayed by 23 us (corresponding to 1 SPS turn).

Approximately 15 neutrino candidate triggers are taken in each neutrino spill.
In addition various triggers are installed in the 2.6 s long flat top between the
two neutrino bursts (with VT T, logics). These are used for:

e The calibration of the different subdetectors;
e A measurement of the trigger counter efficiency.

One of the triggers is a selection of electrons (from muon decay or delta rays)
which allows a study of the behaviour of electrons in the detector as will be discussed
later. In total, about 60 triggers are taken in each flat top.

In the neutrino spills, the data acquisition has a typical deadtime of ~ 10%
arising from digitizations. The data taking time lost due to down-time and inter-
run transitions was estimated to be less than 3%.

2.5 Summary

It was illustrated that the performances of the NOMAD subdetectors are in good
agreement with our expectations.

As can be seen from the description of the NOMAD detector, the experiment
provides a unique possibility to study the properties of neutrino interactions with
a quality of bubble chamber experiments (concerning the reconstruction of tracks
and particle identification) and with a statistics comparable with the one obtained
using coarse grained calorimeters.

The large sample of data in a detector with a target density of a hydrogen
bubble chamber will permit NOMAD to explore not only neutrino oscillations but
also many other processes involving neutrinos.

We can now come to the problem of the correct usage of subdetector’s responses
to perform the event reconstruction in the NOMAD setup.
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Chapter 3

Event reconstruction in
NOMAD

In order to use the event kinematics for the oscillation search one should perform
the event reconstruction in the best possible way.

The main purpose of the reconstruction program in any experiment of high
energy physics is

e to measure the momentum of charged particles;
e to measure the energy (and the direction, if possible) of neutral particles;
e to determine the particle type (provide particle identification).

In NOMAD the trajectories of charged particles are reconstructed from the co-
ordinate measurements provided by the drift chambers system. At the next stage
the charged tracks are used to perform the pattern recognition in the other sub-
detectors. The electromagnetic showers induced by photons are measured by the
system of preshower and electromagnetic calorimeter. The particle identification is
provided by the combined information from all the NOMAD subdetectors.

3.1 Charged track reconstruction

The task of any reconstruction program is two-fold. First of all, it should perform
pattern recognition, that is to decide which individual measurements provided by
a detector should be associated together to form an object representing a particle
trajectory. Pattern recognition in the tracking detectors (such as drift chambers) is
called a track search. At the next stage fitting procedure should be applied to this
set of measurements in order to extract the parameters describing the trajectory out
of which the physical quantities can be computed. For example, the momentum of a
charged particle is determined from a measurement of the curvature of its trajectory
in a known stationary magnetic field. The results of the track search have to be
confirmed or rejected by the track fit and possible ambiguities should also be solved.
The fitting procedure requires a track model, i.e. a mathematical way to represent
a trajectory of a particle. The track can be uniquely described at any point by 6
parameters (3 spatial coordinates, 2 directions and the curvature or the absolute
value of the momentum with the proper sign). In addition to the estimated track
parameters their covariance matrix should be available to be used at the next step
of analysis. If the particle travels in vacuum it is sufficient to know these parameters
in a single point since the trajectory is then the solution of the equation of motion
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with these parameters as the initial values. As soon as the particle interacts with
matter, the trajectory is no longer the exact solution due to the fact that this
interaction is a random process. That is why we have to take into account effects
of energy losses and multiple scattering together with measurement errors due to
the detector resolution when performing the track fit.

From the above discussion it is obvious that track search and fit are important
parts of the data analysis.

3.1.1 Track finding and fitting algorithms

The reconstruction program for the NOMAD drift chambers [98] is extremely impor-
tant for the performance and sensitivity of the experiment. A very high efficiency of
the track reconstruction is required in order to provide good measurement of event
kinematics for the oscillation search. We have also to be sure that the measured
track parameters do not deviate significantly from the true particles momenta, that
is the reconstruction program should provide good momentum resolution. To solve
this problem and given the fact that in the NOMAD setup the amount of mat-
ter crossed by a particle between two measurement planes can not be neglected,
the effects of energy losses and multiple scattering should be carefully taken into
account.

In the following we will mention briefly the main features of the track search
method, introduce the track fit algorithm and describe the track model used in
some details.

Before this description let us present some of our implementation choices which
proved to be useful during the development phase.

3.1.2 Implementation choices

The DC reconstruction program is a software package written in C' language in an
object oriented way. Large number of entry points is provided to an external user.
This approach allows to build new applications in an easy and straightforward way.

The DC reconstruction software includes track/vertex search and fit, graphical
display, data access routines and tools for storage of the results of the reconstruction.
It provides:

e standalone reconstruction for on-line monitoring and off-line processing;
e toolbox for calibration (alignment);
e entry points for the second stage (“phase 2”) reconstruction.

Special efforts have been made to allow the usage of this software on different
platforms which is very important for an international collaboration. The code has
been tested under VMS, OSF1, SunOS, Solaris, HP-UX, AIX and Linux operating
systems.

It was decided to use access routines in order to retrieve any information from
ZEBRA [99] banks or C-structures. This approach allowed to keep the higher level
code unchanged when there was a necessity to modify low level structures.

All the objects on which the program operates are represented as a C' structures.
For example, a track in terms of the program is just a list of associated hits.

The track reconstruction is driven by a set of parameters which are stored in
the C' structure called DcGlobal.

At an early stage of the program development a graphical interface was built
to draw the results of the reconstruction on a high-resolution screen. It was found
to be extremely important to look at the performance of the pattern recognition
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algorithms in order to study possible improvements. Most of the parameters which
drive the reconstruction in the drift chambers (DcGlobal structure) were adjusted
in this way.

3.1.3 Track finding

The track finding algorithm is described in detail elsewere [100]. We will present
here the overall strategy. The track finding consists of four steps: triplet building-
up, helix search, hit collection and track construction (fit, clean-up and expansion).

Hits

A hit is a single digitization (measurement of a coordinate) in one of the planes
of a drift chamber. In our implementation a structure is associated to each of
those digitizations. Hit structure carries the information about the chamber, the
plane and the wire which recorded the measurement and about the raw drift time
given by the TDC. To accurately convert this time into a drift distance one needs
information such as the position of the hit along the wire and the angle at which
the particle crossed the measurement plane. Such information is only available at
the later stage of the reconstruction process and we use central values as an initial
guess. Later in the program this conversion will be improved with the solution of
the up-down ambiguity.

Track hits

A drift chamber hit acquires many attributes once included into a track. For exam-
ple, the sign or the drift distance (since the time-to-distance relationship depends
on the crossing angle). Due to the fact that a hit could belong in principle to sev-
eral tracks, these attributes should not be stored inside a hit. We thus resorted to
defining a special object which was called trhit. It contains the quantities needed
at each measurement plane for fitting, i.e. local track parameters, local covariance
matrix, etc. These objects actually ensure the connection between track and hits
as the chosen name tries to indicate.

Triplets

As it was mentioned above, the NOMAD drift chambers are made of 3 sensitive
planes measuring U, Y and V coordinates, where U and V are rotated by +5 and
—5 degrees with respect to Y. The U and V ”frames” are defined so that U and V
are 0 when X and Y are 0:

U=Y -cos5° — X -sin5°

V=Y-cos5° + X -sin5°

In order to perform the pattern recognition we need to combine the information
about the track position provided by the 3 sensitive planes of one chamber into a
space measurement.

Let us define a triplet as a combination of 3 hits in the planes of a given chamber.
It represents the first attempt to solve the up-down ambiguity and contains the 3-
dimensional information about the particle trajectory in a given Z reference plane.
The most sensitive criterion to discriminate hits belonging to the same track is the
quantity:

A=U+4+V —-2-Y -cos5° ~2-Az-tan~y-sin5°
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Figure 3.1: Definition of the helix parameters used to describe charged particle
trajectory in the NOMAD setup.

that is proportional to the local track slope in the (xz) plane (tan ) and the distance
between two measurement planes (Az). It tends to be small for straight tracks going
perpendicular to the DC planes and amounts to around 3 mm for a slope of 1.

As each U, Y or V coordinate depends on the drift distance sign (thereafter
referred to as the ”sign”), each three-hit combination allows eight different triplets
to be built. A triplet is then defined as a combination of three hits (U, Y and V),
three signs, and the A value.

To build triplets a cut on |A| is applied. Various filters can be used to select the
best triplet candidates, for example: consider only the first one (in terms of |A|) for
a given Y hit, ignore triplets if more than one can be built for one of its hits, etc.
These two filters exhibit efficiency-purity performances of 70%-70% and 45%-85%.
The first is the one implemented in the current software version. The cut on |A| is
driven by DcGlobal.Dmax1 parameter (typical value is 3 c¢m).

On top of these a posteriori cuts, one could imagine to mask hits to the triplet
search (in order to prevent the building-up of wrong triplets) if they lie in a too
crowded region, if there is a bounce hit on the same wire or if the drift time is too
small.

The computer time needed for the triplet build-up goes as IV ,?;its but remains on
average a small contribution to the overall reconstruction time budget.

Triplets are used to initiate the DC track search.

Helix search

Having three triplets in hand, one is able to test whether they belong to the same
helix trajectory * and compute helix parameters if it is the case.

The chosen helix parameters are z, y, 1/R, tan A, ¢, ty (see Fig. 3.1). z and y
are self explanatory, A is the dip angle, ¢ is the angle of the helix tangent in the

1The track model will be described in details later.
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(yz) plane, negative for upwards going tracks, R is the signed radius in the (yz)
plane. tq is the time subtracted to the hit drift time to compute the drift distance.
This parameter had to be introduced to be able to cope with trigger time jitter and
to fit off-time (with respect to the main triggers) tracks.

Let us consider three triplets labeled ”0”, ”1” and ”2” and let us calculate the
helix parameters assuming they lie on a circle in the (yz) plane with center (y., z¢)
and radius R is given by:

R® = (yo — yc)2 + (20 — ZC)2 = (y1 — ?JC)2 + (21 = 20)2 = (y2 — ?JC)2 + (22 — ZC)2
Using this equation we can build two new ones
2y - (y1 = y0) + 22+ (21 — 20) = (47 — w3) + (41 — 25

2yc - (y2 — yo) + 22¢ - (22 — 20) = (y3 — vp) + (25 — 23
and, subtracting one from the other, we get

2. - Yi—Y _Y2—-Yo| _ (v —w5) + (22 — 25) B (v3 — 5) + (25 — 25)
¢ Z1 — 20 Z2 — 20 Z1 — 20 Z9 — 20

Introducing Ayij = Yi —Yj, AZij =2 — Zj and A = AyIOAZQO — Ay20AZ10 we
obtain

1
Yo = Yo + 57 - [Azo - (Ayip + Azfp) — Azig - (Ayde + Azy)]

2A
Analogously,
.1 ) 2 2y ) 2 2
Ze =20~ 57 [Ayz20 - (Aziy + Ayip) — Ayio - (Azyg + Aysg)]

Introducing Si; = Ay;; + Az}; we can write

1
R = (yo—yc)” + (20 — 2.)” = —5 - S10 - S20 - S
4A
Then )
Yo — Ye
= = A — A
cos Po R \/m(sm z10 — S1o 220)
and )
. 20 — Z¢
sin ¢g = 0 = (510Ay20 - S20Ay10)

R \Y 510520521

With 9 measurements and 6 parameters one has 3 constraints to test whether
three triplets belong to the same helix trajectory. At the moment, we only cut on
the x residual (checking that the three triplets are roughly aligned in ), which is
the most sensitive quantity when the three triplets belong to chambers far apart:

I3 — T1

¢3 — P1

|m€$tml’ — 3| < DcGlobal.Maxdx

wextrap =z + (¢2 _ ¢1) .

To compute fully the helix parameters one has to iterate the calculation of the
local slopes and drift distances since the time-to-distance relation depends on the
local track angle. To avoid unnecessary calculations we do not compute the helix
parameters if the 3 triplets form more than a half turn or if the initial 2 misalignment
is more than DcGlobal.Maxdx parameter (typical value is 3 cm).
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Hit collection

Having the helix parameters in hand, one can collect hits in a road around the helix
extrapolation. This procedure is controlled with the help of the global variable
DcGlobal.Roadwidth, ranging from about ~ 2 mm to 3 mm. The collection stops
when:

e too many measurement planes are crossed without match. This is driven by
the global parameter DcGlobal.Maxhole (typical value is 3);

e two or more hits are found within a control road (it is then dangerous to
choose without a good track position prediction in hand). The control road
width is set with the global variable DcGlobal.Dangerousroad. Zero value
indicates that we do not wish to stop even when crossing a crowded region.

Track candidate search

Given three chambers into which triplets have been built a track construction func-
tion is called. When 3 triplets pass the DcGlobal.Maxdx cut (that is the z residual
is less than the global variable DcGlobal.Maxdx) they are sent to the construc-
tion function. If this function returns a constructed track it is ”improved” (see next
paragraph) and added to a track list. Otherwise the track candidate is deleted. This
approach allows to change drastically the track search algorithm without modifica-
tion of the library. As an example, the DC track search based on the usage of TRD
hits was developed [101] (in which case the track construction function is quite dif-
ferent). Additional track search algorithms have been built which take into account
the information about the reconstructed vertices [100].

Track improvement

Having a track candidate one can now fit it, check the drift time sign assignment,
remove undesirable points and try to expand this track. The function responsible
for this task takes as an argument the one-point x? above which a point will be ex-
cluded from the track, or under which it will be included during the track expansion
(DcGlobal.Maxpointchi2 parameter, typical value is 10).

3.1.4 Fit algorithm

Having performed the patten recognition, we can now try to fit constructed tracks
to determine the track parameters, i.e. charged particles momenta. The Kalman
filter technique was adapted to fulfil this task.

The Kalman filter

The Kalman filter is a mathematical name assigned to least-squares stepwise param-
eter estimation technique. Originally developed in the early 60’s to predict rocket
trajectories from a set of their past positions, it can be used to handle multiple
scattering while estimating track parameters. We will try to briefly shed light on
the features of the Kalman filter for track fitting and refer to the literature for more
details [102, 103].

Consider a setup in which the track position measurement devices are interleaved
with matter®. Following the Gauss-Markov theorem, the best (linear) estimate of
the track parameters is obtained via a least squares fit using the actual covari-
ance matrix of the involved measurements. It means that we have to combine the

2This is of course always the case but somehow more for the NOMAD detector.
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drift chamber resolution and the effect of multiple scattering when computing the
covariance matrix. When the multiple scattering is taken into account, this covari-
ance matrix is no longer diagonal. In the traditional least squares global fit, this
(Nmeas X Nmeqs) matrix has to be computed and inverted. In NOMAD experi-
ment where Ny,eqs 18 50 <+ 100 this inversion is not only time consuming but also
numerically unstable. Another disadvantage of the traditional fit is the fact that
it provides the track parameters only at the fixed reference plane, for example at
the beginning of the track. In order to find the best track parameters at the end of
the track one has to perform a completely independent fit using the new reference
plane. Due to multiple scattering, the results of these two fits are not related by
the track model and cannot be obtained from one another.

The Kalman filter technique is a stepwise technique (a step being the propaga-
tion from one measurement to the next one and its inclusion in the fit) which could
eventually handle an infinite number of measurements and gives, mathematically
speaking, exactly the same result as a standard least squares minimization. In the
framework of track fitting, it essentially avoids big matrix inversion and provides
almost for free an optimal estimate of track parameters at any location, allowing
the detection of outlying measurements, extrapolation and interpolation into other
subdetectors.

Let us describe the Kalman filter method by considering a linear discrete dy-
namic system which is in each point of (discrete) time (tx) characterized by a
state vector x. The evolution of this state vector in time is described by a time-
independent transformation, the system equation:

= fe(zp—1) + wi

where fi is a deterministic function (track model in our case) and wy, is a random
disturbance of the system, the so-called process noise (multiple scattering in our
case).

The state vector does not need to be observed directly. In most cases a function
of the state vector is observed, corrupted by measurement noise?:

mr = hi(xzp) + ek

where my, is the vector of observations at time #; (in NOMAD we measure only one
coordinate in a given Z reference plane). We shall assume in the following that wy,
and € are independent random vectors and have mean 0 and a finite covariance
matrix.

Linearizing the system in the vicinity of x;_1, one obtains:

fe(@p—1) = Fi-xp
hi(wr) = Hy -z
We can now define keywords used in the Kalman filter estimation technique:

e Prediction is the estimation of the state vector at a ”future” time, that is
the estimation of the state vector at time or position (i + 1) using all the
measurements up to m;.

e Filtering is estimating ”"present” state vector based upon all ”past” mea-
surements, i.e. estimating track parameters using measurements* up to m;
(or from m; on). In other words the filtering includes the measurement at
time or position ¢ into the prediction at this time or position.

3The difference between the true value of a measured physical or geometrical quantity and the
value recorded by the detector is called the measurement error.

4One has to assume that the measurements are ordered with respect to time to handle multiple
scattering because the covariance matrix of measurement residuals depends on this order. Without
multiple scattering, the ordering does not affect the filter result as in the case of a global fit.
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Filter. The algorithm which performs filtering is called a filter and is built
incrementally: filtering m1 to m; consists in filtering m4 to m;_1, propagating
the track from m;_; to m; and including m;. A filter can proceed forward (i
increases) or backward (7 decreases).

Smoothing means using all the measurements to provide a track parameter
estimate at any position. Because of multiple scattering the track parameter
estimates at various locations are not related through the track model. In
fact, these estimates are solutions of different least-squares problems: the y?2
to be minimized depends on the position at which the track parameters are
to be computed. The smoothed estimate can be obtained as a weighted mean
of two filtered estimates: the first one using m; to m; (forward), the other
using my to m;41 (backward).

One can understand the basic idea of the Kalman filter in the following way. If
there is an estimate of the state vector at time ¢;_1, it is extrapolated to time ¢
by means of the system equation. The estimate at time ¢ is then computed as the
weighted mean of the predicted state vector and of the measurement at time ¢,
according to the measurement equation. The information contained in this estimate
can be passed back to all previous estimates by means of a second filter running
backwards or by the smoother.

The main formulae for prediction, filtering and smoothing in a linear dynamic
system are the following:

System equation:

true true
l'k = Fk'mk_l + Wy

E{wr} = 0, cov{wp} = Qr (1<k<n)

Measurement equation:

mpr = Hk-l‘}:crue + €k

B{e} = 0, covfe} = Ve = Git (1<k<n)

where the matrices @ and V}, represent the process noise (multiple scattering) and
measurement noise (detector resolution) respectively.
Notations:

x4 is a true value of the state vector at time

~j . . . o .
. is an estimate of z{"*¢ using measurements up to time j (j < k: prediction,

~k o~
j = k: filtered estimate, j > k: smoothed estimate, x, =)
, ~j
¢ = cou{} —ajr}
. ~J
ri = my — Hy- x}, is the residual

R} = cov{rl}

In the predicted state vector j is usually equal to (k — 1), in the smoothed state
vector j is usually equal to n.
Prediction:

Extrapolation of the state vector:
~k—1 ~
Ty = Fk Thp—1

Extrapolation of the covariance matrix:
Clljil = chklelzﬂ + Qk
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e Predicted residuals:
7‘271 = Mg — Hk %k

e Covariance matrix of the predicted residuals:
Ryt =V + H Gyt HY

Filter (Weighted means formalism):

e Filtered state vector:
~ b1y ~k—1 T
rp=C[(Cy77) " o +H Grmy]

e Covariance matrix of the filtered state vector:
Cr = [(C,ffl)*l + HkTGkchr1

e 2 increment:
2 T—1 ~ ~k=L k1Y o1 k=l
Xk7F:Tka re+ (T —xp )(CY ) @k —xy )

Smoother:

e Smoothed state vector:
n n ~

T =Tk +Ap(Tp1 — Tpyq)

e Smoother matrix:
Ap = OkFg+1 (Cl]:+1)71

e Covariance matrix of the smoothed state vector:
C,? =Ck+ Ak(clg-&-l - C,’§+1)Ag

e Smoothed residurzllls: .
rp =my — Hy =1, — Hp(2), — 71)

e Covariance matrix of the smoothed residuals:
R} = Ry — HyAp(Cpy . — CELDATHI =V, — H CPH]

Using the Kalman filter the computer time consumed for a track fit is propor-
tional to the number of hits on the track, while with the global technique it is
proportional to the cube of the same number in case of multiple scattering.

Implementation of the track fit for the NOMAD drift chambers

The track fit proceeds in 3 steps: forward filtering, backward filtering and smooth-
ing. The smoothing provides the best possible track position estimate at any mea-
surement location, thus allowing to remove efficiently wrong associations.

The fitting routine performs those 3 steps until the fit procedure converges.
The convergence criterion is a y? modification between 2 fits of less than Converge
parameter (typical value is 0.1). If Converge is 0 no convergence criterion is applied.

The Kalman filter technique was implemented in two different ways: using
weight and covariance matrices. The latter one was found faster since it allows
to avoid several matrix inversions per iteration when the effect of multiple scatter-
ing is taken into account.

A set of formulae was found to be useful to speed up the calculations: if W and
V' are symmetric matrices and 7" is a nonsingular matrix of the same order as V'
and W, the following relations hold

V3iew Hl=vw+V)'w

TV T+ WY =V(V+TWT)'W
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At the end of the fitting procedure the quality of each track candidate is checked
looking at the number of hits (it should be greater than DcGlobal.Minhit) and
track efficiency® (¢ > DcGlobal.Efficiency). All badly reconstructed track can-
didates are discarded and used hits are released for other attempts to build a good
track.

For clean track candidates (free from outliers and background) if the measure-
ments covariance matrix entering the fit has been properly evaluated the value of
the track chi-squared follows approximately a x? distribution with the number of
degrees of freedom being equal to the number of measurements minus the number
of adjusted parameters.

In order to be able to compare the x? of tracks of different length Np;; (where
Npit is the number of hits included in this track), one usually calculates the prob-
ability to find a x? larger than a given value:

7 o0 ’ ’
P(x *>x°) = / palx %) dx ?

X2

where p,, is the probability density function (p.d.f.) of a x? distribution for n degrees
of freedom. For clean tracks P is uniformly distributed between 0 and 1. In the
presence of background one finds some enhancement near P — 0.

3.1.5 Calibration

In order to provide good position resolution DC system has to be carefully cali-
brated. This is important and CPU consuming task given a huge amount of param-
eters to be adjusted (5 per wire, 9 per plane and 1 per chamber) over large fiducial
area (3 x 3 x 5m?). To perform this task the alignment procedure described earlier
was developed.

All the calibration constants obtained via the alignment procedure (about 40000
in total) are stored in the NOMAD data base (under HEPDB [104]) and are decoded
automatically when the reconstruction program encounters the beginning of a new
run [105].

Additional information about on-line running conditions (HV, disconnected planes,
dead wires, gas flow, etc.) is also available and is used during the reconstruction.

The results of the DC reconstruction can be stored in ZEBRA structures and
can be reloaded in order to save computer time needed to recompute the track
parameters.

An example of raw event from real data can be seen on the Fig. 3.2. Having
applied the DC reconstruction and particle identification via subdetector matching
package (see later) we obtain the following results (Fig. 3.3).

3.1.6 Track model

Use of the correct track model is important for the performance of the fitting pro-
cedure.

The track model describes the dependence of the measurements on the initial
values in the ideal case of no measurement errors and no interaction of the particle
with matter.

The trajectory of a charged particle in a (static) magnetic field is determined
by the following equation of motion:

d’Z/d’s = (kq/p) - (dZ/ds) x B(i(s)),

5The track efficiency is defined as the ratio of the number of hits included in a given track over
the number of sensitive planes crossed.
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Figure 3.2: Run 8744 Event 228 from real data. One can easily see a dead drift
chamber plane in the middle of the detector.
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Figure 3.3: Run 8744 Event 228 from real data after performing DC reconstruction
and particle identification via subdetector matching package (see later).
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where s is the path length, & - a constant of proportionality, ¢ - the charge of the
particle (signed), p - the absolute value of the momentum of the particle and B(Z)
- the static magnetic field.

During its flight through the detector a particle encounters various influences
coming from the materials of which the detector is built. There are effects which can
be taken into account in a deterministic way: mean energy loss and mean multiple
scattering. They depend in general on the mass of the particle, its momentum, the
thickness of the material traversed and, of course, on the kind of the material.

Let us describe the parametrization used for the track fit and the associated
algebra:

e The extrapolation step which is assumed to be small enough not to modify
significantly the track parameters;

e The matrix of derivatives of the extrapolation step (the F matrix in the
Kalman filter notations);

e The multiple scattering matrix (the Q matrix in the Kalman filter notations);
e The energy loss computation (ionization and bremsstrahlung losses).

We will concentrate on the so-called “helix” model which is valid for a charged
particle traveling in a magnetic field; however the case of a “linear” model was
also implemented to allow the extrapolation of neutral tracks and charged tracks in
areas without magnetic field.

The track model assumed for the first stage of the reconstruction in the drift
chambers corresponds to the one of a pion®.

Definition of parameters

The following set of parameters (see Fig. 3.1) was chosen to be fitted to measure-

ments (hits) in the current version of the drift chambers reconstruction program
[98]:

e 1 - coordinate of the track position in a given reference z plane;

e y - coordinate of the track position in a given reference z plane;

) % - curvature of the track (the sign is opposite to the particle charge);

e tan \ - the tangent of the dip angle;

e ¢ - the angle of track tangent in (yz) plane (tan ¢ = —%);

e t - the time at which a particle crosses a given reference z plane.

The relation between the momentum p and the radius R is:
p(GeV) =0.003- B(T) - R(em)/ cos A

reflecting the choice of the system (distance is measured in ¢m, momentum in GeV,
magnetic field in Tesla, time in ns).

One should point out that the sign of (1/R) only reflects the particle charge if
the time runs the right way along the track. The sign convention used implies that
R¢ increases with time along the assumed time direction (which is the one given
by the order of the hits in the track).

We call p the vector of parameters: (z, y, %, tan \, ¢, t).

6Tt means that calculations of particle’s trajectory, energy losses and multiple scattering effects
assume the pion mass.
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The extrapolation step: simplified case

Using ¢ as the running parameter, the integral of the equation of motion in the
constant magnetic field along the z-axis can be written in the following way:

x = zo+R-tanX- (¢ — o)
Yo + R - (cos ¢ — cos ¢)
= zo+ R-(sin¢ —sin ¢g)

where R and tan A remain constant along the trajectory.

To get the matrix of derivatives (called F in [102] and [103]) needed to extrap-
olate the parameter covariance matrix, one should first express the parameters p;
as functions of the parameters pg, defining the location of p; as the intersection of
the helix with a vertical plane (zy) at z = z;.

sin 1 = sindo + (21 — 20) - (1/R)

To simplify the calculations we assume that R and tan A are constant over the
elementary extrapolation step. This is a valid assumption since the extrapolation
is always done going from one measurement plane to the next one and the distance
between two consecutive measurement planes varies from 2.5 em to 3.5 ¢m in the
NOMAD setup allowing to neglect the amount of matter crossed (given the low
average density of the active target). The effect of energy losses is taken into
account at the new track position as will be described later.

Among all possible ¢; values the first crossing is chosen in the requested time
direction. From the ¢; value at a new point all other parameters can readily be
computed:

r; = x0+tan/\0-R0-(¢1 —(bo)
y1 = yo+ Ro-(cospr — cosgg)
tanA; = tan)g

ty, = to+Ro-(p1 — bo)/(Bcos o)

In the last equation 8 reads for the particle velocity and R - A¢ (where A¢ =
o1 — ¢o) has the right sign following our convention.

The matrix of derivatives (F)

The extrapolation matrix F' between two measurement planes (from position “0” to
position “1”) is defined as the derivative of the extrapolation result p; with respect
to the input parameters pg:
oo
dpo
Computing the derivatives of p; components with respect to py components is
tedious and requires some care, since ¢, which is itself a parameter, is used in the
above formulae to compute x1,¥;,t; values at the point “1”. Differentiating sin ¢,
yields:

cos ¢y - do1 = cos g - ddo + (21 — 20) -d(RO_I)

and hence:
O _ cosgp
o cosey’
0¢1 21 — 20

ORy" Cos ¢
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The other (non vanishing) derivatives read (where we use the following defini-

tions A¢ = ¢1 — ¢ and Az = z1 — 2p):
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o0x,
8—560 1
oAl tan A Az A¢
ORy*! R T <cos¢1 B R1>
0xy A¢
Otan \g R-1
Oz _ tanA (% - 1)
O¢o R coS ¢
Oy
8_yo 1
Oy1 1 cos ¢y —cosPy  sinpi Az
OR,* R ( R © cosoy >
oy sing - St
g0 R~
OR" )
ORy, Y
Jtan\; 1
dtan Ao

The derivative of time of flight with respect to the arc length has been neglected,
because once a track is fitted the uncertainty on this parameter amounts to about
half a ns for a track crossing the whole central detector, and the uncertainty on the
arc length amounts to much less than 15 ¢m. This approximation yields:

on _
oty
Let us stress that for the validity of all the formulae given above the relation
F-F~! = 1should hold which implies that one is obliged to use R~! = L(Ry"+R; ")
and tan A = 1 (tan \g + tan \;) when performing these calculations.

3.1.7 Multiple scattering

The main source of random perturbations of a charged track is the multiple Coulomb
scattering, that is an elastic scattering of a particle off nuclei of matter.

One of the most important criterion on the quality of the reconstruction pro-
gram is a good track parameter resolution. Beyond the usage of the correct track
model, accounting for multiple scattering in the fit procedure certainly reduces the
parameter variances’. For this purpose one needs to compute the parameter vari-
ance contribution due to multiple scattering when extrapolating from one point to
another and use this information during the track fit [102].

Let 6, and 6> be independent multiple scattering angles in two perpendicular
planes (one of them contain the particle’s trajectory and the other one is perpen-
dicular to it). After some calculations one can find the relations between our helix
parameters (A and ¢) and the multiple scattering angles (6, and 65):

2

O0A =61, cos \

56 =

"This mainly comes from the Gauss-Markov theorem.
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These relations can be obtained through the following calculations. Let us define
two orthogonal unitary vectors

sin \ 0
g1 = —CcoS \ - sin ¢ and €y = cos ¢
COS A - COS ¢ sin ¢

The third vector can be constructed via:
cos A
€3 =€ X &y = sin A - sin ¢
—sin A - cos ¢
The multiple scattering effect will change the vector €, to
51/ = 61 + 02'52 + 91 '53
Using the first two components of this vector, we can state that :

sin\' = sin\ + 6;- cos\

or 0\ = 91.
Analogously, from
—cosX -sing’ = —cos\-sing + By -cosdp + 6, -sin\-sing
and
—cos)\ -sing = —cos\-sing’ + B -sin)-sing’ =

—cosA-sing —cosA-dp-cos¢p + 61 -sinA-sing + ...
it follows that d¢ = 22

cos A\’
To compute the multiple scattering effect we need two rows of F' which corre-

spond to the variations in tan A and ¢:

d, d,
Ftan)\:m and F¢:£a
where
Fianx = (R~ (¢1 — ¢o), 0, 0, 1, 0, 0)
and
Fy = (R-tan X (5% 1)) R (sin gy — tan oy - cos do), 0, 0, %0 )
COS ¢1 coS @1

Taking this into account and using the simplest formula for the standard devi-
ation of the multiple scattering angle distribution [107]

0.0136 (GeV) B < ( s )) 0.0136 (GeV) B
p=——2 ) [ 5 (140038 In | — ) ) v 2T 2
By Xo "\ % VX

(where s is the arc length along the particle path and Xy is the radiation length)
one can calculate the covariance matrix @) yrs due to multiple scattering integrating
over the helix trajectory of a particle. For example, the elements of this matrix
which originate from a change in tan A can be expressed in the following way

o1 dtan \

Viana(p(1),0(7)) = | Flan x(p(i)) Fan 2 (P(4))(

)2do?(61) =
$o dX

b1 an
[ Frans 0 P 00 - - (T2
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If i = j, it is the variance, if i # j, it is the correlation term.
In other words,

1
Viana(z, ) = / R%*(¢1 — ¢(5))*€tan A(s)ds , where
o2}
Rd .
ds = COS?\ , Etan ) = k- (dt;;\l)\)2 , dt;;\lz\ — 00312)\ , k= (00136G€V 2, XLO

b2

The continues and uniform matter distribution between the positionsﬁg()” and 71
is assumed throughout these computations.

One can set A = % and compute all terms of the multiple scattering matrix
due to the variation of A:

é1 2
Vnate.a) = 4 [ R20n = 00 = (01 o)
‘/tan/\(tan)‘atan/\) = A(¢1 _(b())
Vama(atand) = (61 - 0)?

One can then check the overall normalization by computing, for example:

kER(¢1 — ¢o)

A) =cos* X V(tan ) =
V(A) = cos® A - V(tan A) P

=ks
This matches the well known formula quoted above.
Analogously we can perform the calculations of the covariance matrix due to
the variance in ¢ (B = A - cos? \)
BR?tan® \

Vo(z,z) = eos? gy X [=3sin ¢y - cos g1 + 2cos® g1 - (¢1 — o) + (¢1 — do)

— sin ¢ + cos ¢ + 4 sin @y - cos ¢ ]

BR? . .
Voly,y) = —m X [2sin ¢ - cos ¢ - cos? ¢y — sin ¢y - cos ¢y

—25in ¢ - cos Py - cos? ¢y + sin @ - cos po — (¢1 — ¢o)]

Vs, 9) = TeoZ oy~ [sin ¢1 - cos ¢1 — sin ¢ - cos o + (¢1 — ¢o)]
BR?tan A i . . .
Ve(z,y) = T e oy X [2sin ¢y - cos ¢y - sin ¢ — sin ¢g - oS Pp - sin ¢y
1
+sin ¢y - (¢p1 — do) + 2cos® Py - cos gy — cos ¢y - cos® gy — cos 1]
BRtan A . .
Vo(z,0) = m X [—sin ¢y - cos ¢y + 2cos ¢y - sin ¢y
—sin o - cos go + (¢1 — ¢o)]
BR s . .
Vely, ) = Teo b X [cos® ¢ - oS Py — €O Py + sin g - €OS Py - sin ¢y
1

—sing; - (¢1 — do)]

These results were obtained with the help of the REDUCE program [108] for
analytical computations.
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In case we want to transport the multiple scattering matrix in the opposite
direction (from “1” to “0”) along the same trajectory: Q10 = Fi9Qo1Fio, where
Fj; = gﬁj . The simpler way to obtain the same result is to change the sign of the
) matrix.

3.1.8 Energy losses
Ionization losses

In order to reach an agreement between the treatment of energy losses in the Monte—
Carlo simulation program [80] and the DC reconstruction program in the wide
interval of momenta (from several tens of MeV up to several hundred GeV') for all
charged particles (except electrons®) we decided to use the following formula for the
ionization energy losses [109]

(£2) —r 2 [ (e Zme Y ]

dv ), ApB% |2 I2(1 4+ 2yme /M + (me/M)3?) 2
where K = 4nNar?m.c?, z is the charge of the particle, M its mass, p the density
of the detector and I the average ionization potential. The density correction® (%)
has been parametrized as described in [80] through formulae depending on I, p, v
and Z.

In order to calculate the parameters which depend on the detector composition,
the table of density p and radiation length Xy obtained from the detailed GEANT
simulation of the NOMAD detector (GENOM package [110]) is used. The value of
% versus Z as it comes from the average isotopic composition is also stored. The
approximate formula I = 16Z°? is used to calculate the ionization potential.

The effect of energy loss is implemented as a change of curvature 1/R for a given
step. Transition from the standard Bethe formula to the implemented one is done

through the following chain of formulae:

d(1/R) 1 dR

dr R dx
using p = 0.003BR/ cos A and dp — %% (since E dE = p dp), one gets

dx
d(1/R) 1 cosA dE

de ~  R?0.003Bj dr
We can also reformulate this expression stating that
d(1/R) 1 cosA

dE~ R?20.003Bj3
Then, over a step of length Az = RA¢/ cos A the increment to 1/R reads:
d(1/R) EA _ (1/R) dE

— /) 0B
dE dz % T 0.003B7 dz -¢

A(1/R) =

One has to check the sign of this 1/R increment for the 4 sign combinations of
1/R and A¢. Noting that the sign of A(1/R) should be identical to the sign of 1/R
and that RA¢ is positive, one simply adds an absolute value:

a1/R)dE, _ \/R| dE

A(1/R) = _
(/B == 2" = 0.003B5 dz

with A(b = (bend - ¢start-

8Estimation of energy losses for electrons is more complicated because of bremsstrahlung effect.

9Correction terms (—3?) and (f%) are added for completeness. Neither of these effects is

Ag

important in our case.
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Bremsstrahlung losses

The energy loss due to bremsstrahlung (brem) for electrons and positrons!® was

also taken into account:
dE _F
dx brem a XO

where E is the energy of electron and X, is the radiation length. One should
remember that for electrons the brem energy losses start to dominate over the
ionization losses for the energies above the critical energy [27]

800 MeV

E.~
Z+1.2

which means that in the NOMAD detector the brem energy losses are important
for any electron trajectory above ~ 100 MeV (any reconstructable track).

Ideally, one would like to define a threshold above which an electron track would
be broken and the emitted brem photon would be detected in the electromagnetic
calorimeter. In practice, it turn out to be impossible to calculate this threshold
since it depends on too many different parameters (such as electron energy, track
length, quality of DC alignment, pedestals in the electromagnetic calorimeter, etc.).
Thus, we decided to include the whole spectrum of the brem energy losses (FE is the
reconstructed energy of the electron candidate) in the electron track model.

Following the same steps as in the above calculations of ionization losses, one

finds:
Ag

AQ/R) = B32Xgcos A’

where one could readily approximate 8 = 1. For the global sign, a comparison with
the above case indicates that the formula is correct.

Now we can try to build an analog of the @)j;s matrix which would take into
account variations of parameters due to a change in curvature (1/R) during the
bremsstrahlung process.

Under the assumption of 1/k dependence of the spectrum of the emitted brems-
strahlung photons (dN/dk = a/k, where k is the energy of photon), we can calculate
the variance of the electron momentum due to the bremsstrahlung effect.

op =< k> - <k>?

dN s
= =q-E=—"E
<k> /0 s k-dk=a- -
E 4N 2
k: >= kredk=a-—
< > A dk a -

That is

where s is a step length (normally small).

Using momentum conservation (o} = 0,), we obtain

3-107%-B 3-107*-B 3-107%-B s

o = 0, N ——— O — - _—
/R P2 P E? e E? 2X,

Finally, using the variance on 1/R due to bremsstrahlung and taking into account
the derivatives in the form

10Tn the following description the term electron implies also to a positron.
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Az
Fiyyr = (Rtan )\(m — R(¢1 — ¢0)),
i A
R*(cos ¢ — cos ¢1) — M,
coS @1
L
0,
Az
cos ¢y’
0)

we can follow the same technique as the one used for the /s computation and
obtain elements of the analogous Qp e, matrix:

Az \? AzR R?
_ 2 2 X _ _ _ 2 _ 3
Vir(z,2) = aR”tan” A <c0s¢1> (¢1 — ¢o) 205 1 (é1 — ¢o) +t3 (¢1 — ¢o) ]
R* . ., A .
Vir(y,y) = am - [4sin ¢; cos ¢y sin %f; — 3sing; cos® ¢y +

A
4sin ¢y cos® ¢ %(qﬁl — o) + 45sin ¢ cos® g1 — sin ¢y cos® ¢y cos gy +

4 5, Az 9 Az\?
2cos” ¢ (¢1 — ¢o) + 4 cos (blf — 2cos” ¢ <E> (p1 — do) +
2
cos” g1 (¢1 — ¢o) — 4 cos ¢1% +2 (%) (p1 — ¢0)]

Viyr(1/R,1/R) = a(¢r — o)

Az \?
Vir(d,¢) = « (COS¢1> (¢1 — o)
A 2

Viyr(z,y) = Q% - [sin ¢1 cos ¢1%[(¢1 — ¢0)” + 2] — 2sin ¢y (%) (¢1 — o) +

2sin @g cos? ¢1 (1 — ¢o) — 2sin ¢ cos ¢1% + cos” g1 [(d1 — do)® + 2] —

2 cos® ¢y cos g — 2 cos’ ¢1%(¢1 — ¢o)]

A
Vinle1/B) = atand- |26 - o) - S0r - o]
Az

Viyr(z,¢) = 03 61 x Vi r(z,1/R)

Vir(y,1/R) = a[R?(sin ¢1 — sin ¢p) — (R* cos ¢y + RAztan ¢1)(¢1 — ¢o)]

Az
Vir(y,¢) = MXVUR(?J’I/R)

Vir(1/R,¢) = « 1(¢71—¢70)
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where

_(3-107*-B’R [ 1
“= 2F2X,cos A |em?

3.1.9 Extrapolator package

Based on the procedure discussed above we have developed an extrapolator package
[111] which is heavily used during the track fit, allows to perform the vertex recon-
struction and to make the associations between reconstructed objects in NOMAD
subdetectors (tracks, clusters, segments, hits, etc). The extrapolator is also used
to provide the global detector alignment and calibration, full event reconstruction
and particle identification. The precision of the extrapolation is a function of the
extrapolation step which was chosen to be 0.5 ¢m for regions inside the magnetic
field and 10 e¢m in the fieldless areas.

An complementary set of parameters (%, z,Y, f)—z, z—z) is used to perform extrap-
olation in the areas without magnetic field. It is also more convenient for the vertex
search and fit. The switch from one set of parameters to another one is done auto-
matically depending on the geometrical position of a track and on the strength of
the magnetic field.

The magnetic field inside the NOMAD magnet was measured and parametrized
by polynomial functions. As a result we can use this magnetic field map during
track extrapolation in the NOMAD setup. It was shown that one can consider the
magnetic field to be uniform along z (the variations of the field inside the fiducial
volume are of the order of a few percent) and neglect the two other components of
the field.

To minimize the amount of computations a special DC interface to the extrapo-
lator package was developed. In particular, each track owns a list of extrapolations
and updates it according to user requests in such a way that already made compu-
tations are not redone. If a track is refitted (as it should be done when its identity
radically changes) all previously existed extrapolations are dropped and new ones
are created.

Another feature of the track extrapolation which turned out to be useful is the
protection against the extrapolation in case a track is fitted as a parent to a vertex
with outgoing tracks. Implementation of this approach allowed to provide better
matching between NOMAD subdetectors for broken tracks which is important for
robust and efficient electron identification since it allows to avoid double counting!!.

3.1.10 Performances of the NOMAD DC reconstruction pro-
gram.

The chi-squared (x?) of the track fit is an important test. In the linear case with
normal noise it is exactly x2-distributed with (n — m) degrees of freedom, where
n is the number of independent measurements and m is the number of estimated
parameters. Its importance as a test is based on the fact that it tells us whether the
hypothesis that this set of measurements does indeed correspond to a single track
should be rejected or accepted. If multiple scattering is well understood and if the
detector measurement errors are properly tuned, the distribution of the chi-squared
of the fit is in fact y2-distributed to a very good approximation. As almost any
kind of background has a tendency to increase the x? value, a cut on it is a simple
way of detecting mistakes made by the track search.

Implementation of the effects discussed above in the reconstruction program
gave us an opportunity to improve the momentum resolution and obtain reasonable

1 For example, it prevents one from building ghost TRD tracks and applying in vain TRD double
track algorithm (see later) which could lead to losses in electron identification efficiency.
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Figure 3.4: Chi-squared and chi-squared probability distributions for muon tracks
in the real data.
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Figure 3.5: The dependence of track reconstruction efficiency on the number of hits
in a track (left) and track momentum (right).
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Figure 3.6: Quality of K% reconstruction in the NOMAD 96 data sample (invariant
mass peak and distance of flight). The values obtained with the data from the '95
run are also given for comparison.

distribution for the track x? per degree of freedom (NDF) - x2/NDF. As a result
the distribution of the reconstructed track probability is almost flat (Fig. 3.4).

Usage of the robust track search algorithm and of the correct track model allowed
to reach a high level of reconstruction efficiency. We present here the dependence of
the track reconstruction efficiency on the number of hits in a track and on the track
momentum (Fig. 3.5) as estimated using Monte-Carlo simulation program. As can
be seen from these plots the overall efficiency of the DC reconstruction program is
better than 95%. The major losses are due to the low momenta short tracks usually
emitted at large angles.

A very powerful tool to check the momentum resolution in the real data was
proposed which consists in using the secondary vertices of V° type: the widths of
the reconstructed K2 (Fig. 3.6) and A° (Fig. 3.7) mass peaks are directly related to
the track momentum resolution. It was found that the measured widths (11 MeV
and 4 MeV) are consistent with the estimated momentum resolution 22 ~ 3.5%

p
(Fig. 2.17).
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Figure 3.7: Quality of A° reconstruction in the NOMAD ’96 data sample (invariant
mass peak and distance of flight). The values obtained with the data from the '95
run are also given for comparison.

3.1.11 Vertex reconstruction

The vertex reconstruction in the NOMAD detector is performed with the help of
the vertex finding and fitting package [112] which uses reconstructed DC tracks.
The major tasks of the vertex package are

e determine the event topology (deciding upon which tracks should belong to
which vertex);

e perform a fit in order to determine the position of the vertex and the param-
eters of each track at the vertex;

e recognize the type of a given vertex (primary, secondary, V0, etc.).

The Kalman filter technique is used to allow fast vertex fit and a simple way to
add or remove tracks from an existing vertex without completely refitting it.

Let us mention here the main results of the vertex reconstruction in the NOMAD
detector. The detailed information can be found in [86].

Most neutrino interactions in the NOMAD active target occur in the passive
panels of the drift chambers. Interaction vertices are reconstructed by extrapolating
the tracks of charged particles measured in the chambers. Figure 3.8 shows the
distribution of primary vertices in a plane perpendicular to the beam. A fiducial
cut of —120 < z,y < 120 cm is imposed. The gradual diminishing of the beam
intensity with radius can be easily seen. The nine square spots of high intensity
are caused by spacers which are built into the chambers in order to increase their
rigidity.

Figure 3.9 shows the distribution of primary vertices along the beam direction.
The information from the 11 drift chamber modules has been folded to cover the
region of ~ 10 em around the centre of each chamber. One can easily see that the
bulk of neutrino interactions occurs in the wall of the drift chambers, as expected.
The eight ‘spikes’ in this distribution correspond to the kevlar skins of the drift
chambers (see figure 2.7). Regions in z with a low interaction rate correspond to
the three gas-filled drift gaps and the honeycomb panels.

The vertex position resolution was checked using MC simulation. The results
are presented in Fig. 3.10. We can achieve the resolution of 600 um, 90 wm and
860 um in x, y and z respectively.
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Figure 3.8: The positions of reconstructed neutrino interaction vertices from real
data in a plane perpendicular to the beam direction; see text for details.
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Figure 3.9: The positions of reconstructed neutrino interaction vertices in the real
data as measured along the beam direction; see text for details.
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Figure 3.10: The vertex position resolution for reconstructed v, CC MC events.
The resolution is 600 pm, 90 um and 860 um for x, y and z respectively.

3.2 Particle identification in NOMAD

The physics goals of NOMAD require efficient and robust particle identification
(ID). This task was solved with the help of the subdetector matching package de-
scribed below.

3.2.1 Subdetector matching

Matching of subdetectors information consists in linking together different measure-
ments made by them. The linking being subject to matching criteria that depend
both on the considered subdetector and on the current state of the matching itself.
Thus the matching procedure must handle feedback in a convenient and flexible way.
Moreover one can imagine that the knowledge about a given subdetector measure-
ment imposes some modifications to other subdetector’s data. Such modification
would occur, for example, when clusterization in calorimeters is making use of the
DC tracks and eventually of the associated particle type if it is known. Another ex-
ample is related to the treatment of electron trajectory in the NOMAD detector: if
one has identified a DC track as being an electron then hard bremsstrahlung photons
could be looked for and neutral tracks could be created inside the drift chambers
requiring further matching with preshower and electromagnetic calorimeter.

Matching process

Matching subdetector’s first stage reconstructions (also called “phase 1”) mainly
consists in trying associations of such reconstructed objects and choosing acceptable
combinations to build higher level objects (that happen to be tracks, charged or
neutral).



96 CHAPTER 3. EVENT RECONSTRUCTION IN NOMAD

When designing an algorithm that tries all these combinations, one mainly faces
two questions:

e since the main output of the matching is particle identification, one should
foresee some feedback to the first level processes, for example:

— the track extrapolation has to account for bremsstrahlung energy losses
when the track is identified as an electron. This could require a refit of
the reconstructed DC track;

— 7w and K decays produce muons that one would like to identify as not
being primary ones. A kink finder algorithm could be run on tracks
identified as muons;

— a charged track which is considered as a hadron candidate (not iden-
tified as an electron by TRD; depositing energy in the HCAL, or less
than its momentum in the ECAL) may require a different cluster finding
algorithm (with different patterns) than an electron [113].

Since this list cannot be a priori complete, one should implement a general
feedback mechanism, which is only used when there is a physics requirement.

e Since prototyping of both matching and identification criteria is required,
one should avoid as much as possible to hardwire would-be final algorithms.
This should ease the merge of subparts of the matching algorithms developed
separately.

The steering of the matching process is performed by the so-called matching en-
gine, the program which calls the declared (during the initialization phase) matching
routines for each subdetector and checks that they act according to the established
rules.

Matching routines

All the matching algorithms are implemented as a set of matching routines (one per
subdetector).

The result of matching (MatchObject (MO)) is a collection of subdetector ob-
jects (detector object (DO)). A DO may contain more than a single reference to sub-
detector “phase 1” objects, one can store there a mismatch distance (or more gen-
erally a mismatch x?2), it can also contain references to several subdetector “phase
1”7 objects: one cluster per projection in the PRS, 2 segments in projections per
muon chamber module, etc.

During matching ambiguities may obviously appear. It was decided that a given
DO cannot appear in several MO’s (a matching routine trying to do so would
trigger a printout and no action would be done). If a subdetector needs to handle
ambiguities, then it has to create as many DO’s (with different DO identifiers) as
needed which possibly carry or point to the same first stage information. This forces
matching routines to do something specific when ambiguities arise. When two DO’s
in two MQ’s are exclusive one of the other, the physics topics of NOMAD imply
that there should be a way either to choose or to detect it'2.

More detailed description on the implementation of the subdetector matching
in the NOMAD software can be found in [114].

12As an example, we could consider an event where two DC tracks extrapolate to 2 muon
chamber segments that share most of their hits (mostly with different signs). If no care is taken,
the event becomes a dimuon.
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Some distributions

We present here some results making use of the DC track extrapolation into the
other subdetectors: TRD, PRS and ECAL (Fig. 2.23). They allow to control the
quality of subdetector responses and should be considered as an illustration of the
proposed method. For example, we can check the TRD alignment and uniformity
of response, study the dependence of the TRD signal on the track momentum and
angle (Fig. 3.11). Matching of reconstructed charged tracks with PRS clusters
allows to verify the PRS alignment (Fig. 3.12).

Graphics

Most of the reconstruction failures and inefficient matching algorithms can be ruled
out by visualizing a few events on a graphic screen. A display is also needed to
debug ill matched MC samples. If the clarity of the displayed information has to
be a major concern, one should also pay attention to the possibility of accessing
detailed information easily. We have been using a rather flexible generic display
[115] based on OnX [116] and Ci [117] packages, and a simple and generic method
to ”dump” drawn objects to a terminal.

3.2.2 Muon identification

Muon identification in NOMAD is an essential and very important task. It is used,
for example, for classification of events.

The muon momentum is measured in the drift chambers with a precision of
typically 3% for momenta below 20 GeV', where the error is dominated by multiple
scattering. For larger momenta the error slowly rises as measurement errors start
to dominate, but the muon charge can be reliably measured for momenta up to 200
GeV (see Fig. 3.13).

Track segments are reconstructed from the hits in the muon chambers and the
extrapolated central drift chamber tracks are matched to these segments. If this
matching satisfies certain quality criteria (e.g. cuts on matching distance and x?2),
which may vary for different analyses, then the track is identified a muon. For a
detailed description of the muon matching algorithm see [118]. As can be seen from
Figure 3.14, the muon reconstruction efficiency is essentially momentum indepen-
dent above 5 GeV'.

A muon typically leaves a signal in the ECAL which is equivalent to a 500 MeV
electromagnetic shower, and a signal in the HCAL equivalent to a 1.4 GeV hadronic

shower!3.

It is very important for many NOMAD analyses to identify events which do not
contain a primary muon. Very low momentum muons can only be recognized using
kinematical criteria. For higher momentum tracks the consistency of the ECAL
and HCAL energy deposition can be checked. For muons well above the threshold
to reach the chambers, and inside the muon chamber geometrical acceptance, the
efficiency to detect at least 2 out of 816 possible hits is essentially 100%. As an
example, requiring that no muon chamber hits be associated to candidate hadrons
within a certain road, and that the energy deposition in the ECAL and HCAL be
consistent with a non-minimum-ionizing particle, a residual muon contamination of
about 1072 can be achieved for hadrons with p > 4 GeV with 90% efficiency.

13Tn both cases, the actual energy depositions are somewhat lower since the calibrations are
optimized to measure the energy deposited by electromagnetic and hadronic showers respectively.
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Figure 3.11: Average muon energy loss in one TRD straw (Xenon filled) as a function
of momentum: the relativistic rise is clearly visible.
function of ¢ (opposite of the tangent angle in the vertical plane). Energy loss
versus the distance to wire. Average energy loss as a function of y: no obvious

dependence.
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Figure 3.12: Example of PRS alignment for a given run. Residual from the extrap-
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em (z) and -1.3 em (y) of the PRS. At the bottom, residuals in one coordinate as a
function of the other: obviously, the PRS is rotated with respect to the DC frame
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Figure 3.13: Inclusive muon momentum spectrum signed by the charge of the track
(comparison of real data and Monte-Carlo simulation).
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Figure 3.14: Muon reconstruction efficiency as a function of the muon momentum
for v, CC events. This includes tracking, vertex association, the probability for a
muon to emerge from the iron absorbers, the geometrical efficiency and the matching
efficiency (multiple scattering).
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Figure 3.15: Simulated 10 GeV electrons reconstructed using a standard track
model (“pion” hypothesis) during the track fit. One can see that both the initial
electron momentum and the direction in the bending plane (YZ) are biased.

3.3 Electron identification

The idea of the NOMAD experiment arose from the findings about the possibility
of selecting efficiently 7= — e v, 7, events while at the same time keeping the
background at a very low level (a few events). This method requires a clean electron
identification and measurement. The proposed detector was therefore designed
according to the needs of this particular analysis. The use of the hadronic decay
modes was explored only later. However the setup that had been proposed turned
out to be well adapted to these modes also. Moreover, the possibility of cross-
checking the results found in different 7~ decay channels is particularly interesting
due to different background conditions.

Nevertheless, the electron decay channel of tau is still believed to be the most
powerful tool for the oscillation search in NOMAD. Unfortunately, many potential
sources of background coming from isolated e~ exist and have to be taken care
of. These are v, CC interactions, asymmetric photon conversions, 7° and n Dalitz
decays, Compton and knock-on electrons, =, K3 and me2 decays in flight (the first
two being the most important ones).

The search for oscillation signal in the 7 — e decay channel requires both efficient
electron identification and good reconstruction of the initial electron momentum and
direction.

Unfortunately, when the standard approach (“pion” hypothesis during the track
fit) is used to treat the electron trajectory both the direction and momentum of
this particle at the primary vertex can be biased (see Fig. 3.15). In such a case the
use of event kinematics for the oscillation search in the electron decay channel is
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Figure 3.16: Comparison of the preshower response to pions and electrons (test
beam measurements).

limited. In other words a special procedure to identify and reconstruct an electron
trajectory in NOMAD should be developed. This procedure turned out to be rather
complicated and we will try to describe the solutions which were adapted to solve
some of the major difficulties.

First of all, we have to identify electrons with good efficiency at the same time
keeping the background contamination from misidentified hadrons at the level of
< 3 x1075. This requirement comes from the total statistics which will be available
in NOMAD at the end of data taking (1.15 x 10 of v, CC events and 3.9 x 10° of
v, NC events).

3.3.1 Electron identification in NOMAD

Information from the transition radiation detector, preshower and electromagnetic
calorimeter is combined to separate electrons from other charged particles. The
corresponding algorithms were developed using extensive test beam measurements.

Using the Preshower and the Electromagnetic Calorimeter

A preshower prototype consisting of two layers of 10 tubes each was exposed to
beams of electrons and pions at the CERN PS and SPS accelerators [119]. In such
a way it was possible to determine the 7 rejection factor using the PRS signal for
a given electron recognition efficiency. It was shown that using the PRS alone for
electrons with energy above 4 GeV, it is possible to obtain an electron efficiency of
90% with a 7 contamination of less than 10% (Fig. 3.16).

The 7 /e separation is substantially improved when ECAL is used in association
with the PRS. In a test beam configuration a particle is accepted as an electron
only if the ECAL signal is compatible with the beam energy, within the resolution
of ECAL. Combining this requirement with the PRS algorithm a rejection factor
of 1073 is obtained in the energy range of 2 = 10 GeV, while retaining an overall
efficiency to detect electrons at 90%, see Figure 3.17.
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Figure 3.17: The combined pion rejection using PRS and ECAL (test beam mea-
surements).

An additional rejection factor of 2-3 can be obtained using the information
on the distribution of energy between the ECAL towers (electromagnetic shower
profile) [121].

Unfortunately, these results obtained from test beam measurements are not
directly applicable to the real running conditions due to the presence of overlaps in
all the relevant subdetectors in case of complicated neutrino interactions.

Using the Transition Radiation Detector

The TRD was designed to separate electrons from other charged particles. The
corresponding method is based on the difference in response of the TRD to electrons
with respect to other charged particles in the momentum range from 0.5 GeV to 50
GeV. Figure 3.18 shows the response of one TRD straw when crossed by 10 GeV'
electrons and pions.

Discrimination between the two hypothesis is done computing a likelihood ratio
L (see Fig. 3.19) computed from the responses of all the straws crossed by an
incident particle.

P il €
ﬁ:;ln% (3.1)

where:

e N is the total number of straw tubes crossed by the charged particle and
included in the TRD track (N < 9);

e ¢; is the energy deposited in the i-th straw tube along the e~ trajectory;

e P(g; | €) and P(g; | m) are the probabilities for an electron e and a pion'* 7
to deposit the energy ¢; in the +-th TRD plane.
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Figure 3.18: Energy deposited in a TRD straw by 10 GeV electrons and pions.
(Monte-Carlo simulation).
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Figure 3.19: The likelihood ratio distributions for pions and electrons of 10 GeV'
crossing 9 TRD modules (Monte-Carlo simulation).



3.4. ELECTRON RECONSTRUCTION 105

As can be seen from Fig. 3.19, the desired electron efficiency defines a threshold
on the likelihood ratio and gives the rejection power against charged hadrons.

The transition radiation and ionisation loss spectra for energy depositions in
the straws were obtained by simulations and were confirmed by test beam measure-
ments.

With a 90% electron detection efficiency, the NOMAD TRD reaches a 103
rejection factor for isolated tracks in the 0.5 + 50 GeV momentum range [93].

From the description of the algorithm one can see that a correct association of
TRD tubes to a studied track is extremely important for the robust and efficient
electron identification.

3.3.2 Building of TRD tracks out of extrapolated DC tracks

This task was solved using extrapolated DC tracks and a matching technique. Dur-
ing the event reconstruction in NOMAD detector there is a strong interference
between DC and TRD information. At the early stage of “phase 1” reconstruction
the information about the z coordinate as measured by the reconstructed TRD
tracks is used to help building DC tracks [101] in the so-called TRD region of the
active target.

The standalone TRD reconstruction program [120] was designed to build tracks
in TRD which are then associated to DC tracks to provide particle identification
[90]. Unfortunately, in case of complicated neutrino interactions with high mul-
tiplicity it could happen that several particles cross the same set of TRD straw
tubes (TRD overlap). If this information is lost (which is the case if one uses stan-
dalone TRD reconstruction only) then the particle identification can be wrong since
the energies deposited by several particles are summed up and the probability of
misidentification is significantly higher. This problem was solved partially by using
reconstructed DC tracks to collect TRD hits along the extrapolation road and con-
struct TRD tracks'®. For example, there could be two or more TRD tracks built
out of the same TRD straw tube hits. In such a case a special algorithm [90] which
takes into account all the available information about particles momenta, number of
shared hits, etc. can be applied. This approach improves significantly the purity of
identified electrons/positrons. For example, this technique together with the TRD
double track algorithm decreases the number of 7&n overlaps misidentified as e&e
from 95% to ~1% [90].

As a result we can state that combining the information from the NOMAD
subdetectors (DC, TRD, PRS and ECAL) we can reach the required rejection power
against hadrons keeping the electron identification efficiency at a reasonable level.

3.4 Electron reconstruction

The proposed matching algorithm is especially useful for identification and recon-
struction of electron/positron trajectory in the NOMAD setup.

3.4.1 Special treatment of electron trajectory

Several different approaches have been tried for electron identification and recon-
struction. The simplest one is when an electron is reconstructed as one piece at the

M The term pion implies any charged particle except an electron.

15This is done at the level of matching making use of the good precision on the extrapolated
DC track position (of the order of 1 mm, Fig. 3.20) which is much better than the diameter of the
TRD straw tube.
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Figure 3.20: Uncertainty on the x coordinate of the extrapolated DC track position
in a TRD measurement plane is of the order of 1 mm which is much better than
the diameter of the TRD straw tube (1.6 e¢m).

first pass of the DC reconstruction and identified by TRD during matching. Then
we can refit this track adding the Qpe, matrix calculated above to the process noise
of Kalman filter. While the initial direction of the electron is determined rather well,
unfortunately, the initial momentum resolution is quite poor: o(p)/p ~ 15% (see
Fig. 3.21).

In case an electron trajectory was broken into several pieces during the first pass
of DC reconstruction and only the last segment was identified as being an electron,
we scan the track/vertex structure upstream and update the track type for all the
segments if they are connected via vertices of a special type.

In order to improve the momentum resolution another method can be tried
which consists in using recursively a breakpoint search algorithm for the identified
electron trajectory. One should point out that another track model should be
used in this case, since the track model which takes into account brem energy
losses destroys the information needed for the breakpoint search algorithm. Thus,
we were obliged to introduce one more track model which assumes the electron
mass and no brem energy losses. The new approach works in the following way.
First, we create a chained track/vertex structure breaking the original trajectory at
the most probable breakpoint locations (which correspond to emission of relatively
hard bremsstrahlung photons) and joining new segments with vertices of special
(BREM) type. Second, we associate when possible to these vertices bremsstrahlung
photons reconstructed either from standalone ECAL clusters or from reconstructed
conversions in the DC fiducial volume. Let us point out that additional tools to deal
with neutral tracks were needed in order to develop this approach. An example of
application of this more sophisticated technique to an event from real data is given
in Fig. 3.22 and Fig. 3.23.
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Figure 3.21: Simulated 10 GeV electrons reconstructed using special track model
(“electron” hypothesis) which takes into account brem energy losses during the
track fit. The primary electron direction is better reconstructed compared to the
“pion” track model (see Fig. 3.15). The reconstructed initial electron momentum
is also closer to the simulated value while the momentum resolution is rather poor.

,,,,,,,

Figure 3.22: Run 10409 Event 22765 (YZ view) from real data before an attempt
to apply breakpoint search algorithm. The track at the bottom was identified as an
electron by TRD.
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Figure 3.23: Run 10409 Event 22765 (YZ view) after applying a recursive breakpoint
search algorithm. Two breakpoints were found along the electron trajectory and
they were associated with two photons: one built out of a conversion inside the DC
fiducial volume and the other from a standalone ECAL cluster.

3.4.2 Neutral tracks

As it was mentioned above, neutral tracks are important ingredients of the NOMAD
reconstruction program since:

e they allow to provide a unified way for calculation of the event kinematics;

e can be a given type of identified “V9” vertices in order to perform analysis
of strange particles production. The criteria used for the identification of the
vertices of V? type are described in [86];

e they allow to resolve some of the problems in reconstruction of the event
kinematics (such as missing momentum in the transverse plane) by attaching
neutrals to other vertices than the primary;

e they allow the representation of electron/positron trajectory in the NOMAD
detector as a chain of charged track/vertex/(charged & neutral tracks) and
help in the determination of

— the initial direction of electrons using the information from the first
charged segment;

— the initial momentum summing up all the electromagnetic energy seen
in the ECAL associated to the chain of charged segments and neutral
tracks representing bremsstrahlung photons (which could be built out of
identified conversions or ECAL clusters);

— the proper ECAL energy association avoiding the double counting of
brem clusters and electron momentum.

Special tools have been developed within the framework of the DC reconstruction
program to build, extrapolate and draw neutral tracks. In the current implemen-
tation neutral tracks are created during the matching procedure and the decision
about the attachment of these tracks to vertices is taken by the corresponding
matching routines. We build neutral tracks out of
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Figure 3.24: A fully reconstructed v,-CC candidate (run 9753 event 81). The
longest track at the bottom is a muon matched to the segments in muon chambers;
small triangles are track extrapolations. Three photons (dashed lines) were built:

one out of the standalone ECAL cluster, the two others from conversions inside the
DC fiducial volume.

e clusters in the electromagnetic calorimeter not associated to any charged
track;

e vertices of VO type consistent with the hypothesis of K% or A® decays or
photon conversions if they point to a vertex;

e secondary vertices with no incoming charged track which could be interpreted
as an interaction of a neutral hadron;

e hanging single charged tracks pointing to the primary vertex which represent
asymmetric photon conversions.

An example of an event from real data containing three photons (one built out
of the standalone ECAL cluster and the two others from conversions inside the DC
fiducial volume) is shown in Fig. 3.24.

3.4.3 Breakpoint search

Another ingredient of the proposed method for the electron reconstruction is a
breakpoint search algorithm allowing to find the most probable location of hard
brem photon emission. Let us consider this problem in a more general way.

We define a kink (or a ”breakpoint”) to be a sudden change of the state vec-
tor, that is a point where one or more of the track parameters has a measurable
discontinuity, and we consider three physical processes which may have different
signatures:

e an electron emitting a bremsstrahlung photon generally changes only 1/R
since this photon is collinear with the electron direction;

e a pion under a hard elastic scattering may have 1/ R unchanged while changing
tan A and ¢;

P——|
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e a charged pion or kaon decaying to muon changes 1/R, tan A and ¢.

The main purpose of the breakpoint search is to allow the detection and proper
handling of these physical processes.

The information provided by the filter and smoother after the DC track fit is
sufficient to allow the construction of a fast and relatively efficient kink finding
algorithm. At the end of the track fit a significant amount of information exists
at every hit on the track: track parameters estimated from the upstream segment,
from the downstream segment and from the whole track.

If the kink occurs somewhere between measurements k and k£ + 1 we may expect

that the state vector T; obtained from the upstream track segment {mq,...,my}
L .~k (b)
is different from the backward extrapolation x, of the downstream track seg-

ment {myy1,...,my}. In order to decide whether a kink has occurred between
measurements k and k& + 1 we can test if the difference

k1 (B) o~
A =z, — 1z

is significantly different from 0 by means of the x? statistics [102]:
X2a = AT (coo{A )T Ay = AT (Cr + O )71 Ay = ATCY (O — CP)CT A
The equivalent but easier way to calculate Xi, A ls:

2 2 2 2 (b

Xk,A =Xn — Xk — inl) )
where x2, x3 and Xzﬁ) are the total chi-squared of the whole track, of the first
segment and of the second segment respectively.

If there is no kink, xj A follows a x> distribution with the number of degrees of
freedom equal to the dimension of Ay.

This test, however, is not robust against an outlier somewhere along the track.
Another possibility would be to modify this test requiring that both track segments
{m1,...,mi} and {mpi1,...,m,} have small total x> and that xj o is large. The
combination of this information into one variable gives:

(X%,A/ndf)
[0 + X3, ) k]

Fpa =

)

where ny, is the sum of the respective number of degrees of freedom for the first and
second segments.

Unfortunately, neither criteria gives a correct answer if there are several break-
points or outliers along the trajectory. On top of that the Xi7 A and Fj A criteria
mix all the parameter mismatch information together and are insensitive to the
arithmetic sign of the difference between parameters and thus are not optimal for
our case.

A different approach [122] was tried in order to obtain and examine the result one
would get by doing a traditional fit which uses all hits, but which allows one or more
of the track parameters to be discontinuous at a particular hit k. Corresponding to
the three physical processes mentioned above, we consider describing the track at
hit £ with 7, 8 or 9 parameters:

e 7 parameters: {z,y,1/Rp,1/Rp,tan )\, @,to}
e 8 parameters: {z,y,1/R,tanAp,tan Ag, ¢, dB,to}

e 9 parameters: {z,y,1/Rp,1/Rp,tan Ap,tan Ap, ¢, d5,to}
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Figure 3.25: Simulated 10 GeV electrons reconstructed using a track model which
assumes an electron mass and no brem energy losses and considering only the 30
first hits during the track fit.

Figure 3.26: Run 10037 Event 2084 (YZ view) from real data showing the limitation
of the breakpoint search algorithm. There are only 18 hits in the electron track
which is clearly not enough.
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Figure 3.27: Run 10037 Event 2084 (XZ view) from real data showing the limitation
of the breakpoint search algorithm. There are only 18 hits in the electron track
which is clearly not enough.

where subscripts g and g denote the parameters forward and backward of hit k.

This method provides a large amount of useful information. But the decision
upon the correct variables to use and the possible cut position is not easy. It requires
additional studies, preferably using the real data rather than simulation.

We have implemented the algorithm to treat an electron trajectory in the follow-
ing way. For identified electrons a recursive breakpoint search algorithm is applied.
If the most upstream segment is still longer than 40 hits we will force a break after
30 hits to estimate the initial electron direction in a better way (see Fig. 3.25). Brem
photons built out of identified conversions inside the DC fiducial volume and from
standalone ECAL clusters will, whenever possible, be attached to the corresponding
vertices along the electron trajectory. The electron momentum is then determined
by summing all the energy downstream in the electromagnetic calorimeter while the
initial electron direction is taken from the first DC segment.

The limitation of this approach is illustrated with an event from real data
(Fig. 3.26 and Fig. 3.27). There are only 18 hits in the electron trajectory which
is clearly not enough to perform a breakpoint analysis. Consequently a hard brem
photon is attached to the primary vertex and is associated to the hadronic jet
messing up the calculation of the event kinematics.

In order to overcome this problem we decided to associate all the photons (built
out of the reconstructed conversions or from the clusters in ECAL) with the elec-
tron/positron candidate if they are emitted in a cone of 2.5 degrees with respect to
the charged track identified as an electron by TRD. The final momentum resolution
obtained (%” ~ 5%) is shown in Fig. 4.11 (see later).

A complementary algorithm to the one used for the tracking of electron candi-
date was developed for the electron energy reconstruction in the electromagnetic
calorimeter [124]. The energy is obtained as the sum of the energies of the pri-
mary electron candidate (using nonet, that is 3 x 3 cell matrix centered around
the electron impact point) and of the associated brem photons using the so-called
brem strip algorithm (the electromagnetic energy deposition in the bending plane
consistent with converted or unconverted brem photons emitted by the primary
electron). The performance of this method is illustrated in Fig. 3.28. The brem
strip algorithm provides very good electron energy resolution of ~ 2.3% for isolated
primary electrons, while the performance of this method in case of overlaps between
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Figure 3.28: Distribution of A—}f

= W for simulated v, CC events.

electron candidate and the hadronic jet is still under study.

In what follows we will be using the algorithm described earlier which combines
the breakpoint search technique with the reconstruction of associated brem photons
in the electromagnetic calorimeter. The reason is that we want to know whether that
approach is applicable to large data samples where the behaviour of the algorithm
on the tails of the distributions could become more important than its ability to
reconstruct correctly the central value.
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Figure 3.29: Run 8246 Event 20299 from real data shows a muon producing a delta
electron in the NOMAD setup.

3.5 Tests of algorithms using electrons from real
data

The algorithms developed for electron identification and reconstruction were tested
under running conditions using d-electrons produced by straight-through muons (5
< pu(GeV)< 50) crossing the NOMAD detector during the flat top between two
neutrino spills. An example of such event is given in Fig. 3.29.

The selection of muons giving §-rays is done with the help of the matching
technique requiring two tracks to be reconstructed in the DC fiducial volume, one
of which is positively identified as a muon. The second track is assumed to be an
electron. This hypothesis is confirmed by the momentum and angular distributions
of the corresponding tracks.

This sample of selected electrons from real data was used to check the subdetec-
tors (TRD, PRS and ECAL) responses compared to simulations, to tune breakpoint
search criteria taking into account the effect of DC alignment quality (see Fig. 3.30)
and to test the electron tracking algorithm.

The TRD simulation has also been extensively tested in-situ using this event
sample [93]. Figure 3.31 shows the distribution of the energy deposited in straw
tubes by 5 GeV muons (ionization losses only) and by d-ray electrons (emitted by
muons) with a mean momentum of about 2 GeV' (a sum of ionization losses and
absorbed TR photons).

We want to stress here that a track of a charged particle can be broken at the
emission point of a delta electron. That is why special care was taken in order to
propagate the particle ID information in such a case (this is implemented at the
level of matching for muons and electrons).

3.6 Reconstruction in the ECAL

In order to provide good measurement of the total energy flow in neutrino interac-
tions it is important to perform correctly the reconstruction in the electromagnetic
calorimeter.
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Figure 3.30: Test of breakpoint search criteria using the experimental data (muons
producing d-electrons). Comparison of breakpoint chi-squared (x} ) and normal-

ized difference between curvatures in backward and forward directions (

1/R371/RF)
O1/R

for muons (solid line) and electrons (dashed line). One can see the presence of po-
tential breakpoints for electrons (high positive values in both distributions). The
typical values of the cuts to actually break a track are 25 and 3 respectively.
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Figure 3.31: Comparison of experimental (points with error bars) and simulated
(solid lines) distributions of the energy deposited in the TRD straw tubes by 5 GeV'
muons and 2 GeV electrons.

When designing a clusterization algorithm, one should keep in mind that for the
oscillation search the underestimation of the hadronic energy is preferable. Overes-
timation of the hadronic vector would create signal-like topology since it introduces
a fake missing transverse momentum in the direction of a lepton candidate.

The major problem consists in finding clusters induced by neutral particles en-
tering the calorimeter front face and determining their energy. That is why it was
decided to use charged track driven algorithm for the reconstruction in the ECAL.
The main idea consists in finding and building clusters associated with charged
particles first and performing special clusterization of left over cells using also the
information provided by the preshower to indicate the positions of converted pho-
tons. This approach allows in some cases to resolve overlaps between charged and
neutral particles and even between two neutral clusters.

A diagram showing the algorithm used for the reconstruction in the ECAL is
presented in Fig 3.32.

The clusterization in the electromagnetic calorimeter is performed at the level
of matching (as soon as the particle ID is known) via the following steps:

e create muon clusters;

e perform the electron clusterization, compute x? for the electromagnetic shower
profile;

e find compact electromagnetic clusters corresponding to the photons converted
in the PRS;

e perform a hadron subtraction [113] for charged tracks and associate this frac-
tion of energy to charged tracks;

e clusterize the remaining energy to build final photon clusters.

More detailed information on the implementation of this algorithm can be found in
[123].
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Figure 3.32: Diagram showing the algorithm used for the reconstruction in the
ECAL.

3.7 Summary

Algorithms developed for the event reconstruction in the NOMAD experiment were
presented.

Charged track reconstruction is done with the help of the system of drift cham-
bers. It provides an overall efficiency of better than 95% and a momentum resolution
of ~ 3.5% in the momentum range of interest. The track model used for the charged
track reconstruction was described in detail.

Reconstructed charged tracks are used to perform pattern recognition in the
other NOMAD subdetectors. The developed TRD identification algorithm uses the
information provided by extrapolated DC tracks and allows to obtain a rejection
factor of 10® against charged hadrons keeping the electron identification efficiency
at the level of 90% (for isolated tracks). An additional hadron rejection power is
provided by the system of the preshower and the electromagnetic calorimeter. They
are also used to reconstruct electromagnetic showers induced by photons.

The particle identification is done via the developed subdetector matching pack-
age. The muon identification efficiency is better than 97% for muon momenta
greater than 5 GeV .

Several different approaches to treat an electron trajectory in the NOMAD setup
have been tried. The most sophisticated one uses breakpoint search algorithm
implemented on the basis of information provided by the Kalman filter and tries to
find bremsstrahlung photons either from reconstructed vertices of V° type of from
neutral clusters in the electromagnetic calorimeter.

The usage of the information provided by the reconstruction program to compute
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the event kinematics will be discussed in the next chapter.



Chapter 4

Reconstruction of event
kinematics

The technique chosen for the oscillation search in the NOMAD experiment relies
strongly on the usage of event kinematics to separate a possible signal from back-
ground events. That is why it is extremely important to demonstrate that the
detector is capable of reconstructing correctly the kinematics of neutrino interac-
tions. Moreover, the efficiency of 7~ detection and the background rejection power
are determined using mainly Monte-Carlo simulation. So, we have also to ques-
tion the reliability of the Monte-Carlo simulation of neutrino interactions in the
NOMAD setup.

4.1 Event simulation in NOMAD

A brief reminder on the neutrino-nucleon deep inelastic scattering (DIS) is given
below.

4.1.1 Neutrino scattering from a nucleon target

In the Standard Model, the charged current reactions

yN —1~X

N =1t X
are considered to proceed via the exchange of a charged intermediate vector boson.
This process is presented by the diagram of Fig. 4.1. In this figure k£ = (E, k)
represents the 4-momentum of the incident neutrino (antineutrino), k' = (E, k')
that of the outgoing charged lepton, and P = (M,0), p' = (Ep,pr) and ¢ =
(qo, ) the 4-momenta of the target nucleon, hadron final state and exchanged boson
respectively.

Let us define the kinematical variables in terms of which lepton-nucleon scatter-
ing is generally discussed. The following Lorentz scalars are commonly used:
_P-q
M

Q*>=—-q-¢>0
In the laboratory frame v is simply the energy transfer (E — E') from the neutrino
to the charged lepton, and Q2 is given by

v

- 0
Q* = 2(EE' — kk') —m? — m} ~ 4EE'sin® 3
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Figure 4.1: Diagram showing the variables used for the description of the kinematics
of lepton-nucleon scattering.

where m} (mj}) is the initial (final) lepton mass and 6 is the lepton scattering angle
in the laboratory.
Two further variables are the so-called Bjorken scaling variables:

2
T = @
2Mv

(in the quark-parton model z is the measure of the fractional momentum of the
nucleon carried by the struck quark)
and

Z/:E

is the fraction of the lepton energy lost in the laboratory frame (called inelasticity).
The invariant mass squared of the hadronic system is given by

1
W?=(P+q)?=M*+2Mv—Q*=M*+Q*(= - 1)
x
The total energy squared in the centre of mass frame is
Q2
s=(k+P)?=2ME + M?* = = + M?
Ty

In terms of z and y the differential cross section of (anti-)neutrino - nucleon
scattering can be written as

Po't _GPME _ miy

dedy 7w m¥y, + Q2

Maxy

2FE

The introduction of the superscripts v, 7 emphasises that the structure functions
F; are different for neutrino-nucleon and antineutrino-nucleon scattering, and the
explicit dependence of the structure functions on the variables z and Q2 is shown.
These three structure functions describe the properties of a nucleon as seen by
leptons. In the parton model they are weighted density distributions associated
with partons inside the nucleon.

y

— 2 — —
V2 F (@, Q1) S+ By (2, Q1) (1—y— S )£ Y (v, QY)y (1-5

2

)]
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For low momentum transfer Q% (which is the case for existing neutrino beams)

the propagator term ( 2 can be neglected since it is very close to unity. The

)
m2, +Q?
term Aggy = % is < 1.

In the hypothesis of scaling [125] (which is a consequence of the assumption of

scattering on point-like objects) the dependence on Q? disappears and we get:

&?e"”  G*ME
dedy

[wy” {7 (@) + (1= ) B () £ y(1 = $)aFy " (@)]

If the partons have spin 1 the Callan-Gross relation [126] holds: 2¢F; = F and
the expression for the cross section takes a simpler form:

d2o'y"7 G2ME y2 v, v Y v, v
o = 0=y SR @) £y - Do )
Defining ¢(z) = $[F>(z)+2F;(z)] and g(z) = §[F>(z) —2F3(z)] one then obtains
d*c” G*ME _
ddy — 4@+ (1-y) ()
d*c” G*ME _
dndy (1 =) - (@) + q(2)]

The function ¢(z) (¢(z)) can be interpreted as the distribution of momentum of
the left-handed partons (right-handed antipartons) in the nucleon.
Integrating over z one finds

do”  G*ME , =
do”  G*ME , _

The total cross section is obtained by integrating over y

’ME 1 =
=T 1043 -g

UU

,  G2ME

o [l -Q+ Q9]
3
As can be seen from the formulae above, if scaling holds, the neutrino and antineu-
trino cross sections grow lineary with the energy E and the slopes of the rising cross
section are determined by the integrals over the structure functions. In the absence
of antipartons (antiquarks) in the nucleon the ratio of antineutrino to neutrino total
cross section should be equal to g—: = %

Measurements of (anti-)neutrino-nucleon cross sections in the energy region
above 10 GeV yield

< 0" /E >~ 0.67 x 10 em?/GeV
<0”/E >=0.33 x 10 % cm?/GeV

The measured ratio of antineutrino to neutrino charged current cross section is

r=2C _ 049 +0.01
Icc



122 CHAPTER 4. RECONSTRUCTION OF EVENT KINEMATICS

Target
vV (En)
N /" D: T
Neutrino energy Geometry Nucleon Parton model physics, Fragmentation
and beam profile  AZp (x,y,2) structure functions cross sections (Lund string model)
u(x), d(x). dc and Decays
dx dy
NUBEAM GENOM PDFLIB LEPTO 6.1 JETSET 7.4
Tables

Figure 4.2: Overview of the different packages used for the simulation of neutrino
interactions in the NOMAD setup (from [89]).

confirming the presence of an antiquark component in the nucleon.
The neutral current reactions

N - X
N —» X

also take place.
The ratio of neutral current to charged current cross section for neutrinos and
antineutrinos was measured to be

v
R=7NC — (309 +0.003
fele
— a'l_/
R=-2% =0.39+0.01
o
cc
It is important to note that the y-distributions for neutrino neutral current and
charged current reactions are similar. This fact was confirmed experimentally [127].

4.1.2 Event simulation

Fig. 4.2 shows the overview of the different packages used for the simulation of the
neutrino interactions in the NOMAD setup.

The computation of the incoming neutrino beam (NUBEAM package [128]) is
performed via the simulation of proton interactions in the beryllium target using
the FLUKA package [129] and a full GEANT simulation of the secondary particle
transport through the beam-line.

The NOMAD event generator (NEGLIB package [130]) is used to simulate
charged and neutral current neutrino (including v,) deep inelastic interactions in
the quark-parton model approximation with QCD-evolved structure functions. It
is a package based on the LEPTO 6.1 physics simulation program [131] with the
following additions and corrections [132]:

e produced charged lepton mass and target mass are taken into account (Fig. 4.3);
e produced charged lepton polarization;

e simulation of polarized T decays;
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Figure 4.3: The kinematically allowed region of Bjorken variables x and y due to
the presence of the massive 7 lepton in the final state in v, CC interactions for the
energy in the centre of mass region (s — M?) below 25 GeV'? (to the right from the
solid line) and v, CC events simulated with the NOMAD event generator (dots).
See [132] for details.

e removed kinematical cut-offs (Q?, W2, v). The better agreement between data
and the MC simulation was obtained by extending the kinematical domain in
which the neutrino interactions are described in terms of the DIS formalism.
Q? is allowed to go down to zero;

e different parametrizations for the Fermi motion of the nucleon inside the nu-
cleus were implemented (Fig. 4.4).

This program generates a complete event starting from the energy spectra of
the incident neutrino. The hadronization of the produced partons into observ-
able hadrons is performed with the Lund string hadronization model [135] via the
JETSET 7.4 program [136]. To define the parton content of the nucleon for the
cross-section calculation, the parton density functions are needed. We have been
using the GRV-HO parametrization [137] available in PDFLIB [138] which is valid
in the range 107° < z < 1 and 0.3 < Q% < 10® (GeV?).

It was realized that the energy limit E,,;, at which the fragmentation stops
creating quark-antiquark pairs from the color field has to be lowered down to 0.2
GeV to describe in a better way the hadronic jet behaviour observed in the NOMAD
real data [139, 140].

The tracking of secondary particles through the detector setup, their interactions
and decays, the digitization of the subdetector responses are implemented with the
help of the GENOM package [110] based on the general purpose physics simulation
GEANT program [80].

Simulated events can be passed through the NOMAD reconstruction program
as if they were real data.

4.1.3 Event selection

In order to compare the simulation with reality we have to select genuine neutrino
interactions in the NOMAD active target. At the first stage of the real data event
selection all the NOMAD VT T» triggers were passed through a special filter [141]
since at this level the data are largely contaminated by straight-through muons from
veto inefficiencies, cosmic ray muons and neutrino interactions in the surrounding
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Arbitrary units

Figure 4.4: Two parametrizations of Fermi motion of the nucleon inside the nucleus
used in the NEGLIB package: Guoju - Irvine [133] (solid line) and Bodek - Ritchie
[134] (dashed line). Let us point out that the first parametrization does not have a
long tail compared to the second one, but predicts a larger fraction of events in the
interval [0.4, 1] (GeV).

materials (coil, front I, C’s). The purpose of this filter based on the first pass
of the DC reconstruction was to reject the largest possible fraction of background
keeping essentially 100% of events suitable for analysis. The rejection power and the
efficiency of this filter were evaluated by visual scanning and by using MC samples
and turned out to be: rejection factor ~ 10, efficiency ~ 99%.

The output of this filter was passed through the NOMAD reconstruction pro-
gram and was saved in the form of data summary tape (DST) [142].

To ensure that the sample of events chosen for analysis constitutes a reliable
sample of desired events, as free as possible from experimental biases not present in
the simulated events, a number of selection criteria were applied to the data. These
cuts are described below:

e Fiducial cuts: the primary vertex of all events was required to lie within the
following fiducial volume

—120< z,y < 120 (em) 5 < 2 < 395 (cm)
that is to be well within the drift chambers system;
e Quality cuts: requiring the event to be well reconstructed
—2 < Sum of charges at the primary vertex < 3
to suppress events with several non-reconstructed primary charged tracks;
Number of unmatched TRD tracks < 10

to get rid of events containing non-reconstructed secondary hadron interac-
tions;
Bt p Bt <0.75

visible

to suppress events with energetic neutral hadron escaping detection;

e Multiplicity cut: > 2 charged tracks fitted to the primary vertex.
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Figure 4.5: The dependence of the missing transverse momentum in v, CC candi-
dates from real data '96 on the primary vertex position (Xytz, Yotz, Zutz), the sum
of charges at the primary vertex, the number of unmatched TRD tracks and the
fraction of energy deposited in the HCAL over the total visible energy in an event.

The necessity of these cuts can be easily seen from the Fig. 4.5 showing the
dependence of the missing transverse momentum in the identified v, CC candidates®
from real data on the primary vertex position (Xy¢z, Yote, Zytz), sum of charges
at the primary vertex, number of unmatched TRD tracks and fraction of energy
deposited in the HCAL over the total visible energy in an event. The missing
transverse momentum is a good measure of the quality of the event reconstruction.
If we want to obtain a good quality of the reconstruction of event kinematics it is
important to keep the missing transverse momentum as small as possible.

We have estimated using MC samples that these cuts reject approximately 10%
of good events.

In the following we will always apply the above mentioned selection criteria to
both MC and real data samples to ensure the validity of the comparison.

IRequiring a p~ connected to the primay vertex.
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4.2 Comparison of reconstructed and simulated kine-
matics

Contrary to many analyses performed within the NOMAD collaboration we have
decided to use the reconstructed primary vertex and only tracks (charged or neutral)
fitted to this vertex to calculate the event kinematics. This is especially important
for the selection of the primary electron candidate since we want to suppress as much
as possible all backgrounds coming from non-prompt electrons (like conversions near
the primary vertex). The alternative would be to use a box of 5 em size around
the primary vertex and all the tracks which have a starting point within this box
[86, 100].

The parameters which are rather well measured in v, CC neutrino interactions
are the momentum of the outgoing muon (p,) and its scattering angle in the labora-
tory frame (). For the calculation of the kinematical quantities describing neutrino
interactions one has to know a third parameter, the incoming neutrino energy (E,, ),
for example. We have been using an approximation which consists in setting the
incoming neutrino energy equal to the total visible energy in an event (Ey,). The
total visible energy is computed by summing up the energies of all the particles
(charged and neutral) emerging from the primary vertex (particle ID, if known, is
used for the energy calculation):

Etot = Elepton + 5 Eprimary charged tracks + 5 Eprimary neutral tracks

The first important check which was made consists in making a comparison of
simulated and reconstructed kinematical quantities using Monte-Carlo events.

4.2.1 v, CC events

Let us look at the v, CC events first and compare the generated and reconstructed
kinematical variables (Fig. 4.6). We see a clear correlation smeared by escaping
neutral particles and detector resolution.

Having selected v, CC candidates from the real data requiring a y~ candidate
connected to the primary vertex, we can proceed by comparing the reconstructed
kinematical variables between data and MC (see Fig. 4.7). This plot shows a clear
disagreement which is due to the presence of the quasielastic events and resonance
production in the real data. These events were not simulated by our neutrino-
nucleon deep inelastic scattering (DIS) Monte-Carlo program. Having applied a set
of cuts allowing to choose the deep inelastic kinematic region we find a reasonable
agreement between data and MC (Fig. 4.8).

A serious problem appears when we try to compare the behaviour of the real
data and MC events in the plane perpendicular to the incoming neutrino direction.
This can be seen in the missing transverse momentum distribution (Fig. 4.9). The
average missing transverse momentum in v, CC MC events is < p®** >= 0.6 GeV,
while in v, CC candidates from the real data it is < pJ*** >= 0.74 GeV. Possible
reasons for the difference in the p*¢ distributions were carefully studied, namely:
- lower reconstruction efficiency for real data;

- incorrect description of the hadronic interactions in the simulation program;
- nuclear effects (Fermi-motion tail, nuclear reinteractions, etc.).

Using MC simulation and the real data with simple topologies (two charged track
events) different contributions to the p% have been studied [143]. It was found
that the largest contribution comes from escaping neutrals (~ 375 MeV) while
Fermi motion contributes (~ 200 MeV). The effect of the detector resolution was
found to be ~ 330 MeV and the contribution due to reconstruction inefficiencies
was estimated to be ~ 300 MeV.
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Figure 4.6: Comparison of generated and reconstructed kinematical quantities for
v, CC simulated events.
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Figure 4.8: Comparison of the reconstructed kinematical quantities for the identified
v, CC MC (solid line) and the real data (crosses) events (kinematical cuts applied
to select events from the DIS region: Q? > 3 GeV? and W? > 3 GeV?).

Intranuclear cascades can take place in nuclear target where the primary hadrons
may undergo successive hadronic interactions with the nucleons of the target nucleus
before exiting it. It was shown in [139] that nuclear reinteractions are not causing
too large kinematical distortions on top of the existing smearing from Fermi motion.
However, they tend to send particles at higher angles and softer momenta where
the acceptance of the NOMAD detector is reduced. That is why a ~ 50+ 100 MeV
effect on the < p™* > can be expected. This conclusion is consistent with the
result of independent studies presented in [144]. In addition, a possible excess of
protons in the hadronic jet in the NOMAD real data reinforces the studies of nuclear
reinteractions since this observation can be explained by the effect of intranuclear
cascades and these measurements can be used to tune the MC predictions.

Data simulator

Unfortunately, no solution to the problem of < p%* > was found up to now.
In other words we did not manage to find a way to degrade our MC simulation so
that it would reproduce what we observe in the real data.

Nevertheless, there is still a way out which consists is using simulations based
on the real data whenever possible. For example:
- to simulate v, CC events with subsequent 7~ decay one can take v, CC events
from the real data and replace the u~ by a 7= decay. The procedure is not straight-
forward due to the difference in masses between the p and the 7 which can cause
energy /momentum non-conservation;
- to simulate v, NC events one can use v, CC events from the real data with
p~ removed. But one should beware of a bias in the y distribution caused by the
momentum threshold in the muon identification and a bias in the total charge of
the hadronic jet;
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Figure 4.9: Missing transverse momentum p7%® distribution in the identified v,
CC MC (solid line) and the real data (crosses) events. A difference of the order of
140 MeV is observed.

- to simulate v, CC events one can replace the p~ by an e~ in v, CC events from
the real data and reweight events according to the different neutrino energy spec-
tra. However, the detector effects (such as overlaps in the NOMAD subdetectors)
cannot be easily simulated.

4.2.2 v, CC events

Let us look now at the quality of the reconstruction for v, CC MC events. We start
from the primary electron identification and reconstruction.

Fig. 4.10 shows the efficiency of the primary electron identification and connec-
tion to the primary vertex as a function of the primary vertex position and incoming
neutrino energy. The average efficiency is ~ 55%. The clear Z dependence of the
efficiency is due to the requirement that the electron candidate should point to the
electromagnetic calorimeter.

The quality of the reconstruction of the initial electron momentum and direction
is illustrated in the Fig. 4.11. The electron momentum resolution achieved with the
proposed method for electron reconstruction is %’ ~ 5%.

Having checked that the electron momentum (Fig. 4.12) and the total visible
energy (Fig. 4.13) in v, CC MC events are reasonably well reconstructed we can
compare other kinematical variables (Fig. 4.14).

Finally, we can state that the quality of the reconstruction of the event kinemat-
ics is not crucially different for v. CC MC events compared to v, CC MC events.

The higher value of the average missing transverse momentum in the v, CC
MC events is due to the higher mean energy of interacting neutrinos. The other
variables describing the kinematics of neutrino interactions are reconstructed with
a resolution of the order of ~ 15 + 30%.

4.3 Summary

It was illustrated that the NOMAD detector is able to reconstruct the kinematics of
neutrino interactions with a good precision. We have shown also that the detector
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Figure 4.10: Efficiency of the primary electron identification and connection to
the primary vertex as a function of the primary vertex position and the incoming

neutrino energy.
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Figure 4.12: Reconstruction of the initial electron momentum in v, CC MC events.
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Figure 4.14: Comparison of generated and reconstructed kinematical quantities for
v, CC MC events.

simulation program cannot reproduce precisely the behavior of the hadronic jet
observed in the NOMAD real data especially in the plane perpendicular to the
incoming neutrino direction. Let us point out that this discrepancy affects less the
search for possible 7~ decays into leptonic modes than in the hadronic ones. The
proposed way out consists in using the simulation based on the real data whenever
possible.

The simulation of the 7 production and decay takes into account the produced
charged lepton mass and polarization. The effect of Fermi motion of the nucleon
inside the nucleus is also simulated, while the smearing of the hadronic jet due to
the effect of intranuclear cascades is currently under study.

In the next chapter we will perform a selection of v, CC candidates and we will
present our approach to the v, — v; oscillation search in the 7= — e~ 7, v, decay
channel.



Chapter 5
Analysis

This chapter consists of two main parts. We start with the description of the method
used for the selection of v, CC candidates from the NOMAD real data, and we finish
by presenting the current state of the analysis devoted to the v, — v, oscillation
search in the 7= — e~ v, decay channel.

The purpose of the v, CC selection is two-fold. First of all, we want to establish
a set of cuts which would allow to get rid of background originating from neu-
tral current events (conversions near the primary vertex and misidentified primary
hadrons) and will serve for the v, — v, oscillation search in the 7= — e~ Zv,
decay channel. Second, we want to verify that the selection efficiency and the re-
constructed kinematical quantities of v, CC events are well reproduced by the MC
simulation program. This comparison is crucial for the usage of v. CC simulated
events to estimate background in the 7= — e~ v, decay search.

5.1 Selection of v, CC candidates

The procedure which was applied in order to select v, CC candidates from the
NOMAD real data is described below.

5.1.1 Data sample

The real data sample which is presently available for analysis in NOMAD corre-
sponds to two years of data taking (’95 and ’96 runs)!. Due to a delay in the drift
chambers construction schedule, the '95 run is divided into three periods, corre-
sponding to different target configurations - 4, 8 and 11 (full target) modules of DC
inside the magnet, while the whole 96 run corresponds to data taking in the full
target configuration.

The following data samples were used for this analysis:

¢ Real Data (see Table 5.1):

- the subsample of data from the ’95 run (the total exposure corresponds to
0.86 x 10'? p.o.t.) containing events from 8- and 11-modules periods. Unfor-
tunately, normalization to the number of protons on target cannot be done
for this subsample due to uncontrolled losses of events during data reprocess-
ing for this particular analysis. Nevertheless, this data set was very useful to
build the analysis chain and it will be used for cross-checks;

- the full data set corresponding to the 96 run (1.4 x 10'° p.o.t.);

1The data from the ’97 run corresponding to 1.5 X 1019 p.o.t. are currently being processed
through the VT T5 filter mentioned in section 4.1.3.
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Table 5.1: The real data samples used for this analysis.

Data sample | N of events N of events
inside FV | identified as v, CC
’95 run 145909 85432
'96 run 514061 256074

Table 5.2: The Monte-Carlo samples used for this analysis. The number of v, CC
events in the last column of this table can be directly compared to the last column

of the Table 5.1.

Monte-Carlo | N of generated N of events N of events N of events
event, type events with generated | with reconstructed | identified
vertex inside FV | vertex inside FV as v, CC
v, CC 484302 391977 377423 275644

v, NC 148132 117772 108481 602

v, CC 13127 9824 9590 158

v, CC 19775 15114 13892 67

v, CC 2717 1971 1883 11

TT = e DUy 28460 23361 21891 103

e Monte-Carlo (see Table 5.2):
-v, CC & NC, 7, CC, v, CC and 7. CC events simulated with the following
versions of the NOMAD simulation programs: NEGLIB 5.06 and GENOM
5.12.6. The primary vertex for the Monte-Carlo events is generated in the
following volume: |z| < 140 em, |y| < 140 em and 0 < z < 405 (em). The
statistics of v, CC & NC MC and v, CC MC samples corresponds roughly to
the one expected in the '96 data set, while the v, CC and v, CC MC samples
represent approximately 3 times the number of expected events from the 96
run;
- T~ — e D.v, events containing proper simulation of 7~ production® and
decay (NEGLIB 5.07.1 and GENOM 5.12.12 versions). Let us point out that
Guoju - Irvine [133] parametrization of Fermi motion of the nucleon inside
the nucleus was used for v, CC simulation, while all the other MC samples
were generated using Bodek - Ritchie [134] parametrization (see Fig. 4.4);
- additional samples of MC events are used to cross-check selection efficiencies
and background rejection power. They are referred to as test samples.

5.1.2 Event selection
The following set of cuts was used for the event preselection:

e Fiducial cuts:
the primary vertex of all events was required to lie within the following fiducial
volume

—-120 < z,y < 120 (em) 5 <z < 395 (cm)

e Quality cuts requiring the event to be well reconstructed:

2

2Tt was shown in [132] that the suppression factor (1 — %)2 in the v CC cross-section calcu-
lation is not needed.
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(=2 < Sum of charges at the primary vertex < 3)
Number of unmatched TRD tracks < 10
Etar/Egipe < 0.75

— 7 coordinate of the first hit of the lepton candidate < 400 cm
— momentum of the lepton candidate > 1.5 GeV

e Multiplicity cut: > 2 charged tracks fitted to the primary vertex

The event reduction flow of the ’96 run is as follows: out of ~ 8 million VT Ty
triggers, 807123 events survive the VTI1T» filter and 514061 the fiducial volume
requirements before entering the analysis chain.

5.1.3 Method

Throughout this analysis we have been extensively using an especially developed
procedure to discriminate a signal from a background [145]. Since the likelihood
ratio provides in certain cases an optimal separation between signal and background,
it has been chosen for the current implementation.

Let us consider a discriminating random variable Z (can be multidimensional)
and call S the likelihood distribution of # under the signal hypothesis and B the
likelihood distribution of # under the background hypothesis. The one-dimensional
variable (likelihood ratio) z = ‘;Eg which is a function of the random variable Z is
a good discriminator between the signal and the background populations.

Some remarks about the likelihood ratio are needed:

e any monotonic function of the likelihood ratio has the same properties. Two
such transformations are often used: log(%) and ==, the latter being

(S+B)
bounded by [0,1];

e when the likelihood ratio of a 1-dimensional variable is monotonic as a function
of this variable, then cutting on the likelihood ratio rather than on the original
variable does not make any difference in the efficiency versus purity figures.

The S and B distributions can be built using both MC simulation and the real
data (see later). To avoid discontinuities due to the lack of statistics in the tails of
the relevant distributions they are parametrized with the help of the HQUAD sub-
package available in HBOOK [146]. It provides a sufficiently flexible parametriza-
tion technique (referred to as multiquadric radial basis functions) which can be
used for our application. We limit our likelihood modelization to a product of 1- or
2-dimensional distributions, i.e we neglect part of the possible correlations between
different components of the multidimensional variable Z. If the variables (compo-
nents) z; and x> are assumed to be independent then their joint likelihood f(z1,x2)
can be factorized as g(x1) X h(x2), that is the independency reduces the dimension
of variables whose likelihoods are to be modeled.

Let us consider an example of building a discriminant variable

S

KXo = 7558

and illustrate the advantage of this variable. Defining o and § to be the distributions
of X, for signal and background respectively:

o) = [S@o - 55

S(x)

=)
=
S
=
I
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and evaluating 7., one finds:
= [T s e
— [ S0 + Ba)dl - s
=[St + Bt - g7 e
= o(y) +By)
" oly) (5.1)

o)+ B8y 7

From the above equation we can deduce that

e considering y = Xp,(z) as a random variable and evaluating X,,(y), one
would find that X,,(y) = y. That is, repetition of the transformation does
not yield any additional discriminating power (as expected);

e The S and B functions inside the §-functions are the modeled distributions
(the ones that are used to transform z into X,,(z)), while the other ones are
the true distributions. The equality (5.1) holds if both sets coincide, and, as a
result, it can be used to check the goodness of the parametrization. In practice,
if one fills the histograms s and b of X, (z) for signal and background and
evaluates bin by bin s/(s + b), a straight line fit (y = az + ) to the resultant
histogram should yield & = 1 and 8 = 0 within uncertainties. When the
parametrization does not account for correlations, this test can be used to feel
the importance of this approximation.

As an illustration, we show here some distributions obtained by simulating both
signal and background as 2-dimensional Gaussian random variables with sigma of 1
and 50% correlation coefficient; signal and background only differ by their average:
(1,1) and (-1,-1). When parametrizing these spectra, one can account (cor) or not
(uncor) for correlations, and compare the results of both. In Fig. 5.1 one can see the
poor performance the uncorrelated (uncor) parametrization exhibits when fitting
the s/(s+b) distribution. Fig. 5.2 shows a comparison of the rejection power for
correlated (cor) and uncorrelated (uncor) parametrizations. As one can see for this
particular case it becomes relevant only if a rejection factor better than 1072 is
required.

We can summarize by saying that the variable X, takes values in the [0, 1]
interval. The larger the value the more signal-like the event is. X, also provides a
way to test the quality of the parametrizations obtained for S and B. Nevertheless,
it was still found very useful to check the quality of these parametrizations “by eye”.

Let us introduce the following notations. In case of 3 variables a, b, c:

— the notation {a, b, c} means that the discriminant variable is built through para-
metrizations that assume independence of a, b and ¢, that is the joint likelihood is
a product of individual likelihoods;

— the notation {[a,b],c} (or {HQJa,b],c}) means that the discriminant variable
is built by evaluating the joint likelihood for a and b and combining it with the
independent likelihood for c.

5.1.4 Electron identification

For the selection of the primary electron candidate the standard electron identifi-
cation by means of TRD (pion contamination < 10~%) was required first. Another
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Figure 5.1: Illustration of the X,, transformation applied to a 2-dimensional vari-
able (signal and background are both 2d-Gaussians and both have a 50% correlation
coefficient). Top: distributions of X, for signal s (left) and background b (right).
Down left: s/(s+b) distribution taking into account the correlations with super-
imposed straight line fit. The parameters are compatible with 0 and 1. Down
right: the same as on the left but when one parametrizes projections as if they were
independent, the straight line fit parameters depart very significantly from 0 and 1.
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Figure 5.2: The rejection power versus efficiency for the previous example with
2 Gaussians taking into account the correlations (solid line) and neglecting the
correlations (dashed line). Accounting for the correlations becomes important if a
rejection power better than 103 is required.

(independent) identification criterion was built using the information from PRS
and ECAL based on the real data measurements in both subdetectors. Signal and
background samples were extracted from the data themselves. To select true elec-
trons we have used the kinematical selection allowing to make a pure sample of v,
CC candidates. To build an orthogonal (background) sample we applied a special
pass of reconstruction to the real data events treating each track as a possible elec-
tron/positron candidate and selecting those which do not look like electrons from
the TRD point of view (pion contamination distribution in the region > 0.1 is al-
most flat). Let us stress that a small contribution of the signal in the background
distribution should not be considered as a problem in this case.

A discriminant variable was built in the following way:
eleid = {HQ[eop,HQ[prsx,prsyl],cxy=HQ[chix,chiy]l},

where we tried to combine the information about pulse height in both preshower
planes (prsz,prsy) with a consistent energy/momentum measurement by DC and
ECAL (eop = %) requiring also a reasonable shape of the electromagnetic
shower profile in both projections (chiz,chiy). These criteria allowed to reach a
rejection factor of ~ 4 x 1072 against primary hadrons which deposit more than
0.75 GeV in the ECAL keeping the electron identification efficiency at the level of
~ 90%. The efficiency versus purity curve for this discriminant variable is shown in
Fig. 5.3. The rejection factor against all hadrons is 1/4 of the number given here
and is compatible with the test beam result presented in the section 3.3.1.

Having two electron identification algorithms: one based on the TRD response
(1) and one which uses PRS and ECAL information (2), an attempt can be made to
measure the background rejection power of both algorithms (7 and €7) assuming
that they are independent and that the efficiency for each of them (& and &9) is
known. In case we have N tracks out of which N, are genuine electrons we can
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Figure 5.3: Electron identification algorithm using the information from PRS and
ECAL: rejection power versus efficiency (for tracks depositing more than 0.75 GeV
in the ECAL)

state that the number of tracks identified as electrons by the first algorithm is
Ni =¢f-Ne+el - (N—-N,)
while the number of tracks identified as electrons by the second algorithm is
Ny =¢§-No+¢e] - (N —N,)
and, finally, the number of tracks identified as electrons by both algorithms is
Nip =¢€f-€5-Ne+el -5 - (N —Ng)

The system above can be solved in order to extract the values we are interested in.
This check is important for the evaluation of the rejection power of the TRD in an
independent way under running conditions (which are quite different from the ideal
test beam conditions).

If one uses this approach to estimate the TRD rejection power (against hadrons
leaving more than 0.75 GeV in ECAL) in the real data one gets efpp ~ 0.7%
requiring no overlaps in the TRD? and 5.5, ~ 7% allowing overlaps in the TRD.
This is compatible with our expectations.

Unfortunately, when applied to MC events this procedure did not give sensible
results for the TRD rejection factor (¢Fp ~ 10% even in case of no TRD overlaps).
Since we were using only the real data to parametrize signal and background this
could reveal a possible discrepancy between the simulated and the true response of
the subdetectors. This discrepancy could be amplified by the necessary dependence
of the identification algorithms on the reconstruction. For example, the special
electron clusterization is performed only for tracks identified by the TRD and it is
extremely difficult to decide which portion of the energy should be attributed to
the electron candidate in case of overlaps in the calorimeter. This discrepancy was
not investigated further yet.

30verlap in the TRD happens when there are several particles crossing the same set of TRD
straw tubes in a given event.
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Figure 5.4: Comparison of invariant mass and internal pp distributions for a pair
of tracks (primary e* candidate and another track of the opposite charge making
the smallest opening angle in YZ plane with the first one) for v, NC (solid line),
T — e (dashed line) and v, CC (dotted line) Monte-Carlo events. A contribution
from conversions near the primary vertex is clearly visible (peaks near zero in both
distributions).

5.1.5 Electron reconstruction

Only tracks fitted to the primary vertex are considered as primary electron candi-
dates. For the electron reconstruction in the NOMAD setup we have been using the
algorithm combining the information from the drift chambers (segment reconstruc-
tion and interconnection via vertices, breakpoint search) and the electromagnetic
calorimeter (clusters corresponding to charged tracks and bremsstrahlung photons
emitted by the electron candidate).

The loss of efficiency due to a small fraction of events containing a primary
electron identified by the TRD and not attached to the primary vertex by the
reconstruction program is estimated (using MC) to be less than 2%.

5.1.6 Selection of the current lepton

The selection of the current lepton is done in the following way. In case we have

only one identified primary lepton [ (u* or e*) the event is considered as a (171)
CC candidate. If there are two primary leptons of different flavours and one of
them is a u~ the event is assumed to be a v, CC candidate and it is also used to
build the so-called fake NC events - identified v, CC events with the primary muon
removed. In case of two primary leptons of the same flavour the selection of the
current lepton is made by taking the largest pr track among the lepton candidates.
If there are more than two identified primary leptons the event is not used for the
analysis presented here.

5.1.7 Kinematical selection

Only events passing through fiducial, quality and multiplicity cuts are considered.
The absence of identified muon in an event is required.

We decided to use a sample of v. CC MC events to build all the signal distri-
butions, while fake NC (data) sample was used for background parametrization. In
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Figure 5.5: Comparison of gt2ratio vs rho_nu distribution for v, CC MC events
(dots) and v, NC MC with primary electron candidate (crosses). See text for
details.

order to separate v, CC candidates from v, CC and NC background we proceed in
several steps.

First, cuts are applied to get rid of conversions near the primary vertex where
one of the tracks is fitted to the primary vertex while the partner is reconstructed
but not associated to the first track. We choose the opposite charge partner? making
the smallest opening angle in YZ plane® with the primary electron candidate (oyz)
and apply standard invariant mass (zm-yz), internal pr (ptp-yz) (see Fig. 5.4) and
opening angle (in space (op_yz) and in XZ plane (oxz_yz)) cuts computed for this
pair of tracks:

conv = {ptp_yz,xm_yz,0yz,0p_yz,0xz_yz}

Second, we try to reject NC events in which one of the primary hadrons was
misidentified as an electron using the fact that this hadron still belongs to the
hadronic jet. This cut consists of two parts.

The first one is the criterion proposed in [100] to separate CC and NC events
and to check that the track which was identified as an electron is consistent with the
hypothesis of being the current lepton. The idea of this criterion consists in checking
the average Q% of the hadronic jet behaviour under two hypothesis: neutral current
event - Q%(NC) (all the visible tracks emerging from the primary vertex belong
to the hadronic jet) and charged current event - Q%(CC) (in this case we compute

the Q% assuming that the track under consideration is the current lepton and we
Q7(CC)
Q7 (NO)
one observes the following: this ratio tends to be close to 1 for true NC events since
a randomly removed track does not change the hadronic jet behaviour. While it is

remove it from the hadronic jet). When taking the ratio for a given event

4When looking for a partner we allow the difference between the 7 positions of the first hit of
the e* candidate and the first hit of the other track to be within 100 c¢m. This is essential because
two tracks from a conversion are usually well aligned and hits belonging to the second track could
be masked by the first one.

5Since we know that the quality of track reconstruction is much better in YZ plane compared
to XZ plane.
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Figure 5.6: The s/(s+b) distribution which allows to check the quality of the
parametrization for the nc discriminant variable neglecting the correlation between
gt2ratio and rho_nu (left) and accounting for the correlation (right). The param-
eters of the straight line fit show that we obtain better result taking into account
the correlation.

getting close to 0 for CC events due to the fact that the current lepton increases
significantly the Q2 of the jet when included in it. That is Q%(NC) > Q%(CCO)
for true CC events when we correctly pick up the current lepton (see Fig. 5.5 as an
illustration).

The discriminant variable is built in the following way:

nc = HQ[qt2ratio,rho_nu]

An example of s/(s+b) distribution is given in Fig. 5.6. It allows to check the
quality of the parametrization for the nc discriminant variable and confirms that
one should take into account the correlation between gt2ratio and rho_nu. One
should keep in mind that neglecting correlations or using bad parametrizations lead
to some loss in background rejection power compared to an optimal separation.

The second cut is a combination of the smallest opening angle with respect to
any other charged track in an event (opanch) and the transverse momentum of
the electron candidate with respect to the hadronic jet (gtisol). This criterion also
tends to distinguish CC from NC events since the current lepton is usually well
separated from the rest of the hadrons.

ang = HQ[opanch,qtisol]

Finally, the kinematical selection based on other variables such as the total
visible energy in an event (etot), the momentum of the electron candidate (plep),
the missing transverse momentum in an event (ptmis), the transverse mass (zmit)
built out of pf and p/*¢ and variables describing the event kinematics in the
transverse plane (rho-nu,rho-mu) is applied:

kinl={xmt,etot,plep,qtisol,rho_nu,rho_mu,ptmis}

The formulae used to compute the above mentioned variables are given here:
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Table 5.3: Rejection power of the proposed cuts (combination of eleid, conv, ne,
ang and kinl) against v, CC and NC events. Please, note, that the 20 ”—” events
in the fake NC from v, CC ( MC ) category are in fact genuine v, CC interactions
containing a p~ from hadron decay which was removed to build fake NC (see text
for details).

Event type N of raw N of gen. N of rec. N of bgnd | N of bgnd
events | events in FV | events in FV in”-" in 7+”
v, CC (MC) 484302 391977 377423 3 9
v, NC (MC) 148132 117772 108481 3 4
v, NC ( MC) test 150000 119527 110178 5 4
7, CC (MC) 13127 9824 9590 0 -
fake NC from v, CC ( MC) - - 275644 4 17
fake NC from v, CC ( MC) 19775 15114 13892 20 -
fake NC ( data ’96 ) - - 256074 18 33
fake NC ( data total ) - - 341510 23 41
GO = —— Y G0
n—1
i#lepton
@0
qt2ratio Q%(NC’)
lep miss lep miss had
py =rhonu = %, pu = rhoomu = pg;p +pT, — pz y
Pr pp + 07" +ppt

MT = omt = \/(pl;p + p?iss)Q _ (ﬁj{el) + ﬁTmis)Q

5.1.8 Efficiency and background estimations

Having applied a combination of the above mentioned cuts we obtain a selection
efficiency® of (38.5+0.5)% for v, CC events. A check with an independent, sample
(not used for the parametrization of the likelihood functions) gave a consistent
value: €,, cc = (39.0 £ 0.4)%.

For the simulated backgrounds we are left with a small number of events in each
category (Table 5.3). From these low statistical samples we can only estimate the
rejection factor against v, NC MC events to be in the range (2 to 5) x 10~° for
negative (“—") and positive (“+”) primary electron/positron candidates, and the
rejection factor against v, CC MC events in the range (3 to 13) x 107¢ for “~” and
(1to 3) x 1075 for “+”. The “+”/“~” background symmetry from v, NC sample
was expected, while a much worse rejection power against positives compared to
negatives in v, CC is explained by the presence of semileptonic charmed meson
decays (¢ = he™v,.). One of these events is shown in Fig. 5.7.

To cross-check these results, obtained using MC samples, we built fake NC out
of v, CC MC, v, CC MC and data events. The large “+”/“—" asymmetry from
charm decays is clearly visible in fake NC made from v, CC. Thus we decided not
to build fake NC out of events containing u* in order to keep our negative sample
unbiased by a small contribution of anticharm decays in 7, CC.

Two classes of potential problems are linked to the use of fake NC to predict
the background expectations from real NC events.

6Efficiencies and rejection power are calculated with respect to the number of events with the
reconstructed primary vertex in the fiducial volume (FV).
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Figure 5.7: Run 212013 event 27069 (YZ view): surviving “+” candidate from v,
CC MC sample containing D° — e*v, K~ decay (p.+ = 5.3 GeV, p,. = 4.3 GeV,
pr- = 14.7 GeV).

The first class originates from our current lepton selection algorithm and it is
only present in the real data. If in a genuine v, CC event a negative hadron decays
into muon, this event will appear in the fake NC sample. Among the 18 “—” events
in the fake NC (data '96) category ~ 7 events are attributed to this mechanism as
it follows from the studies of v, CC MC events (see line ”fake NC from v, CC MC”
in Table 5.3). The remaining 11 “—” events are compatible with our MC prediction
([(2 to 5) x 1075] x 256074).

The second class is present in both real and simulated samples and is inherent
to the procedure to build fake NC.
The kinematics of fake NC events is biased since the p~ had to be identified in order
to be removed. Moreover, the average charge of the hadronic jet is 3/2 instead of 1/2
biasing the leading particle charge. Finally, because of the drift chambers double
track resolution, when removing the muon one cannot decide which hits should be
removed and which should be attributed to nearby tracks. As an example, if a
muon emits a d-electron near the primary vertex, the electron could be connected
to it using leftover muon hits. The event may not be rejected by the opening angle
cut (ang) since the muon was removed. Another example is related to overlap of
the identified muon and a hadron in the TRD which could cause the hadron to be
identified as an electron.

Nevertheless, (1;6) CC background sensitive to the jet kinematics or to its charge is
only due to hadron misidentification which is independent of the hadron kinematics
itself. Thus, the possible bias in the background estimation from fake NC is of
second order. About the detector related problems, they are rare enough not to
degrade significantly the purity of our selection. They could, however, become
important when searching for v,, — v, oscillation in the 7 — e decay channel.

The comparison of relevant kinematical variables between v, NC MC events,
fake NC made out of the simulated (Fig. 5.8 and Fig. 5.9) and the real data events
(Fig. 5.10 and Fig. 5.11) shows a reasonable agreement. This agreement together
with the remarks made above justify the possibility of using fake NC (data) events
as a background sample to build likelihood functions. For this particular selection
we have been using both positive and negative electron/positron candidates from
fake NC (data) to parametrize the background distributions.
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Figure 5.8: Comparison of the total visible energy, the initial electron momentum,
the transverse momentum of the electron with respect to the hadronic jet and the
transverse mass for events containing primary e* candidate: v, NC MC events
(solid line) and fake NC made from v, CC MC events (dashed line).
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Figure 5.9: Comparison of the missing transverse momentum, Pr of the electron
candidate, p, and p, for events containing primary e* candidate: v, NC MC events
(solid line) and fake NC made from v, CC MC events (dashed line).
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Figure 5.11: Comparison of the missing transverse momentum, Pr of the electron
candidate, p, and p, for events containing primary e* candidate: fake NC made
from v, CC MC events (solid line) and fake NC made from the '96 data (crosses).
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5.1.9 Results and checks

When applied to the ’96 data sample our selection gives 1842 v, CC candidates
with an estimated background contamination of ~ 5 (or < 9 at 90% CL) events
from v, NC and ~ 3 (or < 7 at 90% CL) events from v, CC.

The comparison (between v, CC MC events and candidates from real data) of
the kinematical variables used for the selection is given in Fig. 5.12 and Fig. 5.13.
Reasonable agreement is obtained for the longitudinal variables while the transverse
ones reflect the difference already seen in the p¥¢ distribution for v, CC events
(see Fig. 4.9). Let us stress however that the use of fake NC from real data to
estimate the background partially compensates for these discrepancies.

One can make a prediction on the expected number of identified v, CC events
in the '96 data sample. Using the observed number of v, CC events inside FV
(256074) corrected for the identification efficiency (e, cc = (73.0+0.2)%) and the
MC prediction for the relative beam composition (v./v, ~ 1.4%) we can assess the
expected number of v, CC events: 1891+25(stat)+95(syst). Which is in agreement
with the number of observed events.

We checked that using the same technique we were able to select a clean sample
of v, CC events. 240 events were observed with a background contamination of
~ 5 (or < 9 at 90% CL) events from v, NC and ~ 9 events (or < 14 at 90%
CL) from v, CC. The efficiency estimated using a sample of 7, CC MC events
(ep, co = (38.4+1.4)%) is similar to the one obtained for v. CC identification.
Taking the ratio of 7, CC over v, CC events we got a value of (12 £ 1)% which is
again consistent with our MC expectations.

We further checked that we are dealing with primary e* candidates comparing
the AZ distributions (difference between the Z position of the primary vertex and
the Z coordinate of the first hit of the lepton candidate) for v. CC and v, CC events
in the real data (see Fig. 5.14). The distributions are in reasonable agreement which
confirms that the contamination of non-prompt electrons from conversions near the
primary vertex is small in our v, CC real data sample.

5.1.10 Usage of selected events

Using the v. CC candidates selected from the NOMAD real data we can make some
simple checks.

First of all, we can test the hypothesis of v, —+ v. oscillation with the probability
of (0.31 £0.12 4 0.05)% suggested by the LSND result in the region of large Am?.
The presence of such oscillations would manifest itself as an excess of v, CC events
compared to the MC expectations especially at low energies due to the difference
between v, and v, spectra in the original beam.

In order to reduce the systematic uncertainties it is preferable to study the ratio
of the number of v, CC interactions over the number of v, CC interactions as a
function of the incoming neutrino energy (see Fig. 5.15). No oscillation signal is seen
in the NOMAD data. The computation of the limit on the probability of v, — v,
oscillation requires a careful study of systematic errors. This is the subject of an
independent analysis [147]. When applied to the ’95 data sample such an analysis
[148] allowed the NOMAD collaboration to establish a 90% CL limit of 2 x 1073 on
sin?(26) for large Am?>.

A strange behaviour of the total visible energy for v, CC candidates was observed
in our data at high energies. In the region of ~ 120 GeV we see an excess of events
at the level of 2 standard deviations (see Fig. 5.16). Scanning of the real data events
corresponding to this bump did not allow to establish its origin while confirming
the correct interpretation of these events as candidates for v, CC interactions.
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Figure 5.12: Comparison of the total visible energy, the initial electron momentum,
the transverse momentum of the electron with respect to the hadronic jet and the
transverse mass for v, CC MC events (solid line) and v, CC candidates selected
from the '96 data (crosses).
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Figure 5.17: Total visible energy, initial electron momentum, transverse momentum
of the electron with respect to the hadronic jet and transverse mass for v, CC MC
events with an identified primary electron from 7= — e~ v.v, decay.

5.2 Oscillation search

Having shown that we reached a good level of understanding of our data and of the
analysis tools we can address the main question of this work which is the v, = v,
oscillation search in the 7= — e~ D,v,; decay channel.

5.2.1 Approach

As illustrated in Fig. 5.12 and Fig. 5.13 the reconstructed longitudinal kinematical
quantities for v, CC interactions correspond to our MC expectations. However,
the discrepancies in the variables which describe an event in the transverse plane
(pmiss . Mr) are not fully understood yet. We will try to compensate for the observed
differences using simulations based on real data whenever possible.

The kinematical variables of v, CC events with an identified primary electron
from 7= — e v.v,; decay are shown in Fig. 5.17 and Fig. 5.18. In order to select
this topology we have to fight against two main sources of background - the first one
coming from v, CC events and the second one originating from NC events and CC
events with a lost lepton. The 7~ signal lies somewhere in between (see Fig 5.19 as
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Figure 5.18: Missing transverse momentum, Pr of the electron candidate, p, and
pv for v, CC MC events with an identified primary electron from 7~ — e D.v;
decay.

an illustration).

An approach similar to the one described for the v, CC selection can be used
for the oscillation search in the 7= — e~ decay channel. The only change which is
made consists in using a different kinematical selection (trying to take into account
the correlations between different variables) to separate the 7= — e~ signal from
the v, CC background:

kin = {etot,xmt,plep,ptmis,qtrr=HQ[qtisol,rr=HQ[rho_mu,rho_null}

The efficiency versus the rejection power curve for this discriminant variable is
shown in Fig. 5.20. The usage of other kinematical variables has also been explored.
No gain in the background rejection power has been obtained.

The rejection of NC background is done in exactly the same way (using nc, conv
and ang discriminant variables) as was described for the v, CC selection except
that we were using only negative electron candidates for the parametrization of the
background distributions from (fake) neutral current events. The positive samples
are then independent and can be used for cross-checks. It was essential also to apply
stricter cuts in order to suppress the NC background down to the required level.

To be precise, we have been applying the procedure to discriminate the signal
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not taking into account the correlations between variables, that is kin/ =
{etot, zmt, plep, ptmis, gtisol, rho.mu,rho_nu}. The behaviour of the curve below
1 x 10~* is not shown because we cannot predict it given the statistics of the v, CC
MC sample used.

from the background in two steps. First, we have rejected the v, NC background
introducing a bias in the kinematics for both 7= — e~ D.v, and v, CC samples.
Second, we have built the kin discriminant variable to separate the signal from the
ve CC background using only events which survive the first selection.

It was checked that the order of the rejection of these two major backgrounds
does not influence the final result.

An attempt was made to mix two backgrounds in the right proportion and to
apply the rejection procedure against both of them at the same time. This approach
did not give satisfactory results yet. The reason is that we had to reduce significantly
the number of considered v, CC MC events to avoid introducing weights which could
be a problem for building parametrizations with the help of HQUAD.

5.2.2 Strategy

When looking for the v, — v, oscillation signal in the 7= — e~ 7. v, decay channel
one is interested in studying a possible excess of events compatible with the 77 — e~
decay signature compared to the estimated background. An additional handle on
the background evaluation is provided by the “4” topology since we do not expect
to see any 7, in the beam (prompt or from 7, — 7, oscillations). However, the
background conditions are not symmetric for “+” and “—” because of semileptonic
charm decays in v, CC interactions.

A subsample of the '95 data was used to establish and check the analysis chain.
That is why we have allowed ourselves to scan interesting events from the '95 run
and MC samples in order to understand the major problems, while it was forbidden
to look at the events from the '96 run (in order to avoid a bias caused by the
introduction of additional cuts which would reject surviving events one by one).
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Table 5.4: Rejection power of proposed cuts (combination of eleid, conv, nc, ang
and kin). Samples marked by a star (*) are independent (not used for building
likelihood parametrizations) and are used as a cross-check.

v, CC v, NC fake NC fake NC fake NC
Criterion (MC) (MC) (MC) ( data ’96 ) | ( data total )
_ | _'_* _ | +* _ | _'_* _ | _'_* _ | _'_*
Initial 484302 148132 - - -
Rec. in FV 377423 108481 275644 256074 341506
EleID 183 | 296 | 496 | 522 | 922 | 1241 | 841 | 1165 | 1067 | 1463
anti v, NC 3 16 6 9 10 28 37 44 43 58
anti v, CC 1 2 0 1 1 2 3 7 4 8
v, NC v, CC v, CC v. CC . CC T — T —
Criterion (MC)* | (MC)* | (MC) | (MC)* | (MC)* | e Devy | € D *
_ | + _ _ _ + _ _
Initial 150000 13127 19775 40940 2712 28460 20654
Rec. in FV 110178 9590 13892 28687 1883 21891 15921
EleID 503 | 491 12 6070 12737 815 6665 4940
anti v, NC | 4 11 0 4685 9733 653 4305 3191
anti v, CC 0 1 0 12 30 2 685 480
5.2.3 Results

Monte-Carlo samples
Having applied a combination of cuts against v, NC & CC and v, CC back-

grou
Tabl

nds we have obtained the following results for the Monte-Carlo samples (see
e 5.4):

3 survivors (1 ”—=" and 2 ”+”) from 377423 v, CC events with reconstructed
vertex inside FV;

1 survivor ("+”) from 108481 v, NC events in the FV. It was found that
if we do not apply electron identification a primary charged hadron has a
probability to fake an oscillation signal of ~ 2 x 10~° for negatives and of
~ 1 x 10~ for positives;

no survivors from 9590 7, CC MC events with reconstructed vertex in the
FV.

12”7 —" events out of 13892 v, CC MC events with reconstructed vertex in the
FV. Using independent sample one gets 30 out of 28687 events in FV. One can
realize immediately that this is the dominant background for the oscillation
search in the 7 — e decay channel for this particular analysis;

2 747 events out of 1883 v, CC MC event with reconstructed vertex in the
FV;

3 events (17— and 2 ”+”) from 275644 thousand fake NC ( MC ) events;

12 events (4 ”—" and 8 ”+”) from fake NC ( data ) events (subsample of 95
& data ’96 corresponding in total to 341506 thousand events in the FV);
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Table 5.5: Rejection power of the proposed cuts (combination of eleid, conv, ne,
ang and kin) when applied to real data samples.

Criterion data ’95 data 96

-1+ -1+
Inside FV 145909 514061
EleID 912 | 329 | 2991 | 1166

NC rejection | 565 | 71 | 1640 | 226
CC rejection | 2 0 10 3

e an efficiency for 7= — e~ decay detection: e,-_,,- = (3.1 £0.1)%. When
estimated using an independent event sample this efficiency is found to be
(3.0£0.1)%. The distributions of the kinematical variables for the surviving
v, CC events are shown in Fig. 5.21.

These results should be considered as an illustration of the data reduction flow
in this analysis. The surviving events will be used to understand the possible back-
ground sources.

Real data

If we apply this selection to the real data samples we find the following number
of surviving events (see Table 5.5 for details):
795 . 2 77_77 and 0 77+77;
96 : 10 7" and 3 "+7;

5.2.4 Interpretation of results

In the most general case, taking into account several 7 decay channels, the upper
limit on the oscillation probability can be written as

N,
(Nu/ew) x (or/on) x Li(Br; x ;)

POSC<

where IV, is an upper limit on the possible number of 7 decays, N, is the observed
number of v, CC interactions inside the fiducial volume, ¢, is the identification
efficiency for v, CC events, (0,/0,) the kinematical suppression factor due to the
difference in the 7 and p masses, Br; is the branching ratio and ¢; is the selection
efficiency for the i-th decay mode of 7.

The preliminary limit on the probability of v, — v, oscillations using the NO-
MAD ’95 data sample and combining all the studied decay channels of 7 was es-
tablished:

Posc(v, = v;) <21 x 1077

which corresponds to sin® 26, < 4.2 x 1073 for large Am? at 90% CL [149].

The contribution of the DIS analysis of 7 — e decay channel to this result is
(Nyu/en) x (0:/0,) x (Br x €) = 635 with 0 events observed while the expected
background amounts to O.6f8:g. This result corresponds to the limit on the proba-
bility of v, — v, oscillations P,s.(v, = v;) < 4 x 107% at 90% CL. Let us say that
the kinematical suppression factor (o, /0,) is equal to 0.48 in the DIS region and
the branching ratio of the 7= — e~ v,v, decay channel is 17.8%.

The larger statistics of the ’96 data sample did not allow us to improve the limit
on the probability of v, — v, oscillations using 7= — e~ Z.v, decay channel due to
the presence of background events in our analysis.
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Figure 5.21: Distributions of kinematical variables for the surviving v, CC events

(solid line) and v, CC events (dashed line).
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Table 5.6: For a given 7 detection efficiency the average number of expected back-
ground events (< up >), the number of events seen in the '96 data (Npara), the
systematic correction factor, the upper limit at 90% CL on the number of signal
events (Nsignal), the sensitivity of the analysis and the limit on the probability of
the oscillations at 90% CL are presented.

7 efficiency < pup > Npara | Systematic 90% CL Sensitivity | Probability
(%) “r “n correction | on Nyignal (a.u.) (x1073)
15.0 295.3 +£ 7.3 316 1.00 45.9 0.873 10.2
10.0 67.3 £ 3.6 96 1.07 38.1 1.181 12.7
9.0 51.0 £ 3.2 77 1.10 33.6 1.203 124
8.5 43.5+ 2.9 61 1.11 24.1 1.224 9.5
8.0 38.0 £ 28 52 1.12 20.1 1.225 8.4
7.5 325+ 2.6 43 1.13 16.4 1.236 7.3
7.0 279 £+ 24 35 1.14 13.1 1.241 6.2
6.5 24.2 +£ 2.3 29 1.15 11.0 1.234 5.6
6.0 21.2 £ 2.2 27 1.16 11.5 1.210 6.4
5.0 153+ 1.9 19 1.17 9.3 1.185 6.2
4.0 98 £ 1.7 12 1.18 7.4 1.179 6.2
3.0 6.4+ 1.5 9 1.18 7.3 1.094 8.1
2.0 34+13 6 1.19 6.7 0.990 11.2
1.0 1.7+ 1.2 5 1.19 7.3 0.697 24.2

Table 5.7: For a given 7 detection efficiency the average number of expected back-
ground “+” events and the number of “+” events seen in the 96 data are presented.

[ 7o (%) | Bxp. “+° | Obs. “+” |

15.0
10.0
9.0
8.0
7.0
6.0
5.0
4.0
3.0
2.0
1.0

96.9 £ 5.6
20.5 £ 3.6
15.1 + 3.0
10.3 £ 2.5
9.0+ 24
71+21
9.6 £ 2.0
5.3 £ 2.0
4.0+ 1.7
34+ 1.7
14+1.2

62
21
15
13
10
9

NN W~ 0o
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Using the number of observed events in the studied MC samples one can derive
the expectation for the number of events in our data from different background
sources. In order to make a prediction on the expected number of background
events up we have been using the following procedure:

R 1, Npara;
= . N = i —) .
B =P - Npara E (n; + 2) Norc

i
where n; is the number of surviving background events in the i-th category of MC
events with statistics Nasc,; Npara,; is the number of events of the corresponding
category in the data sample. When n; is small and when the statistics of the

corresponding MC sample is of the same order as the data sample (NJ’\?A’/‘IZAI' ~ 1)

the knowledge of up is poor and could be biased towards low values, espelcially if
n; = 0. The term % was introduced in order to take into account the relatively low
statistics of the MC samples used for this analysis. However, in our case -where the
dominant background is predicted rather well and as long as up is greater than a
few units- it does not make any significant difference.

Let us stress that independent MC samples were used for the calculation of the
number of expected background events.

We defined the sensitivity of the analysis as the ratio of the 7~ detection ef-
ficiency over the square root of the number of expected background events. We
varied the positions of our cuts in order to find the highest sensitivity region of this
analysis which turned out to contain a significant number of expected background
events (see Table 5.6). This fact shows that some of our background events are so
signal-like that when trying to reject them we loose more in efficiency than we gain
in rejection power.

This study also confirms that we can predict rather well the number of observed
data events in both “—” and “4” topologies (see Table 5.7).

The upper limit on the number of the expected signal events is computed using
the procedure described in the Review of Particle Properties and in [150] assuming
that the predicted background is known with negligible error. This assumption
is valid for the statistical error on the predicted background since the dominant
contribution is known rather well. However, it is extremely difficult to take into
account the systematic error on the predicted number of background events given
the fact that our knowledge of the effects which cause the discrepancy between
MC simulation and the real data is rather poor. Nevertheless, we have tried to
get an estimate of the systematic uncertainty using the following procedure. We
have applied a combination of cuts (nc and ang) to select a sample of v, CC
candidates from the real data. This sample is expected to be 99.97% pure. Making
an appropriate mixture of MC events we have applied the same selection criteria to
this data set. We then studied the dependence of the ratio of the number of events
surviving the cut against CC background (kin) as a function of this cut. From
the Fig. 5.22 it is clear that in the signal-like region (kin > 0.9) the behaviour of
the data and the simulated events differs. This difference cannot be interpreted in
terms of v, — v, oscillations with a subsequent 7= — p~v,v, decay since such a
signal would be two orders of magnitude more prominent in the 7= — e~ v, v, decay
channel due to the much better background conditions. We have checked also that
the number of surviving v, CC events (after reweighting to take into account the
difference in energy spectra) is consistent with the corresponding number of v. CC
survivors. That is why we can attribute the observed discrepancy to the difference
in the hadronic jet behaviour between the simulated and the real data events and we
can conclude that the systematic uncertainty varies from 5% to 20% in the region
of interest.

To extract the limit on the probability of neutrino oscillations obtained in this
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Figure 5.22: The ratio of the number of surviving v, CC candidates in the real
data over the appropriate mixture of simulated events as a function of the kin
discriminant variable. In the signal region (kin > 0.9) the discrepancy varies from
5% to 20% which could be considered as an estimate of the systematic error due to
the difference between the real data and the simulation. The region of the highest
sensitivity to the oscillation signal corresponds to kin = 0.98.

analysis we use the number of events observed in the real data in the region of the
highest sensitivity.

In contradiction to Murphy’s principle, the region of highest sensitivity of this
analysis corresponds to the best limit on the oscillation probability (Table 5.6):

Pose(v, = v;) <6.2x 107 at 90% CL.

5.2.5 Study of background events

Some of the surviving events were carefully studied.

A spectacular background event was found in the v, CC MC sample. It contains
a u~ decay within 40 em from the primary vertex (see Fig. 5.23). The missing mo-
mentum carried away by neutrinos points in the direction of the identified electron
from the decay and fakes the 7~ signature we are looking for.

The 2 “+” survivors from v, CC MC sample contain semileptonic charmed
meson decays. This is also the case for 1 out of 2 surviving events from fake NC
(MC), while the other event from this category is due to a misidentified 7+.

The “—” survivor in the sample of fake NC (MC) is the event where the primary
muon emits a delta electron near the primary vertex (Fig. 5.24). The same problem
appears when scanning surviving “—” events from fake NC (data) sample (Fig. 5.25)
representing non-physical background inherent to the method of constructing NC
events by removing the identified muon from v, CC.

The “+” event left after selection in the v, NC MC sample originates from the
70 Dalitz decay.

Studying the 12 survivors from v, CC MC sample we have found the following
potential problems. Several events contain escaping photons or neutrons in the
direction of the electron candidate (an example of such event is shown in Fig. 5.26
and Fig. 5.27). The reconstruction of the great majority of events is messed up by a
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Figure 5.23: Run 212003 event 13655 (YZ view of the simulated event): surviving
candidate from v, CC MC. This event contains p~ — e~ v, decay with p,- =
15 GeV and p.- = 2.8 GeV. The remaining momentum is taken away by two
neutrinos (long dashed lines).
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Figure 5.24: Run 212011 event 19660 (DC view of the reconstructed event): surviv-
ing candidate from fake NC (MC). This event contains x4~ emitting a delta electron
near the primary vertex. The electron track is the one closest to the muon (shown
as the line which extends out of the DC fiducial volume).
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Y2 View

Figure 5.25: Run 13312 event 3003 (DC view of the reconstructed event): surviving
candidate from fake NC (data). This event most probably contains x4~ emitting a
delta electron near the primary vertex.
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Figure 5.26: Run 232001 event 2971 (General view of the reconstructed event):
dangerous event from v, CC MC.
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Figure 5.27: Run 232001 event 2971 (General view of the simulated event): danger-
ous event from v, CC MC. Primary neutron escaping detection is seen as a dashed
grey line (p, = 0.8 GeV).

secondary hadron interaction causing double counting when adding neutral particles
to the list of primary tracks. This overestimation of the hadronic vector fakes the
tau decay signature. One should point out that in all the surviving v, CC MC
events the primary electron is correctly identified and its momentum is reasonably
well reconstructed (see Table 5.8) with the exception of one event (16507) where a
hard brem photon escapes detection at the edge of the ECAL. The Fermi momentum
of surviving events is biased towards larger values: 5 events have pr > 0.35 GeV.
We checked also that in all these 5 events the gr vector is opposite to the 7, vector
in the transverse plane introducing missing transverse momentum in the direction
of the electron candidate and, thus, faking the 7~ decay topology.

We found a dangerous “+” event in the fake NC (data) sample which is quite
interesting since this event is simple and well reconstructed (see Fig. 5.28 and
Fig. 5.29). The probability that this event is caused by a conversion near the
primary vertex is low (there is no single hit near the primary vertex which could
be attributed to the negative partner of the et candidate which is also well sep-
arated from the rest of the hadrons). The easiest interpretation of this event is a
semileptonic charmed meson decay but it seems quite improbable because of the
low hadronic activity.

Let us look at one more event from the fake NC (data) sample (see Fig. 5.30).
The event becomes dangerous as soon as the muon is removed. Scanning of this
event shows that it contains a conversion near the primary vertex and the positive
partner was not reconstructed because of its low momentum (< 50 MeV). This
event cannot be easily rejected by the set of cuts against NC background because
of the low multiplicity and the low hadronic activity (as a result the direction of
the hadronic jet is not well defined).

Let us consider one of the signal-like events from the '95 subsample (Fig. 5.31).
This event illustrates another potential source of background: a hadron interacting
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Figure 5.28: Run 8746 event 3736 (General view): a dangerous event from the fake
NC (data). Positron (ppc = 2 GeV, Egcar, = 1.4 GeV, Eprs x = 36.9 mip,
Eprs vy = 45.3 mip and the average energy deposition in TRD straw tubes is
< Ergrp >=23.7 keV) is the largest angle track in both YZ (top) and XZ (bottom
left) views.
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Figure 5.29: Run 8746 event 3736 (DC view): a dangerous “+” event from the
fake NC (data). There are no leftover hits near the primary vertex which could be
attributed to non-reconstructed negative partner of this et candidate.
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Figure 5.30: Run 13132 event 27820 (DC view): a dangerous “—"event from the
fake NC (data). There are hits near the primary vertex which could be attributed
to the non-reconstructed positive partner of this e~ candidate.
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Figure 5.31: Run 9288 event 14549 (DC view): the event from the ’95 run which is
suspected to contain a negative hadron interacting in the TRD region.
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Table 5.8: The quality of the initial momentum reconstruction for electron candi-
dates in the surviving v, CC MC events. The value of Fermi momentum in each
event is also given.

o o ——————— Fm————————— e Fm——————— +
| RUN | EVT | ELEP_MC | PLEP_REC |  FERMI |
- o o e Fo——————— +
- o o e Fo——————— +
| 232001 | 14005 |  6.6469 |  6.5928 | 0.17697
| 232001 | 16507 |  23.983 |  13.033 | 0.16529
| 232001 | 2525 | 7.3583 |  7.3478 | 0.76017
| 232001 | 21336 |  3.7789 |  4.0056 | 0.49693
| 232001 | 2900 |  5.9707 | 4.9491 | 0.19862
| 232001 | 2971 | 5.1870 |  5.6199 | 0.13800
| 232001 | 22972 | 6.5169 |  6.1317 | 0.13853
| 232001 | 17907 | 11.022 | 9.6290 | 0.53216
| 232001 | 19245 | 5.8481 | 6.2265 | 1.5624
| 232001 | 20281 |  2.7344 |  2.4591 | 0.39115
| 232001 | 20294 |  4.2814 |  4.5042 | 0.16111
| 232001 | 25962 |  6.8770 |  6.5326 | 0.19074
o o ——————— Fm————————— e Fm——————— +

in the TRD region. A careful investigation of the TRD track associated to the
primary electron candidate shows a strange behaviour: it looks like a mip when
entering the TRD and suddenly changes its nature:

Long Interactive Dump **** Reconstructed Track number : 3
Parameters : 0: -114.6836  1: -4.2041

First last planes 1 9 , nhits 9

chi2, incremental : 13.0233 , global : 13.0232

plane 1 rec 1 geant 0 x -112.10 residual -0.7619 energy  0.60 keV
plane 2 rec 1 geant 0 x -111.21 residual 0.6378 energy  8.76 keV
plane 3 rec 1 geant 0 x -113.51 residual -0.7511 energy  6.70 keV
plane 4 rec 1 geant 0 x -112.78 residual 0.4859 energy  40.11 keV
plane 5 rec 1 geant 0 x -113.62 residual 0.5468 energy  20.62 keV
plane 6 rec 1 geant 0 x -114.57 residual 0.1087 energy 31.98 keV
plane 7 rec 1 geant 0 x -115.24 residual 0.3468 energy  30.98 keV
plane 8 rec 1 geant 0 x -115.97 residual 0.1245 energy  36.49 keV
plane 9 rec 1 geant 0 x -117.73 residual -0.7376 energy  83.48 keV

A similar behaviour can be found in a MC event (see Fig. 5.32) containing a
7~ which interacts in the TRD region and produces an energetic 7° leaving an
electromagnetic shower in the ECAL. The dump of the TRD track looks familiar
to us (after 3 hits in the TRD which are consistent with a mip an abrupt change
occurs which is confirmed by the change in the GEANT ID of the corresponding
MC track):

Long Interactive Dump **** Reconstructed Track number : 3
Parameters : 0: -78.8620 1: 1.9082

First last planes 1 9 , nhits 8

chi2, incremental : 10.9934 , global : 10.9933

plane 1 rec 3 geant 3 x -79.67 residual 0.6765 energy 12.34 keV
plane 3 rec 3 geant 3 x -79.52 residual 0.1992 energy 6.09 keV
plane 4 rec 3 geant 3 x -80.38 residual -0.8859 energy 7.10 keV
plane 5 rec 3 geant 7 x -79.62 residual -0.5281 energy  32.30 keV
plane 6 rec 3 geant 7 x -7891 residual -0.0432 energy  38.37 keV
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Figure 5.32: Run 212001 event 20498 (DC view): 7~ interacts in the TRD region
and produces an energetic 70 leaving an electromagnetic shower in the ECAL. This
configuration fakes a primary electron signature. Unfortunately, the backward going
track is not associated to the interaction vertex and cannot be used to recognize
the hadronic interaction.

plane 7 rec 3 geant 7 x -78.00 residual 0.4646 energy 159.16 keV
plane 8 rec 3 geant 7 x -78.71 residual -0.4705 energy  43.88 keV
plane 9 rec 3 geant 7 x -77.25 residual 0.5873 energy 472.22 keV

Unfortunately, the currently implemented TRD identification algorithm [93]
does not take into account the order of TRD hits in a TRD track. That is why the
identification of such a topology (hadron interacting in the TRD region) cannot be
done on a solid ground.

As a result, the scanning of the surviving events shows that there is a number of
events which could be rejected by using improved reconstruction and identification
algorithms. While there are also events representing irreducible background for the
v, — v, oscillation search in the 7 — e decay channel.

5.2.6 Conclusion

Despite of all our efforts to improve the reconstruction quality and the sensitivity
of the analysis we are still unable to reach the detection efficiency for the 7 — e
decay channel declared in the proposal of the experiment while keeping the needed
background rejection power [77].

Nevertheless, the preliminary analysis presented here shows that some improve-
ments both in the reconstruction and in the analysis technique are still possible. We
hope that with an improved reconstruction some background events will disappear.

The MC simulation of neutrino interactions in the NOMAD detector has been
improved in both the generation of the primary kinematics and the description of
the jet fragmentation together with a detailed simulation of the detector response.
However, we still observe a discrepancy in the transverse plane between the data
and the simulation which currently limits the predicting power of our MC. The
use of the data simulator allows to correct for some of these differences but only
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in a restricted kinematic region. Besides, since we are dealing with large data
samples and want to reach high sensitivity we need to understand all the possible
background sources to the oscillation search down to the level of 107> = 10~6. The
data simulator has by definition the same statistics as the data sample and thus has
a limited precision for the v, induced backgrounds. For other background sources
the correct simulation of detector effects (such as overlaps in different subdetectors)
when substituting a muon by an electron implies the mixture of both simulated
and real information which is not at all straightforward. Finally, this approach
could also introduce some additional background leading to a lower efficiency for
the signal detection. For example, building a fake NC event from an event where
the primary muon emits a delta electron close to the primary vertex may fake the
expected tau decay topology once the muon is removed.

This analysis is the first attempt to use the 96 data for the oscillation search
in the 77 — e~ v,v, decay channel. Other analyses performed within the NOMAD
collaboration using the ’95 data sample declare better sensitivity to the signal and
higher level of background rejection [151, 152]. We are currently trying to under-
stand these differences. The serious limitation of the analysis presented here is a
lack of MC statistics. Clearly larger samples of simulated events are needed to per-
form better parametrizations of the signal and the background distributions. On
the other side, we have tried to use mainly kinematical quantities which are well
reproduced by the MC simulation to build discriminant variables.

To conclude, we can state that the most dangerous background for the 7= — e~
search is due to v, CC interactions. In these events the major problem is not related
to the proper electron reconstruction but to the understanding of the hadronic jet.
Other backgrounds, such as muon decays or conversions near the primary vertex,
can be suppressed -at some loss of efficiency- with either a lower bound on the
transverse mass or with specialized cuts against conversions for the low multiplicity
events.
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Summary

This work has been done in the framework of the NOMAD experiment at CERN.
It is devoted to the v, — v, oscillation search in the 7= — e~ v.v, decay channel.

After a brief reminder on the neutrino properties and a short review of the
experimental searches for neutrino oscillations, the description of the NOMAD ex-
periment is given.

The event reconstruction in the NOMAD experiment is presented with a special
emphasis put on the electron identification and reconstruction. The track model
used for the charged track reconstruction is described in details. The algorithm de-
veloped to treat electron trajectories in the NOMAD setup based on the subdetector
matching technique and the breakpoint search algorithm is presented.

The quality of the reconstruction of the kinematics of neutrino interactions is
illustrated. It is shown that the currently used detector simulation program can-
not reproduce precisely the behavior of the hadronic jet observed in the NOMAD
real data especially in the plane perpendicular to the incoming neutrino direction.
To overcome this problem simulations based on the real data are used whenever
possible.

The method based on the likelihood ratio is developed to discriminate a signal
from a background. A selection of v, CC candidates from the NOMAD ’96 data
set is performed using this technique. 1842 events are extracted with a selection
efficiency of (38.5 £ 0.5)% while the background contamination is estimated to be
less than 0.5%. This number of events is compatible with our expectations: 1891 +
25(stat) £ 95(syst). No sign of possible v, — v, oscillation signal corresponding to
the LSND solution in the large Am? region is observed in the NOMAD data.

Finally, the preliminary analysis of the v, — v, oscillation search in the 7= —
e v.v,; decay channel using the data collected during the '96 run is presented. It
is shown that currently the contribution of this decay channel to the sensitivity of
the experiment for this particular analysis is limited by the presence of a dominant
background from v, CC interactions. In the region of the highest sensitivity of this
analysis we obtain the 90% CL limit on the oscillation probability:

Pose(vy = vr;) <6.2x 1073
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Résumé

Cette these décrit une recherche d’oscillations de neutrinos dans le faisceau de haute
énergie du CERN avec le détecteur NOMAD qui permet de sélectionner des candi-
dats d’interactions du v;.

Le premier chapitre dresse un panorama de la physique des neutrinos avec une
discussion du probleme de leurs masses et de leurs mélanges. En particulier sont
presentées les diverses indications provenant du déficit des neutrinos solaires, de
I’anomalie des neutrinos atmospheriques et du résultat de ’expérience LSND. Les
différents aspects tant théoriques qu’expérimentaux sont abordés, et I'importance
des oscillations qui permet d’atteindre la region des tres petites masses est soulignée.

Le deuxieme chapitre décrit le dispositif expérimental utilisé: tout d’abord le
faisceau du CERN essentiellement composé de v, puis le détecteur NOMAD dont
les caractéristiques ont été spécialement choisies pour cette recherche. Les perfor-
mances des divers éléments de ’appareillage sont presentées de maniere critique.

Le troisieme chapitre discute le probleme fondamental de la reconstruction des
traces dans NOMAD, "ambition du détecteur étant de reconstruire avec le maxi-
mum de précision ’ensemble des interactions. Les algorithmes utilisés sont décrits
tant pour les traces chargées que pour les traces neutres. En particulier la recon-
struction des traces chargées dans le systeme des chambres a dérives est presentée,
puis l"association des information des sous-élements du détecteur nécessaires pour
I'identification des particules est détaillée. L’accent est mis sur le cas des électrons
dont le comportement spécial donne lieu a un développement particulier.

Le quatrieme chapitre parle de la simulation des interactions du neutrino dans
le détecteur qui permet d’évaluer les qualités de reconstruction de la cinématique
des interactions en comparant les grandeurs engendrées et leurs valeurs obtenues
apres reconstruction. On montre que le programme de simulation ne reproduit pas
précisément le comportement du jet hadronique observé dans les données réelles,
particulierement dans le plan transverse a la direction du faisceau. Pour pallier a ce
probleme, des simulations basées sur les données elles-mémes sont utilisées partout
ou cela est possible.

Le dernier chapitre résume les divers éléments de cette étude. La méthode de
rapport de vraisemblance a été mise au point pour distinguer le signal et le bruit
de fond. La sélection des candidats d’interactions du v, est faite & ’aide de cette
technique. Dans les données 1996 on obtient 1842 événements avec une efficacité
de (38.5+0.5)% et la contamination du bruit de fond estimée & moins de 0.5%. Le
nombre des événements attendu est 1891 £ 25(stat) =95(syst). Dans cette analyse il
n’y a pas d’évidence de l'oscillation v,, — v, pour I'indication de I’expérience LSND
correspondant & des grands Am?2.

La recherche des candidats d’interactions du v, dans le canal de désintégration
électronique du 7 est faite en utilisant la méme méthode. Les résultats préliminaires
basés sur 'analyse des données accumulées en 1996 sont présentés. La limite obtenue
pour loscillation v, — v, & 90% niveau de confiance dans la région de meilleure
sensibilité est

Posc(v, = v;) <6.2x 1077
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