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Chapter 1

Introduction

The existence of neutrino was proposed by W. Pauli in 1930 as an attempt to explain
the continuous spectrum of electrons emitted in nuclear /3-decay [1]. The idea was con-
sidered at that time almost as revolutionary as an alternative explanation, the violation
of energy conservation. The experimental confirmation came only 25 years later, when
the first neutrino (electron antineutrino ve) was observed in the Savannah River reactor
experiment [2].

Pauli postulated the existence of a new neutral light fermion. Even if we know now
that neutrinos exist, are neutral and come in three species (flavours)1 as charged leptons
do [3], the question about their masses remains open. The neutrinos are exactly massless
in the Standard Model of electroweak interactions. However, the masslessness of neutrinos
is not ensured by any basic principle (as is the case for the masslessness of the photon,
ensured by gauge invariance). Non-zero neutrino masses arise in many extensions of the
Standard Model, too numerous to be described here (for a recent review see, e.g., [4]
and references therin). The discovery of neutrino mass would be of extreme importance,
since many significant effects in physics, astrophysics and cosmology depend on neutrino
properties, all associated with their mass [5]:

• the theory of nucleosynthesis as well as the dark matter problem and its related issue
of structure formation in the Universe would be greatly affected by new neutrino
properties;

• the deficit of observed neutrinos emitted from the Sun with respect to the expected
amount - the so-called "solar neutrino problem" - could be explained by new neu-
trino physics (as opposed to a modification of standard solar model);

• atmospheric neutrinos produced by cosmic rays hitting the Earth atmosphere show
a deficit of uu relative to ue with respect to the expected ratio, the effect which could
be accounted for by massive neutrinos;

'Unless the additional ones are "sterile", i.e. they do not have weak interactions, or they are heavier
than A/z/2 ~ 45 GeV.
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• finally, non-zero neutrino mass would be an indication of physics beyond the Stan-
dard Model and therefore would be extremely welcome.

At present we only know upper bounds on neutrino masses obtained in direct mass
searches:

/TV < O{10 eV), mUii < 170 keV, mUr < 18.2 MeV (1.1)

These bounds show that neutrinos are much lighter than their corresponding charged
fermions, me = 0.5 MeV, m^ = 105.7 MeV and m r = 1.78 GeV. However, due to experi-
mental difficulties and limitations, all direct mass measurements performed so far provide
upper bounds on neutrino masses which are less stringent than the values favoured by dif-
ferent models and other types of experiments (mainly solar and atmospheric neutrino flux
measurements) by several orders of magnitude. Nowadays, the only possible technique1

to detect neutrino masses below ~1 eV is to search for neutrino oscillations.

In this chapter we describe briefly the phenomenology of neutrino oscillations in vac-
uum, the one relevant for the oscillation searches at accelerators, and review the basic
principles of neutrino oscillation experiments.

1.1 Neutrino oscillations in vacuum

The hypothesis of neutrino mixing has been first proposed by B. Pontecorvo by analogy
with the K° - K° process, originally for the ve -> Pe transitions [6]. After the discovery
of v^ the concept of neutrino mixing has been adapted to oscillations between different
neutrino flavours [7]. According to this hypothesis, the three known neutrino flavours
which take part into the weak interactions, va = ve, i/^, vr, are quantum-mechanical
superpositions of three mass eigenstates Vi which describe the propagation of neutrinos in
space-time:

where Uai is the unitary 3 x 3 matrix analogous to the Cabibbo-Kobayashi-Maskawa
matrix for quarks.

From Eq. (1.2) it follows that the space-time evolution of a neutrino with momentum
p produced in the state va at t = x = 0 is given by

me-lE>tvi (1.3)

where E% = Jp2 + m?. If the masses m* are not equal (and non-zero), the three terms
of the sum in Eq. (1.3) get out of phase and the state v(t) acquires a component v$ with

In an accelerator-based oscillation experiment one creates a neutrino beam of defined

weak eigenstate va (usually u^) and tries to detect at a different point of space-time the

'With the exception of neutrinoless double beta decay search to probe Majorana neutrino masses.
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weak eigenstate VQ (not necessarily /3 ̂  a). The probability of its detection is

U0l e -
2

(1.4)

The details of the formalism of neutrino oscillations depend on the number of neutrino
flavours. So far most of the experimental data were analysed in the simplest approach when
only two neutrino flavours are taken into account. At present it is recommended [3] that
the experimental results should be analysed in the complete three-flavour mixing approach.
We describe first the two-flavour formalism, still preferred by many experimentalists for
its simplicity and for compatibility with the results of the past experiments, and then
proceed to the complete three-flavour approach.

1.1.1 Two-flavour formalism

In the case of two-neutrino mixing, the mixing matrix U is described by only one real
parameter 9 (the mixing angle). Then, the probability of neutrino oscillations simplifies
to1

Eq. (1.5) is expressed in natural units. In more familiar units we can write

= £û / 3-sin2(20)-sin2(1.27Am2L/£) (1.6)

where Am2 = Irrc2, — m\\ [eV2] is the difference of the squares of the mass eigenvalues,
L [km] is the source-detector distance, E [GeV] is the energy of the neutrino. An important
consequence of the expression (1.5) is that neutrino oscillation experiments cannot measure
individual neutrino masses, but only difference of their squares.

Eq. (1.5) and (1.6) describe neutrino oscillations with an amplitude equal to sin2(26)
and the oscillation length A given by

2ASE [GeV]
= [ k m ] ( L 7 )Am*

Therefore, to observe neutrino oscillations, three conditions have to be fulfilled:

• at least one of three neutrinos is massive; the masses of neutrinos of different flavours

are not equal;

• the mixing angle is large enough to be probed by a given experiment;

• the oscillation length A is less or of the order of the source-detector distance, which
can be rewritten as Arn2 > E/L. Thus, to search for low mass differences the
distance L should be large and/or the energy of the neutrino beam E should be
small.
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Figure 1.1: Sensitivity of a typical neutrino oscillation experiment: minimal excluded
oscillation probability Pmin = 0.01, mean value oiAE/L = 1 eV2 (e.g., neutrino energy of
1.27 GeV and source-detector distance of 1 km), width of the L/E distribution is 10% of
the mean L/E value, assuming a Gaussian L/E distribution.

The results of oscillation experiments in two-flavour formalism are usually presented
in a two-parameter space of sin2(2#) and Am2. Fig. 1.1 illustrates how the experiment-
related parameters Pmjn, L and E and the oscillation-related parameters sin2(20) and
Am2 are correlated:

• For small Am2, corresponding to A ̂ $> L, the phase term sin2(7rL/A) can be approx-
imated by (irL/\)2. This results in a vanishing sensitivity of the experiment and
in a straight line of experiment-independent slope in a double-logarithmic plot, see
Fig. 1.1.

• The value of Am2, for which the sensitivity in sin2(20) is maximal, is reached for
L = A/2, independently of Pmm-

• For large Am2, corresponding to small oscillation length, the sin2(7rL/A) is averaged
as 1/2 and sin2 (29) = 2Pmin.

In case of a negative result (no oscillation signal observed) the parameter region on the

'in the assumption of relativistic neutrinos (mi 4C p).
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right side of the curve shown in Fig. 1.1 would be excluded. Observation of an oscillation
signal would instead result in a preferred parameter region within a band along this curve.

1.1.2 Three-flavour formalism

In the complete three-flavour approach, the probability of neutrino oscillations (1-4)
can be written as

hK3U0is\T?{^lJl2) (1.8)

with Aij = AmfjL/2E. If we ignore possible CP violation, the U matrix is real and can
be parametrized as

( C12C13 S12C13 S13

-S12C23 -C12S23S13 C12C23 - S12S23S13 S23C13 (1-9)

S12C23 - C12C23S13 -C12-S23 - S12C23S13 C23C13

with c%j = cos9ij and Si3 = s\n9lj, where #12, #13 and #23 are three independent real mixing
angles lying in the first quadrant.

Of the three Am2
; appearing in Eq. (1.8) only two are independent, since A m ^ + A m ^

= Am^. The complete solution of the problem consists therefore in determining five
unknowns: two Am^.'s and the three 0y's.

Assuming a mass hierarchy like the one in the quark (or charged lepton) sector, the
condition mi « m2 « m$ (predicted by the so-called "see-saw" model [8]) implies
Arriji <C Amj, « Am.32. This hierarchy generates two kinds of oscillations, one "short"
(i.e. with oscillation length Xshort ~ B/Am|i) and one "long" (i.e. with Xiong ~ E/Am^).
Thus, each transition probability contains a "short" (or "fast") and a "long" (or "slow")
components:

P{ua -> Up) = Pshort{Va -> V0) + Plongea ~> ^)\
^sin2(A3i/2); (1.10)

Any given neutrino oscillation experiment may be sensitive to either only the "short"
or both the "short" and "long" oscillations, depending on the L/E range under study.
Two L/E ranges are usually discerned: the so-called "short baseline" experiments with
1/Am2

3 «: L/E -C 1/Am2
2 are sensitive only to "short" oscillations, whereas the "long

baseline" experiments with L/E » 1/Am2
2 are sensitive to both the "fast" and "slow"

oscillation components. Historically, short, medium and long baseline experiments corre-
spond to Am2 > 10 eV2, Am2 « 1 eV2 and Am2 « 10~2 eV2, respectively.

If, in addition to the mass hierarchy, we assume the mixing matrix to be "almost
diagonal" like the CKM matrix (cosfyj » sinfljj), then P(ue -> vT) and P{u^ -> uT) are
dominated by the "short" component (oc f/23) and are expected to be governed by m3,
whereas P{v^ -> ve) is dominated by the "long" component (ex UeiU^) and is expected
to be governed by m2-
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1.2 Principles of neutrino oscillation experiments

Experiments searching for neutrino oscillations are numerous; they have been carried
out using both man-made (nuclear reactors, low and high energy accelerators) and natural
(cosmic rays and even the Sun) neutrino sources. However, from the experimental point
of view, all neutrino oscillation experiments can be subdivided into two categories:

• Appearance (or exclusive) experiments. In these experiments the flux of a
given neutrino flavour (3 ^ a is measured at a certain distance from the source
where mainly va are produced. The beam energy must be high enough to allow
the creation of lp (the charged lepton of flavour /3); then the oscillation probability
P{va —> VQ) is measured directly.

This method is sensitive to small mixing angles, since it is sufficient to detect a
small number of vg interactions, provided the fraction of prompt vp is small. The
sensitivity of these experiments is, however, often limited by the systematic uncer-
tainty on the knowledge of the beam contamination by VQ. For example, in a typical
Up beam from a high energy accelerator the i/e contamination is of the order of 1%
with an ~10% uncertainty.

Searches for vt and vT appearance in a beam containing predominantly v^ neu-
trinos have been performed at accelerators. In these experiments the presence of vt

(yT) neutrinos is detected by observing the interactions ve (uT) + nucléon -¥ e~ (T~)
+ hadrons.

• Disappearance (or inclusive) experiments. These experiments try to measure
deviations from the expected i/Q flux at a certain distance from the source. The
probability measured is

P(ua -> va) = 1 - Y. P(»* - • "/*)• (1-11)

The sensitivity of disappearance experiments is limited by the systematic un-
certainty on the knowledge of the neutrino flux from the source. However, these
experiments are the only way to search for neutrino oscillations when the neutrino
energy is below the kinematical threshold of producing 1$ and it is impossible to
perform an appearance experiment. In addition, disappearance search is sensitive
to the oscillations into exotic flavours such as "sterile" neutrinos (neutrinos that do
not take part in the standard weak interactions).

Disappearance experiments with man-made neutrino sources have been per-
formed at nuclear reactors and at accelerators. The core of a nuclear reactor is
an intense source of ve with an average energy of ~3 MeV, which can be detected
by observing the reaction ve + p -> e~ + n. If a De turns into a ^ or a PT, it
becomes invisible for detectors because /i+ or r + production is energetically forbid-
den. Proton accelerators produce v^ neutrinos with energies between ~30 MeV and
~200 GeV. In disappearance experiments the v^ flux is measured by detecting the
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reaction v^ + nucléon —>• yT + hadrons.
To reduce beam-induced systematic uncertainties, several two-detector dis-

appearance experiments have been performed (see Chapter 2). They measured
the neutrino flux of flavour a at two different distances from the source. The sensi-
tivity in Am2 in such experiments is limited to a small range corresponding to the
condition L\ < À < L2, where L\ and Li denote the distances of the near and far
detectors from the neutrino source.

The results of different oscillation experiments in various channels - ue «->• v^, ve «-» vT,
Vfi *-* vT for appearance searches, vt -fa ve, ve •/¥ î>e, u^ -fo v^ etc. for disappearance ones -
are compared. No distinction is usually made between va —> UQ and v$ —> va and between
results in neutrino and antineutrino channels, which means neglecting CP-violating effects
(which could occur in a three-flavour scheme).

The main subject of this document is the appearance search for Vp, —> ve oscillations
performed in a short baseline experiment at a high energy accelerator. In the next chapter
we present the review of the experimental results on v^ —» ve oscillation searches obtained
in the experiments which explored the region of oscillation parameters similar to that of
our study.

NEXT PAGE(S)
left



Chapter 2

Search for v^ —> ve oscillations at
accelerators

2.1 Introduction

The search for v^ —> ve oscillations at accelerators has been an extremely active field
for the past 20 years. First experiments were performed in early 80's using bubble cham-
bers as neutrino detectors. They were mostly motivated by a non-zero ve mass evidence
(14 < m^ < 46 eV) in the measurements of the end point of the electron energy spectrum
in tritium /3-decay at ITEP (Troitsk) [9]. No oscillation signal was found, but the sensi-
tivity of the experiments was limited by large systematic uncertainties in the knowledge
of the beam and low statistics. To increase the number of neutrino interactions, bubble
chambers were replaced by massive calorimetric detectors. A series of experiments was
conducted at CERN, Fermilab and BNL, first comparing the v^ rates in two simultane-
ously operating detectors (in order to reduce beam-induced uncertainties) and later, when
the composition of neutrino beams became better known, performing a ve appearance
search using fine granularity of the calorimeters. The results of these oscillation searches
were negative.

The interest for the v^ —> ue oscillation search has highly increased again in 1996,
when the LSND collaboration claimed for evidence for v^ -» vt oscillations with a central
value of the oscillation probability P(ù^, -> ve) = 3.1 • 10~3 (90% C.L.) and an allowed
region on the oscillation parameter plane partially unexplored before. This result was later
supported by an excess of events consistent with an oscillation probability of 2.6 • 10~3

(90% C.L.) observed by the LSND in i/^ —» i/e oscillation search, with backgrounds and
systematic errors different from those of v^ —> Pe. Recent results from KARMEN and
CCFR experiments exclude a part of the oscillation parameter space favoured by the
LSND results, but the question still remains open and more data are needed in order to
deduce a definitive conclusion.

In this chapter we review the experimental results of the search for v^ -» ue oscillations
at high and medium energy accelerators. We will not discuss here the results of oscillation

13
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search at reactors and the possible interpretation of the atmospheric neutrino anomaly
in terms of u^ -> ue oscillations [5], which involve the region of oscillation parameters
different from that explored in this study.

2.2 Bubble chambers experiments

Bubble chambers could provide an excellent identification of the ve charged current
interactions and precise measurements of the neutrino energy, thus making possible a ve

appearance search in beams consisting predominantly of u^ neutrinos. However, these
early experiments suffered from large uncertainties in the knowledge of ve component
of neutrino beams and from small detector masses leading to relatively low statistics of
recorded neutrino interactions.

2.2.1 Gargamelle

The heavy liquid bubble chamber Gargamelle filled with heavy freon was exposed to
both the CERN PS and the CERN SPS neutrino beams, with a mean neutrino energy of
1.5 GeV and 25 GeV respectively.

At the PS beam, about 200 (60) candidates for electron neutrino (antineutrino) inter-
actions found in a 1973-1977 exposure of 1.1-1018 (4.5-1018) protons on target have been
analyzed with the main purpose to study the total cross-sections of ue and ve interac-
tions [10]. No excess of electron (positron) events with respect to those expected from
the ue (Pe) component of the beam was found. The upper limits of sin(2#) = 0.064 (i.e.
sin2(20) = 4-10~3) for Am2 > 50 eV2 and of Am2 « 1 eV2 at full mixing were set at
95% C.L., assuming energy dependent ue flux uncertainty between 15% and 30%. Such a
stringent limit on uu -> ve oscillations published 20 years ago could be obtained, first of
all, due to a very small («0.4%) vt contamination in a v^ PS beam.

In 1980 the Gargamelle chamber was installed at the newly constructed CERN SPS
wide-band neutrino beam with a mean v^ energy of 25 GeV and ve contamination of
about 1%, at a distance of ~500 m from the center of decay region. Two-prong events
consisting of an e~ (/-i") and a proton stopping in the chamber were searched for as ve

(fM) quasielastic (QE) candidates [11]. There were 4 e~p and 534 fi'p events found above
the cut of EViS > 10 GeV and 4.0 ± 0.8 e~p events expected (assuming 20% uncertainty
on the calculated ve spectrum). The limit on oscillation probability P(fM —> ue) < 0.004
was set at 68% C.L., excluding Am2 > 1.4 eV2 at full mixing.

2.2.2 BEBC

The BEBC chamber filled with a Ne-H2 mixture was installed at the same SPS neutrino
beam, 150 m closer to the target compared to Gargamelle. The 93 ve charged current (CC)
candidate events with a total visible energy above 10 GeV and an electron momentum
above 1 GeV/c were found, yielding the ratio of seen to expected events of 1.21 ± 0.19 [12].
Combining the results from the kinematic distributions with those from the rates, the limits
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of sin2(20) < 0.01 at large Am2 and Am2 < 1.7 eV2 at full mixing were set, similar to
Gargamelle SPS results.

A few years later the BEBC chamber was used as a neutrino detector to search for
up. —> ve oscillations at the PS beam [13]. The low energy of u^ neutrinos {{EVli ) = 1.5 GeV)
and the large distance between the detector and neutrino source (L = 800 m from the center
of decay region) made the experiment sensitive to low values of Am2 (~0.1 eV2 at full
mixing). The background ue flux in the PS beam was estimated to be only 0.4% of the
v^ flux. 470 Up CC and 4 ve CC candidate events have been observed in an exposure of
9.1-1018 protons on target, with an expected background of 3 ve CC events, indicating no
evidence for v^ —\ ve oscillations. The lowest values of the oscillation parameters excluded
at 90% C.L. were Am2 = 0.09 eV2 for sin2(26>) = 1 and sin2(20) = 0.013 for Am2 = 2.2 eV2.
The LjE ratio in this experiment (and, consequently, Am2 region explored) was similar to
that of the LSND, but the limit set on sin2 (20) was less stringent than the LSND allowed
region on oscillation parameters space (discussed later in this chapter).

2.2.3 15-ft bubble chamber

The 15-ft bubble chamber filled with a heavy Ne-H2 mixture was installed at a distance
of 1.2 km from the center of decay region at the wide-band neutrino beam at Fermilab [14].
The average energy of u^ events was 18.5 GeV, the number of vt CC interactions relative
to the total number of u^ CC events was calculated to be (1.5 ± 0.3)%. Requiring the
momentum of e~ to be larger than 1 GeV/c, a sample of 595 ve CC candidates was selected.
These events were corrected for background and efficiencies to yield a number of 942 ± 85
ve CC interactions, in agreement with expected 1027 ± 210 events. Comparing measured
and predicted ratios of ve CC to v^ CC interactions, the limit on oscillation probability
of P ( ^ -> i/e) < 3-10"3 was set at 90% C.L., excluding the values of sin2(20) > 6-10~3 at
large Am2 and Am2 > 0.6 eV2 at full mixing.

2.2.4 SKAT

The ratio of ue to v^ induced charged current interactions has been studied with
the SKAT heavy liquid bubble chamber exposed to the wide-band neutrino beam of the
Serpukhov accelerator with neutrino energies between 3 and 30 GeV [15]. The neutrino
beam produced by the interactions of 70 GeV protons on an aluminium target consisted
predominantly of v^ neutrinos (with the mean energy of 8 GeV) with only about 0.6% of
vt admixture. The bubble chamber SKAT filled with 6.5 m3 of heavy freon was located
at a distance of 270 m from the target.

A sample of 83 events - ve CC candidates - with electron and no other lepton in the
final state has been selected. The non-prompt background in the sample was estimated to
be 1.5 ± 0.5 events. Comparing the observed ratio of electron to muon neutrino charged
current candidates with that expected, the value of R = {Ne-/Nfjl-)obS/{Ne-/Nll-)exp =
0.98 ± 0.15 was found, where the error includes the estimated uncertainty of the v^jv^
flux ratio. The regions of sin2(20) > 2.5-10"3 at large Am2 and Am2 > 1.3 eV2 at
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full mixing were excluded at 90% C.L. The combination of low ue beam contamination,
excellent electron identification capabilities and a high-statistics data sample allowed the
SKAT experiment to set the limit on the mixing angle sin2(20) which remained the world
best value [3] at large Am2 until the CCFR results published in 1997.

2.3 Experiments with two detectors

The sensitivity of large statistics neutrino oscillation experiments is usually limited by
the systematic uncertainties in the knowledge of the initial flux of the neutrino beam. To
minimize these systematic uncertainties associated with neutrino flux monitoring, several
experiments operated simultaneously two similar detectors at different distances from the
neutrino source. The v^ rates observed in two detectors, properly corrected for beam
angular divergence, acceptance, etc., are compared and a difference could be attributed
to v^ —» ve oscillations displayed through v^ disappearance.

2.3.1 CHARM experiment

The CHARM collaboration recorded data corresponding to about 9.8'1018 protons
on target with "close" and "far" detectors installed at the CERN PS beam [16]. Both
detectors consisted of marble plates (18 and 60 plates for close and far detectors respec-
tively) interleaved with layers of scintillation counters and proportional drift tubes [17];
the target-calorimeter part was supplemented by muon spectrometers. The close detector
was located at the distance of about 120 m from the target and had a fiducial mass of
27 t; the far detector was at 900 m from the target and weighed about 122 t.

Charged current quasielastic interactions of muon neutrinos were selected in both de-
tectors (2 043 events in the close detector and 268 events in the far detector). The ratio of
the observed rates robs in the two detectors was properly corrected for the different dead-
times, cosmic background and selection efficiencies and then compared to the expected
ratio rexp, computed with Monte Carlo program simulating the beam and the response of
the detectors. The total error on rexp was estimated to be less than 5%. The ratio of the
observed event rates to that expected assuming no oscillations was found to be

r0bs/rexp = 0.96 ± 0.06 ± 0.05 for short tracks (4-15 planes) (2.1)

and
robs/rexp = 1-21 ± 0.20 ± 0.04 for long tracks (16-49 planes) (2.2)

yielding no evidence for oscillations. The most restrictive limit for the mass difference
was Am2 < 0.19 eV2 at full mixing; the most stringent value for the mixing angle was
sin2(20) < 0.17 at Am2 » 1.5 eV2 (at 90% C.L.).

2.3.2 CDHS experiment

The CDHS collaboration operated close and far detectors at the CERN PS beam [18]
simultaneously with the CHARM collaboration. Both close and far detectors consisted
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of iron plates interleaved with plastic scintillator hodoscopes [19] (6 and 21 modules re-
spectively) and were installed at the distances from the target very similar to those of the
CHARM close and far detectors. The accumulated data corresponded to 7.0-1018 protons
on target.

Charged current interactions of muon neutrinos were selected in both detectors by
requiring a minimal projected event range of 40 cm and imposing fiducial volume cuts.
About 22 000 events in the close detector and 3 300 events in the far detector were found.
The ratio of close/far events multiplied by the ratio of the square of the distances from
the target and by the ratio of the detector masses was then computed, with other relevant
effects (such as differences in the neutrino spectra in the two detectors due to different
angular acceptancies, minor differences in the design of the detectors, etc.) corrected for
by a Monte Carlo simulation. The corrected ratio of the total rates in the two detectors
was found to be

= 1-044 ± 0.023 (2.3)

showing no evidence for oscillations within the sensitivity of the experiment.
The overall systematic error in the ratio of event rates in the two detectors was esti-

mated to be 2.5%. Taking this uncertainty into account, exclusion limits on the oscillation
parameter plane were computed. At the 90% C.L., Am2 values between 0.26 and 90 eV2

were excluded for maximum mixing; the most restrictive value for the mixing angle was
sin2{29) = 0.053 at Am2 w 2.5 eV2, consistent with the CHARM results.

2.3.3 CCFR experiment

The CCFR collaboration used the Fermilab narrow-band neutrino beam as a neutrino
source [20]. The integrated proton flux was 3.4-1018 incident on the production target.
Data were taken at five different momentum settings for TT+ and K+ mesons, yielding
neutrinos with Eu between 40 and 230 GeV, and at a single setting for antineutrinos. Both
close and far neutrino detectors consisted of a target calorimeter (steel plates instrumented
with scintillation counters and spark chambers), followed by a muon spectrometer. The
detectors were located at 715 and 1116 m from the mid-point of the decay pipe and had
the fiducial masses of 108 and 444 t respectively.

The number of charged current interactions of muon neutrinos in the two detectors was
compared as a function of neutrino energy, obtained from the dichromatic beam properties
and the radial vertex position. The ratio of close/far events in each energy bin has been
corrected for different lifetimes, reconstruction efficiencies, angular divergence, etc. A
comparison of the corrected ratio with the hypothesis of no oscillations yielded a x2 °f
15.7/18 d.o.f., and the data were therefore found consistent with no oscillations. Assuming
CP invariance, the analysis of combined neutrino-antineutrino data ruled out Am2 values
between 15 and 1000 eV2 for sin2(20) > 0.02-0.40 at 90% C.L. The CCFR experiment
was sensitive to the region of Am2 higher than that of the CHARM and CDHS due to a
higher energy of neutrino beam.
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2.4 Appearance experiments at CERN

2.4.1 CHARM PS ue appearance analysis

A sample of events selected by the CHARM collaboration at the CERN PS beam
exposure (Sec. 2.3.1) has been analyzed for the appearance search of electron neutrino
quasielastic interactions in the close and far detectors [16]. For this purpose, the capability
of the CHARM fine-grained calorimeter to detect and identify electromagnetic showers
down to ~0.5 GeV has been used.

The subsample of quasielastic events in which a muon could not be identified (124
"0/i events" in the close and 15 in the far detector) was analyzed by estimators tuned
to identify electromagnetic showers with the help of low energy electron and pion test
beam data. This event selection yielded 17 events in the close and 1 event in the far
detector. After subtracting the estimated backgrounds from hadronic showers and from
the admixture of electron neutrinos in the beam, and after correcting for efficiencies, the
ratios TQD and rpo of electron to muon quasielastic events in the close and far detector
respectively were computed:

TOD = (-0.5 ± 1.1)%
(2.4)

TFD = (-3.1 1 H)%

where the quoted errors are both statistical and systematic (7%, mostly due to uncertain-
ties in the efficiency calculations). The obtained limit on the mixing angle for large Am2

(the close detector measurement) was:

sin2(20) < 0.03 (90% C.L.) (2.5)

2.4.2 CHARM SPS ue appearance analysis

Another data sample collected with the CHARM detector was analyzed using similar
procedures [16]. This data sample was recorded in 1983 when the detector was exposed
to the wide-band neutrino beam of the CERN 400 GeV SPS with the main purpose
to measure the cross-sections of v^, and v^ scattering on electrons. The total integrated
fluxes were 1.2-1018 and 2.3-1018 protons on target in the neutrino and antineutrino beams
respectively. The detector was located at a distance of ~820 m from the neutrino source.

As in the case of the analysis described in the previous section, any appearance of
an unexpected number of electromagnetic showers could be interpreted as an indication
for Up —» ve oscillations. Combining neutrino and antineutrino data and comparing the
measured number of ve quasielastic candidates with the expected number showed an excess
of 55 ± 84 events in the data sample, yielding no evidence for oscillations. An upper limit
on the mixing angle for large Am2 was set:

sin2(20) < 8.0 -HT3 (90% C.L.) (2.6)
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2.4.3 CHARM II ue and ve appearance search

The search for v^ —> ve and v^ —» Pe oscillations at CERN has been continued with the
CHARM II detector exposed to the CERN wide-band neutrino beam in 1987-1991 [21].
The CHARM II detector [22], located at about 650 m from the average neutrino production
point, consisted of a massive (~700 t weight, 35 m long) and low-density fine-grained
calorimeter (420 glass plates of 0.5 XQ each, interspersed with plastic streamer tubes and
scintillation counters) and of a muon spectrometer. A search for quasielastic neutrino
and antineutrino interactions vt n —> e~ p and vt n —> e+ n was performed based on an
exposure of 2.6-1019 protons on target (corresponding to more than 107 neutrino charged
current interactions) collected over 5 years.

The ve and vt quasielastic events were selected by requiring a single electromagnetic
shower in the detector. The main background due to single TT° production in neutral
current interactions was evaluated by making use of the difference in the signal released by
an electron and a IT0 in a scintillation counter at the beginning of the shower development
and subtracted. The observed number of ue and vt QE candidates was compared to
that expected from flux calculations (which was normalized to the number of observed v^
and v^ quasielastic events). An excess of 265 ± 1 7 8 observed over expected events was
found, consistent with no evidence for oscillations. An upper limit set on the mixing angle
sin2(29) for large mass differences (Am2 > 200 eV2) was:

sin2(26>) < 5.6 • 10~3 (90% C.L.) (2.7)

The total systematic uncertainty on the v^jv^ flux ratio estimated to be 15% was taken
into account in the calculations of the limit.

2.4.4 CDHS and CHARM narrow-band beam analysis

The data on neutrino scattering collected in 1986 by the CDHS and CHARM collabo-
rations at the CERN SPS narrow-band neutrino beam were re-analyzed in 1995 to search
for v^ —» ue oscillations [23]. This analysis made use of the high precision measurements of
R, the ratio of 0^ to 1/z events in v^N deep inelastic scattering, performed by the CDHS
and CHARM collaborations to measure the value of the electroweak mixing angle.

The analysis performed was similar to that of the CCFR collaboration described in
Sec. 2.7. The world average value of sin2 9w was used to predict the ratio R and any
deviation in the measured R from the predicted value would be attributed to u^ -)• ve

oscillations. The mean values of neutrino energy Eu and source-detector distance L of the
narrow-band neutrino beam were Ev ~ 50 GeV and L ~ 600 m.

No evidence of a discrepancy between the predicted and the measured values of R
was found. The oscillation parameter region of sin2(20) > 3-10""3 at large Am2 and
Am2 > 2.4 eV2 at full mixing was excluded.
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2.5 BNL experiments

Three experiments have searched for v^ -> ve oscillations using the BNL wide-band
neutrino beam. They were: an experiment primarily designed to measure neutrino-electron
scattering E734 [24], a follow-up of a previous indication of neutrino oscillations at the
CERN PS E816 [25], and a specially designed neutrino oscillation experiment E776 [26].

The AGS (Alternating Gradient Synchrotron) at Brookhaven National Laboratory
produced about 1.3-1013 protons with the energy 28.3 GeV every 1.4 s. The neutrinos
were produced in decays in flight of the secondary pions and kaons originating from proton
interactions on titanium target. The polarity of the focusing device ("horn") could be
changed to produce wide-band neutrino or antineutrino beams. Because mainly pions
were produced in the target, the neutrino beam consisted predominantly of v^ {y^ in the
negative focusing mode) neutrinos. The mean u^ energy was 1.5 GeV. A small expected
ve (ve) contamination of 0.68% (0.63%) from kaon and muon decays made possible the
search for u^ —¥ ue [y^ —> ve) oscillations in appearance mode.

2.5.1 E734 experiment

The E734 detector [27], located at a mean distance of 96 m from a neutrino source,
consisted of 112 planes of liquid scintillator and 224 planes of proportional drift cells uni-
formely interspersed, followed by a 12 XQ shower counter and a magnet. The fiducial mass
of the detector was 75 tons. A search for quasielastic neutrino interactions ve n —> e~ p
and Vp n -> yT p in the detector was performed based on an exposure of 8.8-1018 protons
on target collected in 1983.

The i/e quasielastic interactions were selected by requiring a single electromagnetic
shower with Qev < 240 mrad relative to the mean neutrino beam direction. The shower
angle was reconstructed by a fit to all hits in the drift cells with a resolution of A9eu

= 30 mrad. The shower energy was measured by summing the deposited energy in the
scintillator cells and the energy resolution was found to be AEe/Ee = Yl%j\jE~e.

The main background to ve QE interactions was due to n° production in ^-induced
neutral current processes, deep inelastic vt interactions and neutrino-electron scattering.
The photons from n° decays were rejected by observing the primary vertex and using the
spatial separation of the photon conversion vertex (V°) from the primary vertex. All the
background sources were suppressed by the requirement Ee > 0.9 GeV; the remaining
background events were estimated using a data sample of identified V° and Monte Carlo
simulation and subtracted bin-by-bin in the shower energy distribution. The final ue QE
sample contained 418 events in the region 0.9 < Ee < 5.1 GeV.

The i/p QE interactions were selected by requiring two prong events, one prong being
identified as a proton (by range and ionization) and the other prong exiting the detector
(muon). The main background in this data sample consisted of charged-current single
7r+ production. The final v^ n -* \i~ p sample (background subtracted) contained 1370
events.
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The flux and spectra of ue and v^ neutrinos were obtained from the two described
data sets using Monte Carlo calculated event acceptances and the known quasielastic cross-
sections. The measured ratio of neutrino fluxes [^(EUe )/$(EU)t )]0(,s was compared with the
expected ratio [$(EUe)/$(EUll)]exp as a function of the neutrino energy. No disagreement
between the observed and expected flux ratios was found, showing no evidence for v^ —>• vt

oscillations. Using the data with electron energy Ee between 0.9 and 2.1 GeV, an upper
limit on the oscillation probability was set [24]:

P{"v -» "e) < 1.7-HT3 (90% CL.) (2.8)

The region in the oscillation parameter space excluded at 90% confidence level is shown
in Fig. 2.1. A systematic uncertainty of 20%, comprised mainly of contributions from the
acceptance functions and flux calculation, was taken into account in the limit calculations.

The E734 detector was used a few years later for a v^ —» ve oscillation search with a
3 GeV narrow-band neutrino beam at AGS [28]. Less stringent limit of sin2 (20) < 1.0-10~2

for large Am2 (at 90% C.L.) was obtained for an exposure of 9.0-1018 protons on target.
The difference in the results was attributed to a more than two times larger prompt ue

contamination in the narrow-band neutrino beam.

2.5.2 E816 experiment

The E816 detector [29], located at a distance of 130 m from the mid-point of the decay
tunnel, consisted of 25 modules designed for the fine-grained calorimeter of Fréjus proton
decay experiment. One such module was made of two flash-tube planes with a 3 mm thick
iron plate (17% XQ) between them. The first 10 modules (2.5 XQ in total, with fiducial
mass of 7 tons) were used as the interaction target, the other 15 modules were designed to
contain the electromagnetic showers and the amount of matter was increased by additional
lead plates.

The search for uM and ue quasielastic interactions has been performed based on an
exposure of 1.141019 protons on target recorded in 1986. QE interactions of u^ were
defined as "two-track" events with a non-interacting track crossing more than 10 modules
(at least 3 cm of iron). The neutral current background in u^ data sample was estimated to
be 5%. To select ue QE interactions, "one-track - one-shower" event topology was required.
The energy of electromagnetic showers was measured by counting the number of hit tubes.
The detector was calibrated using the test beam of electrons and positrons in the energy
range 0.3-2 GeV, the shower energy resolution was found to be AEe/Ee = (18 ± 4)%j\fÈe.

The main background to ue QE interactions was due to n°s produced in inelastic
reactions. A cut on the shower energy Ee > 300 MeV was imposed; Monte Carlo simulation
showed that this cut eliminates about 70% of TT° while keeping 90% of the ue events. The
fine structure of the detector allowed a good spatial separation between electrons and TT0-
induced photons; an additional 7r° rejection factor was obtained by a detailed analysis of
the vertex-shower distance (called "disconnection"). The residual background consisted of
"one-track - one-7r°" events, where the latter appeared as a single shower beginning right
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after the primary vertex. To evaluate the remaining background and its error, both the
Monte Carlo simulation and n° events with both photons seen in the data were used.

In total, 178 e-like events were observed in the data. The estimated background
amounted to 101 ± 10.8 events from 7r°s close to the vertex and 34 ± 4.7 ± 9 events due
to ue beam contamination (20% systematic uncertainty due to K/n ratio assumed), giving
the electron excess of 43 ± 17.8 ± 9 events. The statistical significance of the excess is
about two standard deviations. The corresponding ratio of the number of vt relative to
v^ to its expectation from ue beam contamination was [25]:

An observed excess of electron events was attributed to possible problems in a flux
prediction by a Monte Carlo beam simulation, in particular, at the low energy part of
the spectrum (300 < Ee < 900 MeV), where the validity of the Monte Carlo simulation
program was not verified. Unfortunately, the energy distribution of excess events was not
reported. No claim of neutrino oscillations was made and no limit deduced. The E816
experiment can serve as a good example of how difficult the neutrino experiments are.

2.5.3 E776 experiment

The E776 detector [30], located at a distance of about 1 km from a neutrino source,
consisted of 90 planes of proportional drift tubes interleaved with 2.5 cm thick concrete
absorber (30% Xo), followed by a muon spectrometer. The total mass of the calorimetric
part was 230 tons. The average muon energy resolution was 15%; the electron energy
resolution was AE/E = 20%/y/Ë.

A search for quasielastic v^ (£M) and ve (9e) interaction candidates was performed
based on an exposure of 1.4-1019 (1.5-1019) protons on target collected with the horn at
positive (negative) polarity in 1986.

The containment, length and angle cuts were applied to select v^ (PM) QE events.
The final sample consisted of 6 676 (3 065) events for positive (negative) horn polarity,
the selection efficiency was estimated to be 29% for v^ and 40% for v^ interactions. The
neutrino energy was reconstructed using the muon energy and angle; the spectra for the
Monte Carlo simulation and the data agreed well for both sets.

To select ue (Pe) QE events, well-collimated electromagnetic showers with a discontin-
uous hit pattern due to e-7 energy exchange were separated from hadronic showers with
the help of criteria based on test beam data and Monte Carlo simulation. The cuts applied
were 99% efficient in rejecting charged pions with energies above 1 GeV, while retaining
85% of electrons in test beam. The remaining sample consisted of electron events with a
significant contamination of events with a 7r° in a final state. About 70% of the 7r°-induced
showers above 1 GeV were rejected by an analysis of shower profile (7r°-induced showers
are wider and exhibit greater asymmetry than electron ones). The corresponding electron
efficiency was estimated by the test beam measurements to be 80%. The remaining TT°



2.5. BNL EXPERIMENTS 23

1 0 2 F

r
O

>

CM

Figure 2.1: The 90% CL. exclusion limits for ue and vu -» ve oscillations from the

1) E776 and 2) E734 appearance experiments at BNL.

contamination in the electron sample was estimated using 7r°-induced showers found in
the data and scaled, as a function of energy, by a Monte Carlo estimated probability for
a 7T° to be misidentified as an electron. The expected IT0 background was 94 (41) events
for the positive (negative) polarity sample. The systematic uncertainty in 7T° background
prediction was estimated to be 20%.

The ue {ve) beam contamination was computed by a detailed Monte Carlo simulation
program. The predicted background, normalized to the number of v^ (D^) events in the
data, is 32.0 (7.7) from ue and 3.5 (12.2) from ve for the positive (negative) horn polarity
sample. The estimated error in the ue beam background was 11%.

The final positive polarity (t/e) sample contained 136 events consistent with a total
expected background of 131 ± 23 ± 19 events. The corresponding numbers for negative
polarity (Pe) sample were 47 data events with 62 ± 15 ± 9 events of expected background.
No excess of electron-neutrino events was found indicating no evidence for v^ -> ve or
&H -^ &e oscillations. Moreover, both sets of data were consistent with the expected
background as a function of electron energy. Using the whole energy spectrum between 0
and 10 GeV and combining two limits for the positive and negative polarity data samples,
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an upper limit on the oscillation probability was set [26]:

P{vn {*>?) -> ^ (Pe)) < 1.5 • 10~3 (90% C.L.) (2.10)

The region of the oscillation parameter space excluded by E776 at 90% confidence level
is shown in Fig. 2.1. The difference in limits set by E734 and E776 experiments is almost
completely accounted for by the difference in distances from neutrino source.

2.6 Medium energy accelerator experiments

2.6.1 LSND experiment

The Liquid Scintillator Neutrino Detector (LSND) was designed to detect neutrinos
originating in a proton beam stop at the Los Alamos Meson Physics Facility (LAMPF)1 ,
and to search for v^ —» vt and v^ —> vt oscillations with a high sensitivity. Both channels
have yielded evidence for neutrino oscillations.

The 800 MeV/c protons from the LAMPF linear accelerator sent to a 30 cm long water
target produce mainly pions. Most of them (~97% of n+ and ~95% of ix~) are stopped in
the copper beam stop, situated 1.5 m downstream. Neutrinos are then produced by the
following decay processes:

7r+ —> n+ v^ (in flight or at rest)

/ i + —> e + ve v^ (at rest)

7T~ —> n~ v^ (in flight)

\T -» e~ De i/fi (at rest)

The detector [31] is a cylindrical tank containing 167 tons of liquid scintillator, located
at about 30 m from the neutrino source. The use of doped mineral oil (CH2) allows
the detection of both Cerenkov and scintillator light in 1220 8" photomultiplier tubes,
covering ~25% of the tank surface. The detector needs to distinguish i>e interactions from
the events induced by ue and v^, as well as cosmic rays.

Search for PM —>• ve oscillations from muon decay at rest

The positive pions which come to rest in the beam stop decay through the sequence

7T+

e+ ve

(2.12)

with a maximum energy of produced v^ and vt of 52.8 MeV (~m^/2).
A search for i>^ -> vt oscillations of v^ from / J + decay at rest can be performed in

appearance mode due to very low ve contamination in the beam. The only source of vt

'The accelerator name was changed in October 1995 to LANSCE (Los Alamos Neutron Scattering
Center).



2.6. MEDIUM ENERGY ACCELERATOR EXPERIMENTS 25

is n~ —• /i~ i>p decay in flight (5% of all n~) followed by a /i~ —> e~ ve v^ decay (only
12% of fi~ stopping in the high Z material). In addition, the production of positive pions
in the LSND setup exceeds that of negative pions by a factor of about eight, so that the
relative yield of ûe compared to v^ is ~ ( 1 / 8 ) X 0 . 0 5 X 0 . 1 2 ss 7.5-1CT4 (a detailed Monte
Carlo simulation gives a value of 7.8-10~4).

For the î>e detection the inverse beta decay reaction followed by neutron capture (a
usual way to detect reactor Pe) is used:

ve p -» e+ n
(2.13)

n p —> d 7

Thus, the signature for the v^ —» ve oscillation search is two-fold and consists of a prompt
electron-like signal, followed by a delayed 2.2 MeV photon correlated with the first signal
in both position and time.

There are three main categories of background to be rejected:

• Beam-unrelated background induced by cosmic rays. It is suppressed at the
trigger level by use of the passive and active (veto) shields; however, the trigger
rate is dominated by this background (neutrino-induced events constitute less than
10~° of all triggers). Cosmic ray induced neutrons are strongly suppressed by use
of electron identification criteria based on the quality of the position and Cerenkov
angle fits and the relative amount of early light.1 A set of additional cuts based
on the time to the previous and subsequent triggered events is applied to reject
Michel e* from muon decay [32]. Because of the large duration of the proton pulses
(600 /us), the precise relative timing of the event with respect to the pulse could not
be applied, so that the remaining beam-unrelated background was measured from
the beam-off sample and subtracted from beam-on sample.

• Beam-related events with a primary particle identified as an electron and
an accidental 7 signal. An approximate likelihood ratio R is denned using mea-
sured distributions of (a) the time of the 7 after the primary event; (b) the number
of hit photomultipliers for the reconstructed 7; (c) the distance of the reconstructed
7 from the primary event. The obtained R distributions are then used to separate
correlated neutron-capture photons from accidental signals.2 This cut also discrim-
inates against cosmic ray particles other than neutrons.

One needs also to distinguish events induced by ve (oscillation candidates) from
the events produced by ve (it is not possible to distinguish an e+ from an e~). The
requirement of a minimum positron energy Ee+ of 36 MeV eliminates most of the

'The identification efficiency was studied on the sample of electrons from decays of stopping cosmic ray
muons and was found to be (84 ± 2)% in the 36 < Ee < 60 MeV energy range with a typical neutron
rejection of ~103.

2Measured on cosmic ray beam-off events, the efficiency that an accidental 7 satisfies R > 30 is 0.6%,
while the efficiency for a correlated 7 is 23%.
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Figure 2.2: The energy distribution of the LSND beam-excess ve events (data points) com-
pared with the estimated neutrino background in the absence of oscillations (dashed line)
and with the expected distribution for neutrino oscillations at large Am2 plus estimated
beam-related background (solid line).

ue background due to ue
 12C

(Ee < 20 MeV) reactions.
e" 12N {Ee < 36 MeV) and ve

 12C -> e~ n nN

• Beam-related events with a primary e* and a correlated neutron-capture
signal. This background is mainly due to ve produced in the beam stop by fi~
at rest and the misidentification of v^ charged-current interactions as ve events.
As was already discussed, a dangerous ve background (with the positron spectrum
similar to that expected from oscillations) is suppressed by more than three orders
of magnitude compared to v^ flux. Both ve background and the background from
a misidentification of 9^ p -> fi+ n events were estimated using the detailed beam
and detector Monte Carlo simulation [33].

Requiring R > 30 and 36 < Ee < 60 MeV, 22 events were observed in the beam-
on data collected between 1993 and 1995. The beam-off background is measured to be
2.5 events. The estimated beam-related background amounts to 1.72 ± 0.41 events with
correlated neutrons and 0.41 ± 0.06 without. The probability that the 22 or more beam-on
events are entirely due to a statistical fluctuation of the 4.6 ± 0.6 events of total expected
background is 4.1-10"8. Fig. 2.2 shows the energy distribution of beam-on minus beam-off
events over an extended energy range in comparison with the total estimated beam-related
background (dashed line) and an oscillation signal plus estimated background (solid line).
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Figure 2.3: The 99% likelihood LSND favored regions for the decay at rest v
oscillations (dashed contours) and the 95% confidence region for the decay in flight
oscillations (solid contour).

Accepting positron energies between 20 and 60 MeV, the total excess over background
is 51.0 ^195 ± 8.0 events. If this excess is attributed to DM —> ve neutrino oscillations, one
obtains [34]:

= (3.1 ± 1.2 ± 0.5) • 10"3 (90% C.L.) (2.14)

The favored regions in the oscillation parameter plane have been calculated taking into
account the systematic effects by varying the inputs to reflect uncertainties in background
estimation, neutrino fluxes, and the R distribution shape. These allowed regions are shown
in Fig. 2.3 (dashed contours).

Preliminary (not yet published) LSND results based on the data collected between 1993
and 1997 yield 29 beam-on events with 5.2 ± 0.6 beam-off and 3.0 ± 0.6 beam-related
estimated background events (for R > 30 and 36 < Ee < 60 MeV). The total excess over
background for positron energies between 20 and 60 MeV is 82.8 ± 23.7 events, giving the
probability for v» -> i>e neutrino oscillations of (3.1 ± 0.9 ± 0.5)-10~3 at 90% C.L. [35].
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Search for ue oscillations from pion decay in flight

If neutrino oscillations of the type v^ —> i>e occur, then v^ —> ve oscillations must occur
also. A search for v^ —» ve oscillations has been conducted by the LSND collaboration
using v^ from n+ decay in flight. The signature for this oscillation search is the presence
of an isolated electron in the energy range 60 < Ee < 200 MeV from the inclusive charged-
current reaction ve C —> e~ X. The analysis has to rely solely on electron identification
without any additional correlations which could help to improve the detection of the signal.
Therefore, much more sophisticated electron identification algorithm compared with that
used for the decay at rest analysis has been developed which was based on the relative
likelihood of the measured photomultiplier charges and times [36].

The major irreducible beam-induced background is due to small ue contamination in
the beam from / i+ —> e+ ve D^ decay in flight (about 10~5 of /i+) and n+ —> e+ ue decay
(with branching ratio of 1.24-10"4). The number of beam-induced background events was
calculated using the beam Monte Carlo neutrino fluxes and the ve C cross-section [33, 37].
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Figure 2.4: The energy distribution of the LSND beam-excess ve events (data points)
compared with the estimated neutrino background (dotted histogram), the oscillation
signal for large values of Am2 (dashed histogram), and the sum of the two (solid line).

An excess of beam-on events above the expected number from the sum of beam-related
background and cosmic-ray beam-off events was observed. The "or" of two independent
analyses gives 40 beam-on events selected1 with the beam-off and ^-induced background
of 12.3 ± 0.9 and 9.6 ± 1.9 events respectively. The probability that the 21.9 ± 2.1
estimated background events fluctuate into 40 or more observed events is 1.1-10"3. The
energy distribution of the beam-excess events is shown in Fig. 2.4 together with the energy
distribution of the beam-induced background and that expected from a v^ -> vt oscillation

'Monte Carlo estimated efficiency of selection is ~16.5%.



2.6. MEDIUM ENERGY ACCELERATOR EXPERIMENTS 29

signal for large values of Am2. The excess events are consistent with v^ —» ve oscillations
with an oscillation probability of [38]:

P(v? -> ve) = (2.6 ± 1.0 ± 0.5) • 10~3 (90% C.L.) (2.15)

A fit to the energy distribution, including systematic uncertainties and assuming neu-
trino oscillations as the source of ve excess, yields the allowed region in the oscillation
parameter plane shown in Fig. 2.3 (solid contour). This region is consistent with the al-
lowed region from the decay at rest v^ —> ve oscillation search. Since v^ —> ve oscillation
search has different backgrounds and systematic errors from the PM -> ve oscillation search,
it provides additional evidence that both effects observed by LSND are due to neutrino
oscillations.

2.6.2 KARMEN experiment

The KARMEN (KArlsruhe Rutherford Medium Energy Neutrino) experiment is being
performed at the neutron spallation facility ISIS of the Rutherford Appleton Laboratory
and is searching for v^ -> ve and v^ -> ue oscillations.

The ISIS neutrino beam is similar to the LAMPF one. However, an important differ-
ence is that the ISIS beam is pulsed with a time structure consisting of two 100 us long
proton pulses separated by 225 ns (this sequence has a repetition frequency of 50 Hz).
Thus it is possible (Eq. (2.12)) to separate the i/M from "fast" pion decays (r = 26 us) and
the v^ and ve from the "slow" muon decay (r = 2.2 fis) by their different time distributions
with respect to the beam pulse (syncronization beam-detector is better than ± 2 ns). This
feature is important for v^ —» vt oscillation search.

The detector [39] is a 56 t segmented liquid scintillator calorimeter, located at a mean
distance of 17.6 m from the beam stop. It is subdivided into 512 independent 3.5 m long
boxes viewed by two 3" photomultipliers at each end. The event position is determined by
the individual module and the time difference of the photomultiplier signals at each end
of the module; the energy deposited in a module is given by the sum of the light output
from either end. A Gd2Û3 coated paper placed between adjacent modules allows neutron
detection by neutron capture in Gadolinium followed by 7 emission with a total energy of
~8 MeV and characterized by a large cross-section for fast neutrons.

Search for v^ —>• ue oscillations

The KARMEN detector is installed at almost 90° with respect to the proton beamline,
so the Up flux from pion decay in flight is greatly suppressed and cannot be used for
oscillation searches. However, due to the precise timing, the search for u^ -*• ue oscillations
from isotropic pion decay at rest (2.12) is possible, which LSND cannot perform.

Monoenergetic ue neutrinos {Ev = 29.8 MeV) in the pion time window are searched for.
The detection reaction is ve

 12C -+ e~ l2Ng,s_ with the subsequent /3-decay of the ground
state i2Ng,s, -» l2C e+ ue. Its signature consists of a prompt e~ signal with an energy



30 CHAPTER 2. SEARCH FOR vu -> pe OSCILLATION AT ACCELERATORS

200 400 600
t(e") [ns]

10 15 20
E(e+) [MeV]

20 30 40
t(e+) [ms]

Figure 2.5: Expected signature of v^ -¥ ve oscillations (large Am2): a) energy distribution
of prompt e~; b) time of prompt signal relative to ISIS beam pulse; c) energy distribution
of e+; d) time difference between prompt and sequential signal. Shaded areas show the
allowed regions of applied cuts.

spectrum peaked at 12.5 MeV followed by the spatially correlated e+. After the cuts that
maximize the signal (illustrated in Fig. 2.5), 2 events were observed in the data taken
between 1992 and 1995. The beam-related background was estimated to be 1.76 ± 0.20
events and the cosmic ray induced background was 0.50 ± 0.20 events. With the total
expected background of 2.26 ± 0.3 events, no evidence for v^ —> ue oscillations is found
and an upper limit on the oscillation probability was set [40]:

< 2.0 • 10~2 (90% CL.) (2.16)

The search for u^ —¥ ue oscillations from pion decay at rest in KARMEN has small
background, so the sensitivity for this oscillation channel is essentially limited by the
statistics.

Search for v^ —

A search for

oscillations

-> ve oscillations of Vu from /x+ decay at rest gives the maximum

sensitivity for the oscillation searches in KARMEN. The vt contamination of the beam
is very small {ûe/u^ ~ 6.2-10"4) and the interactions of Pe have about 20 times larger
cross-section compared to that of ve (i/e

 l2C -¥ e~ uNg_s,). The detection reaction is the
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Figure 2.6: Expected signature of v^ -> vt oscillations (large Am2): a) energy distribution
of prompt e+ ; b) energy distribution of sequential 7's; c) time of prompt signal relative to
ISIS beam pulse; d) time difference between prompt e+ and sequential 7's. Shaded areas
show the allowed regions of applied cuts.

inverse /3-decay ue p —> e+ n with a subsequent capture of the neutron by Gadolinium
n Gd —> Gd 7 (8 MeV) or by protons n p -> d 7 (2.2 MeV). The signature (illustrated in
Fig. 2.6) is a prompt positron signal with energies up to 51 MeV followed by the spatially
correlated 7 signal with energies of 2.2 MeV or up to 8 MeV. The positrons are expected
in a time window of 0.5 to 10.5 /is after beam pulse, the neutrons are captured typically
with r = 120 //s.

In the data sample accumulated in 1990-1995, KARMEN found 16.4 ± 1.3 events per
/is in a 10 fis window after the beam pulse. The expected background rate was 12.2 ± 0.2
events/)J.S (mainly cosmic ray induced events). Therefore, an excess of 2.4a was observed;
the sequential signal was found to be consistent with neutron capture but the time and
energy distributions of the prompt signal did not follow the expectation from oscillations.
On the basis of no evidence for oscillations, an upper limit on the v^ -> î>e oscillation
probability was set [40]:

ve) < 4.25 • HT3 (90% CL. (2.17)

Fig. 2.7 shows the 90% C.L. KARMEN exclusion limits for v^ -> ve and v^ -> ve

oscillation channels in the parameter space of Am2 and sin2 {26), in a two neutrino flavour

calculation.
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for muon decay at rest v^ -> vt oscillations (shaded areas) and oscillation limits from BNL
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2.6.3 Comparison of LSND and KARMEN experiments

The main features of two experiments are compared in Table 2.1.
One of the main advantages of LSND over KARMEN is statistics: the beam intensity

is 5 times higher at LAMPF than at ISIS and the mass of LSND detector is 3 times that
of KARMEN. However, longer data taking period and smaller distance to neutrino source
result in only 50% more statistics in LSND with respect to KARMEN [41].

The neutron capture by Gadolinium in KARMEN is a clear advantage over LSND.
The photons emitted in the neutron capture by Gadolinium have energies up to 8 MeV
(with an average energy of 6 MeV). In the neutron capture by proton, as in LSND, the
total photon energy is only 2.2 MeV, which makes more difficult the separation of the
signal over background.

Another KARMEN advantage is the time structure of the proton beam which, in
particular, makes possible the search for oscillations of v^ from pion decay at rest.

The angle between the beam line and the detector is only 17° in LSND which allows to
study Vf, -> vt oscillations from pion decay in flight. However, this process is also a source
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Beam:
Accelerator
Energy
Proton beam current
Beam pulse
Repetition rate

Detector:
Mass
Detection principle

OEjE
Position resolution
Neutron capture

Oscillation search:
Energy
Distance
Angle w.r.t. beam

Data taking:
Years
Integrated charge

LSND

LAMPF
800 MeV

1 mA
600 fis
120 Hz

180 t
Liquid scintillator
+ Cerenkov light

6.6%//Ë
11 cm

Protons

20-300 MeV
~29 m

17°

1993-1995
14 772 C

KARMEN

ISIS
800 MeV
0.2 mA

2x100 ns
50 Hz

56 t
Liquid scintillator

11.5%/^Ë
11.5 cm

Gd + protons

10-50 MeV
~17 m

90°

1990-1995
9 122 C

Table 2.1: The comparison between LSND and KARMEN experimental setups.

of beam-releated background for v^ —> ue oscillation search, and it is highly suppressed in
KARMEN, situated at 90° with respect to the beam axis.

The detection of Cerenkov light in LSND provides a much better electron identifica-
tion than that in KARMEN. Direct and isotropic scattered Cerenkov light emitted by
relativistic electrons (about 2/3 of the total amount of light) have different emission time
distributions compared to that of isotropic scintillation light, the only one occuring for
non-relativistic particles such as neutrons and protons. Likelihood analysis of the differ-
ences between scintillation and Cerenkov light provides robust particle identification for
e± in LSND [36].

At present, KARMEN sensitivity for v^ —> ve oscillation channel is limited by the
background from cosmic muons stopping or scattered in the iron shielding surrounding the
detector. Energetic neutrons emitted in these processes can penetrate into the detector
without being vetoed, producing an event sequence of prompt recoil proton (misidentified
as positron) followed by the capture of thermalized neutron. With an additional veto
system installed in 1996, an upgraded KARMEN (KARMEN2) should either confirm
or disprove the LSND result within three years (1997-1999) of data taking, reaching a
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sensitivity for i>p -» Pe oscillations of sin2 (20) < 1.6-10~3 at 90% C.L. for large Am2

(dashed line in Fig. 2.7).

Recent (not yet published) KARMEN2 results on P^ —> Pe oscillation search based on
the data collected in February - September 1997 (1412 C protons on target corresponding
to ~15% of the total KARMEN1 statistics) yield no measured events with 1.77 events
of total expected background. Event selection criteria are very similar to those used by
KARMEN1, but the cosmic background is reduced by more than a factor of 40. The limit
on sin<2(20) < 6.2-10"3 at 90% C.L. for large Am2 (> 100 eV2) is set [42].

2.6.4 Search for i>e appearance at LAMPF

We should mention for completeness that an appearance search of Pe has also been
conducted in 1987-1989 at the Los Alamos Meson Physics Facility using a 20-ton detector
consisting of liquid scintillation counters and proportional drift tubes (LAMPF experiment
E645) [43]. The principle of the oscillation search was similar to that of the LSND search
from muon decay at rest (see Sec. 2.6.1).

The total accumulated proton flux on the beam stop was 13 780 Coulombs. The
selection of Pe events resulted in 11 beam-on events and the beam excess of 8.3 ± 3.4 events.
The Monte Carlo calculations predicted a beam excess of 5.2 ± 0.5 events (8% systematic
error assumed). The limits on P^ -> Pe oscillation parameters of sin2(2^) < 0.024 at
large Aw 2 and Am2 < 0.14 eV2 at full mixing were set, less stringent than those of the
KARMEN experiment.

2.7 CCFR experiment

The results of v^ -> ue oscillation search using the CCFR massive coarse-grained
detector in the FNAL Tevatron neutrino beam have been recently reported [44, 45].

The Fermilab neutrino beam is created by decays of pions and kaons produced in inter-
actions of the 800 GeV protons with a beryllium target. The FNAL Tevatron Quadrupole
Triplet beam line, which had no sign-selecting magnets, was used to transport the sec-
ondary hadrons. This resulted in a wide-band neutrino beam which contains predomi-
nantly v^ neutrinos with energies up to 600 GeV (the average v^ energy is 165 GeV). The
fraction of ue in the beam is 2.3%, the average energy is 160 GeV, 82% of ue neutrinos are
produced from K+ —> 7r°e+fe.

The CCFR detector, located at a distance of about 1.2 km from the mid-point of
the decay tunnel, consists of an 18 m long, 690 ton target calorimeter, followed by a
10 m long iron toroidal spectrometer. The target calorimeter is made of 168 steel plates,
3 m x 3 m x 5.15 cm each. The active elements are liquid scintillation counters placed
every two steel plates and drift chambers placed every four plates. The separation be-
tween scintillation counters corresponds to 6 radiation lengths; the energy resolution of
electromagnetic showers is OEJEt = 25%/v /Ëe-
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The neutrino interactions observed in the detector can be divided into three classes
depending on the type of the incoming neutrino and on the interaction type:

1. v^ charged current (CC) events v^N —> n~X;

2. i/M>e neutral current (NC) events v^N -> u^eX\

3. ue charged current events veN —> e~X.

The v^ CC events (class 1) are identified by the presence of a primary muon which deposits
energy characteristic of a minimum ionizing particle in a large number of consecutive
scintillation counters. Neutral current events (class 2) and ue CC events (class 3) have no
primary muon and deposit all the energy over a range of counters typical of a hadronic
shower (5 to 20 counters). Moreover, the electron produced in ue CC events deposits
energy in a few counters downstream of the interaction vertex which changes the energy
profile of the shower.

Two different methods were used for i/^ —> ue oscillation search: the first one was based
on the difference in the longitudinal energy deposition pattern [44], the second one made
use of a statistical separation of vt CC interactions by a shower profile analysis [45].

For the first method, all neutrino interactions were subdivided into "short" and "long"
events, short events (mainly class 2 and class 3) being defined as those which deposit energy
over an interval of 30 or fewer scintillation counters. The ratio .R30 was defined to be the
number of short events divided by the number of long events. Its value depends strongly
on the ratio of neutral current to charged current events and was studied earlier by the
CCFR collaboration to determine the value of electroweak mixing angle sin2#w [46]. In
the study of v^ —> i/e oscillations, the world average value of sin2 9\\> was used to predict
the i?3o ratio. Any deviation in the measured R30 from the predicted value could be
attributed to v^ —» ve oscillations, since interactions of additional ve in the neutrino beam
would be registered as short events and thus would cause the measured R^Q to be larger
than its calculated value.

The ratio R30 was measured as a function of the energy deposited in the first 20
counters following the interaction vertex, Ecai. Requiring Ecai > 30 GeV (to suppress the
contributions from quasielastic and resonance production) and imposing fiducial cuts to
ensure event containment, the resulting data sample consisted of about 450 000 events.
Fig. 2.8 shows the R30 distribution as a function of Ecai for the data and for the detailed
Monte Carlo simulation.

All the systematic uncertainties in the comparison of Rzo{Ecai) in the Monte Carlo
and in the data were thoroughly studied in the weak mixing angle measurement and well-
known. The largest systematic error is induced by the 4.2% uncertainty in the ve flux,
dominated by a 20% production uncertainty in the Ki content of the secondary beam
which produces 16% of ve neutrinos. The majority of the ve flux comes from K*3 decays,
which were constrained by the observed v^ spectrum from K —¥ fi u decays.

The data were fit by minimizing a x2 which incorporates the possible effect of oscil-
lations, statistical and systematical uncertainties. At all values of Am2 the data were
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Figure 2.8: The ratio Rw as a function of Ecai for the data (points with error bars) com-
pared to Monte Carlo prediction with 1er systematic uncertainty assuming no oscillations
(filled band).

found consistent with no observed v^ —» ve oscillations. The 90% confidence upper limit
is shown in Fig. 2.10 (dashed line). The limit on the mixing angle for large (> 1000 eV2)
Am2 is [44]:

sin2(20) < 3.8-10~3 (90%C.L.) (2.18)

For the second method, the absolute flux of ue neutrinos at the detector is compared
to the flux predicted by a detailed beam line simulation. To identify statistically ve CC
events, shower energy profile of short and long events is compared and the difference is
attributed to the presence of ve CC interactions in the short sample.

The shower energy deposition profile is characterized by the ratio of the sum of the
energies deposited in the first three scintillation counters to the total visible energy Evis

deposited in the calorimeter:
+ E2 + E3

r3 = 1 - E,,
(2.19)

To compare directly short, long and ve CC events, a muon track from the data was added
to the short events and a GEANT [47] generated electromagnetic shower of the appropriate
energy was added to the long data events. Then the shape of the observed r^ distribution
for the short sample was fitted to a combination of v^ CC and ue CC distributions (with
appropriate muon additions):

= a-u^CC (2.20)
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Figure 2.9: Number of electron neutrinos as a function of Evis for the data (points with
error bars) compared to Monte Carlo prediction with la systematic uncertainty assuming
no oscillations (filled band).

The final data samples (after Evia > 30 GeV and fiducial cuts) consisted of 630 000 long
and 290 000 short events. The fit performed in different Ev(s bins yielded the number of
ve CC events as a function of EViS shown in Fig. 2.9. The measured number of ve CC
interactions agrees with the Monte Carlo prediction in each energy bin.

The major sources of systematic uncertainties in the comparison of the electron flux
extracted from the data to that predicted by the Monte Carlo were the 4.1% uncertainty
in the incident flux of ue (discussed above) and the error in the shower shape modeling,
estimated by extracting the ve flux using two different definitions of r. A \2 fit °f t n e

data was performed; at all Am2 the data were found consistent with no observed v^ —¥ ue

oscillations. The 90% confidence upper limit is shown in Fig. 2.10 (solid line). The limit
on the mixing angle for large (> 1000 eV2) Am2 is [45]:

sin2(20) < 1.8 • l(Td (90% C.L.) (2.21)

2.8 Conclusion

The summary of the present experimental situation in v^ —> ve oscillation search in
the region of Am2 > 0.1 eV2 is shown in Table 2.2 and Fig. 2.10. The LSND muon decay
at rest allowed region in the oscillation parameter plane (filled band) with the central
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value of oscillation probability P{v^. ->• ve) = 3.1 • 10~3 (90% C.L.) is not fully excluded by
the ensemble of the negative results from other experiments. The most stringent limits at
different values of Am2 are set by the measurements of Bugey [48] (not shown), KARMEN,
BNL E776 and CCFR collaborations. More data are needed to clarify the situation and
any new competitive result on v^ —> vt oscillation search is important.
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Experiment

Gargamelle @ PS
Gargamelle @ SPS

BEBC @ SPS
BEBC @ PS

15-ft
SKAT

CHARM
CDHS
CCFR

CHARM @ PS
CHARM @ SPS

CHARM II @ SPS
CDHS + CHARM

BNL-E734
BNL-E776
KARMEN
KARMEN

LAMPF-E645
CCFR
CCFR

Year

1978
1981
1981
1986
1981
1988
1988
1984
1985
1988
1988
1994
1996
1985
1992
1997
1998
1993

1995
1997

Method

*V -» ve

V» "> ue

Vu - > Ve

Vfi -> "e

Vp, -> Ve

V(i -+ Ve

Vii -> Vx

Vy. -> Vx

Vp -> Vx

Vu ->• vt

V(i - > ^e

^ - > ^e

Vfi - > ^x

^ - > ^e

^ - > ^e

^ - > ^e

^ -»• ^e

^ - > ^e

^ - > Vx

"H - » ^e

GeV

1.5
25
25

1.5
18.5

8

1.5
1.5

40-230
1.5
25
25
50
1.5

1.5
0.0298

0.01-0.05
0.02-0.06

140

140

sin2 (20)
Am2 -> oo

4 • lu"3

8 • lO-3

10 • lO-3

13 • lO-3

6 • l O - 3

2.5 • lu" 3

0.17 @ 1.5 eV2

0.05 @ 2.5 eV2

0.02 @ 100 eV2

30 • l O - 3

8.0 • lO-3

5.6 • lu" 3

3.0 • lO-3

3.4 • lO-3

3.0 • lO-3

40 • lu"3

6.2 • lu"3

24 • lO-3

3,8 • lO-3

1,8 • lu"3

Am2, eV2

sin2 (29) = 1

1.0
1.4
1.7

0.09
0.6

1.3
0.19 - 50
0.26 - 90
15 - 1000

0.8

1.0
0.85
2.4

0.43
0.075
0.19
0.10
0.14

1.6

1.6

Table 2.2: Summary of negative searches for u^ -> i/e,
oscillations from various accelerator experiments.

and vx neutrino



Chapter 3

The NOMAD experiment

3.1 Introduction

The Neutrino Oscillation MAgnetic Detector (NOMAD) experiment [49] was designed
to search for vT appearing from v^ —» vT oscillations in the CERN SPS wide-band neutrino
beam, which consists primarily of v^ neutrinos with a negligible (< 5-10~6) contamination
of prompt vr [50]. If v^ —>• vT oscillations occur, vT neutrinos could be detected via
their charged current interactions i/TN —> T~X in an active target using the kinematical
characteristics of the subsequent r" decays. Located at a distance of 620 m from the
average neutrino production point, NOMAD is sensitive to the cosmologically interesting
vT mass range Am2 > 1 eV2 and is expected to reach a sensitivity of sin2 2 ^ T < 3.8 • 10~4

for Am2 > 40 eV2.

The T~ —> e~vTve decay channel has the smallest background because of the low ue

contamination (less than 1%) in the beam. Therefore, the detector has been optimized to
efficiently detect electrons, in particular ve CC interactions. Their analysis is relevant for
the search for v^ —> ut oscillations, since an oscillation signal would manifest itself both
as an excess of events in the ue CC sample and as a change in the shape of the ue energy
spectrum. The interest for this kind of study has recently highly increased, following the
LSND claim for evidence for v^ —• vt oscillations [34, 38]. In case of v^ —» ue oscillations
with A7n2 > 10 eV2 and with the probability of 3-10"3 observed by LSND, a signal should
be seen in the NOMAD data.

Since the NOMAD detector has a granularity and a target density similar to that of

a bubble chamber, the experiment can also study conventional neutrino physics processes

which require the tracking and identification of individual particles together with the large

statistics of neutrino interactions.

In this chapter we briefly review the design of the CERN wide-band neutrino beam, the
principles of v^ —• vT oscillation search with NOMAD and describe the detector design,
optimized for the efficient detection of various T~ decay modes. A detailed discussion of
u^ -*• ue oscillation search is deferred until chapter 6.

41
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3.2 The CERN 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. This beam line has been operating
for nearly 20 years either in the wide-band beam or in the narrow-band beam mode. In the
wide-band beam the neutrino parent particles are focused over a wide range of momenta,
which provides a high intensity neutrino beam required for the v^ —> vT oscillation search.

Fig. 3.1 shows a schematic layout of the WANF beam line, which has been optimized
in 1992 and 1993 [51] and realigned [52] for the NOMAD and CHORUS experiments.

The neutrinos are primarily produced from the decays in flight of the secondary TT and
K mesons originating from 450 GeV protons impinging on a beryllium target. The protons
are extracted from the SPS in two 4 ms long spills (fast/slow extraction cycle) separated
by 2.6 s with a 2.0 s "flat top". The proton beam has a Gaussian shape with a « 0.5 mm
at the target. Two Beam Current Transformers (BCTs) upstream of the target measure
the flux of incident protons. The delivered intensity extends up to 1.5-1013 protons in each
of the two spills. The SPS cycle repeats every 14.4 s.
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Figure 3.1: Schematic layout of the WANF beam line pointing out its main elements (not
drawn to scale).

The target station consists of 11 beryllium rods positioned longitudinally along the
proton beam line and separated by 9 cm gaps. Each rod is 10 cm long and 3 mm in
diameter. A small-angle collimator is installed immediately after the target station to
provide a better matching of the secondary particle beam to the entrance apertures of the
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magnetic elements downstream. The Secondary Emission Chamber (SEM) measures the
total flux of secondary particles in the forward direction.

The secondary pions and kaons are focused by a pair of coaxial magnetic lenses - the
horn and the reflector. In such a system charged particles are deflected by the toroidal
field between two coaxial conductors carrying equal and opposite currents, so that the
focusing of particles of one charge sign implies defocusing of particles of the opposite sign.
The polarity of the currents can be changed to provide neutrino or antineutrino beams.
The sections between the horn and reflector and between the reflector and decay tunnel
are enclosed in helium tubes in order to reduce the absorption of the secondary particles.
A large-angle collimator has been installed between the horn and the reflector to reduce
the v^ contamination in neutrino beam by intercepting the defocused negative secondaries
before they decay.
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Figure 3.2: The predicted energy spectra of neutrinos at NOMAD. The spectra are calcu-
lated for a fiducial area of 2.6x2.6 m2 and for 109 protons on target.

The focused mesons decay in a 290 m long vacuum tunnel. The decay tunnel is followed
by shielding made of iron and earth to range out the muons and absorb the hadrons. A
toroidal magnet located at the entrance of the iron shielding defocuses the residual muons.
A neutrino beam monitoring system, based on the detection of muon yields at several
depths in the iron shield (the "muon pits"), is built into the line. The silicon detectors
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in these muon pits provide an absolute flux measurement. The calibration of the silicon
detectors is performed periodically using emulsion measurements in the pits.
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Figure 3.3: Predicted compositions of the i/^, v^, ue and ue spectra at NOMAD [53].

As a result, the CERN neutrino beam (normally operated in the positive focusing
mode) consists predominantly of t/^ neutrinos with an about 5.5% PM admixture, a small
ue component (less than 1%) and a negligible (< 5 • 10"6) contamination of prompt vT.
The spectra of the principal four neutrino species, v^, v^, ve and Pe, are shown in Fig. 3.2.
The average u^ energy is about 24 GeV, that of the ve is about 39 GeV.

The NOMAD and CHORUS detectors are located at about 835 m and 823 m from the
target respectively. The average distance between the meson decay point and NOMAD is
620 m. The predicted compositions of the i^, PM, ue and Pe spectra at NOMAD are shown
in Fig. 3.3 [53]:
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• The i/M neutrinos (top left) are primarily produced via two body decays of n+ (« 91%
of Ufj) and K+ (as 8%), plus much smaller contributions from other sources {K°L,
fj.~, charmed hadrons, etc.). The upper limit of the v^ energy is set by the mass of
the parent particle: the neutrinos from the pion decay dominate the u^ spectrum up
to ~50 GeV, these from K+ decays are the main v^ component above ~75 GeV.

• Analogous to fM, the v^ neutrinos (bottom left) are primarily produced via decays of
n~ (ss 85% of Vy) and K~ (« 11%). Compared to v^, a larger fraction of £>M comes
from K\. / i + , and charmed hadron decays. The K~/ir~ ratio smaller than that of
the K+/n+ causes the v^ from TT~ to dominate the PM spectrum till about 100 GeV.
The v^ flux relative to v^ is about 5.5%.

• Four sources contribute to the vt flux (top right): the contribution from K+ —>
7T° e+ ue is dominant (about 66% of i/e); the muons (« 16%) and K\ -» n~ e+ ue

(~ 15%) contribute next; finally, the charmed hadrons and hyperons contribute at
the 3% level to the total ve. The ve flux relative to v^ in the absence of v^ —> ve

oscillations is expected to be about 0.9%.

• The principal source of ve (bottom right) is the K\ —> 7r+ e~ ve decay, accounting
for about 67% of vt. The other sources of vt are: K~ -> n° e~ ve (w 18%), charmed
hadron decays (sa 13%, not plotted), and a small contribution from fi~. The ve flux
relative to v^ is only about 0.3%.

The knowledge of the neutrino fluxes - in particular, the relative abundance of vt to
Vp neutrinos at various energies - is crucial for the v^ —> ve oscillation search in NOMAD.
The various simulations of the neutrino beam, predicted neutrino fluxes and uncertainties
of the predictions will be discussed in detail in chapter 7.

3.3 Search for v^ —>• vT oscillations with NOMAD

The design of the NOMAD detector has been optimized to use the kinematic selection
methods for the search for v^ -4 vT oscillations. A potential vT candidate is detected by
means of its charged current interaction and the subsequent r~ decay:

vT + N —» T~ + X ; T~ —> decay products + vr (3.1)

NOMAD was designed to detect both the leptonic (e~uTPe or [TVjV^ and hadronic (7r~^T,
K~vT, p~v7 or 7r~7r~7r+(7Z7r°)i/r) decay modes of the produced r~, i.e. about 88% of the r
decays. The identification of vr interactions in NOMAD relies on kinematic criteria. The
isolation of the r decay products from the remainder of the event, and the momentum
imbalance in the transverse plane (missing pr) induced by the momentum carried away by
the final state neutrino(s) from r decay, allows one to distinguish the vr CC interactions
from i/M and ve CC or neutral current background events. This kinematical method was
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proposed long ago [54], but neutrino detectors of previous generations never had the
required resolution to make use of it.

The basic concept of the oscillation search in each T~ decay channel is to use various
Monte Carlo and data samples to define a set of cuts that optimize the sensitivity to
vn -+ vT oscillations and reduce the background to an acceptable level. The principles of
the analysis are briefly described below.

3.3.1 Hadronic r decay channels

The analysis of the hadronic T~ decays relies mainly on isolation criteria. Particle
identification is used only to reject charged current events containing primary muons or
electrons. The largest background are neutral current interactions and charged current
events where the leading lepton (muon or electron) is not identified.

Background Signal

Figure 3.4: Isolation variable QT for
(right).

NC background (left) and r —> h vT signal

The generic hadron candidate h~ (where h~ is n~, p~ or 7r+7r~7r~) is searched for as
a leading negatively charged primary particle. The QT, component of the momentum of
the hadron system ph- perpendicular to the total visible momentum ptot (see Fig. 3.4), is
computed for each event:

QT=y/iPh-)2-(Ph-- Ptot)2 /PL- (3.2)

Since hadrons in the background events are produced in the fragmentation of the hit quark
and the nucléon remnants, they have a limited transverse momentum with respect to the
total system, while the expected signal exhibits a long QT tail. A cut on this variable is
used to efficiently separate signal from the background.

3.3.2 Leptonic r decay channels

Fig. 3.5 illustrates the main kinematic criteria used in the selection of the leptonic
r decay modes. The missing momentum in the plane transverse to the incoming neutrino
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Figure 3.5: Transverse plane variables used to distinguish vT CC signal (left) from ve<ll CC
background interactions (right): definition of the variables (top) and their Monte Carlo
simulated distributions (bottom).

direction (jrfr) c a n be calculated and interpreted as a measurement of the transverse mo-
mentum of the neutrinos from r decay. The angles <£//, and $m/, are then formed between
the transverse momentum vectors of the outgoing lepton / (where / is e~ or //"), the
hadron jet resultant h and missing •^j, as shown in Fig. 3.5, top. The angle <&ih is peaked
strongly towards 180° in ve and v^ CC events (Fig. 3.5, bottom), whereas in uT events
this correlation is much weaker due to the escaping neutrinos from T decay. Similarly, the
direction of the fr in the ue and v^ CC interactions is determined by resolution and has no
particular direction, making the $m/, distribution flat. In contrast, the $m/j distribution
in vT CC events is peaked towards 180°, reflecting the fact that the T~ and the hadron
jet are produced back-to-back in the transverse plane. The separation between signal and
background is enhanced by combining these angular variables in the $th - $mh plane, see
Fig. 3.6.

The electronic T~ -> e~vTve decay channel is particularly attractive because of a
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Figure 3.6: Distributions of $m/[ versus $ /̂j for uT CC signal (left) and v^ CC background
interactions (right), Monte Carlo simulation.

small background. The signal detection in this channel relies on excellent identification
capabilities and precise energy and direction measurements of electrons. The dominant
background arises from mismeasured ue CC events which must be reduced by the kinematic
cuts described above. The additional ue CC rejection factor comes from larger energy of
primary ue neutrinos compared to that of v^.

Besides ve CC interactions, the following background sources are present:

• photon conversions and Dalitz decays of ir°s in neutral current events or in v^ CC
interactions with a lost muon;

• misidentified isolated pions simulating electrons;

• \i~ —> e~ ve v^ and K~ —• e~ 7r° ve decays, Compton scattering;

These backgrounds are removed by tight electron identification and electron isolation cuts.
All of them can be measured with great accuracy in the data, especially in the large sample
of v^ CC events.

It is important to note that the large statistics of v^ CC interactions offers the possibil-
ity to study detector and physics effects on the resolution of kinematic variables and on the
oscillation search. A comparison of the v^ CC data to the Monte Carlo generated sample
gives a direct measure of the effect of the differences in the hadronic system between the
data and the MC.

3.3.3 Requirements on the detector design

The kinematic selection methods described above impose stringent requirements on
the design of the NOMAD detector:
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• electrons and muons need to be well identified to search for r. leptonic decay modes,
as well as for rejecting CC background as efficiently as possible in the T —> hadrons
search;

• the energy of neutral particles and the momentum of charged particles need to be
measured as precisely as possible in order to have good resolution of kinematic
variables;

• large statistics of neutrino interactions should be accumulated, for the experiment
to be sensitive to low oscillation probability and to study the tails of the background
distributions on v^ CC data sample.

The next section of this chapter describes the NOMAD subdetectors and the way these
goals were achieved.

3.4 The NOMAD Detector

The NOMAD detector [55] is shown schematically in Fig. 3.7. It consists of a number
of subdetectors, most of which are located in a dipole magnet [56] 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 0.4 T. The active target with a mass of ~2.7 t is
a set of drift chambers used to reconstruct charged particle tracks and to measure their
momenta in a magnetic field. The active target is followed by a transition radiation
detector to identify electrons and a system of preshower and electromagnetic calorimeter
used to improve the electron identification and to provide the measurement of electron
energy together with the reconstruction of electromagnetic showers induced by photons.
Large drift chambers located outside the magnet are used for the muon identification.
The detector is complemented by iron-scintillator hadronic and front calorimeters. The
upstream veto and the two trigger planes are used to select neutrino interactions in the
detector.

The various NOMAD subdetectors are described in the following sections of this chap-
ter. The transition radiation detector will be discussed in more detail in the next chapter.

3.4.1 Veto counters

The veto system consists of an arrangement of 59 scintillation counters covering an
area of 5 x 5 m2 at the upstream end of the NOMAD detector. The scintillators have a
thickness of 2 cm, a width of 21 cm, and are of two lengths, 300 cm and 210 cm. Most (56)
of the counters are viewed at both ends by photomultipliers; the remaining three counters
have single-ended readout. The counters are arranged in a geometry which provides an
optimal rejection of charged particles produced upstream of NOMAD, of those produced
in neutrino interactions in the iron detector support and of cosmic rays. Interactions in the
lateral part of the support structure of the detector and in the magnet coil are not vetoed,
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Figure 3.7: A sideview (top) and a topview (bottom) of the NOMAD detector.

but are easily distinguished from the interactions in the active target by the reconstruction
of the event vertex.

The two photomultiplier outputs connected to each scintillation counter are fed via
discriminators to the inputs of mean-timer modules [57]. For central detector triggers, the
veto signal is formed by logical OR of all mean-timer modules; for triggers in the front
calorimeter, the veto is formed from the subset of ten counters (denoted Vs) mounted on
the front face of the support (see Fig. 3.7). The charged particle rejection efficiency of the
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v -beam

175 cm

Figure 3.8: Top view of the FCAL.

NOMAD veto is constantly monitored and is at a level of 96-97%.

3.4.2 Front calorimeter

The central part of the NOMAD detector is suspended from iron pillars at the two
ends of the magnet. The front pillar was instrumented with scintillators to provide an
additional massive active target for neutrino interactions. The expected number of u^ CC
events in this front calorimeter (FCAL), which has a depth of about 5 nuclear interaction
lengths and a total mass of ~17.7 tons, is about ten times more than that in the drift
chamber target. Physics topics to be addressed by the FCAL include [58]:

• Multi-muons. The study of opposite sign dimuons is of special interest. About
70 000 of such events in v^ CC interactions in FCAL is expected. This large sample
may allow a compelling determination of the Cabibbo-Kobayashi-Maskawa matrix
element Vcd, the strange quark sea content k and the mass of the charm quark mc.

• Neutral heavy particle search. If a neutral heavy particle is induced by a neu-
trino interaction, it may subsequently decay. With a combination of the FCAL and
other NOMAD subdetectors one can explore a large region of masses and mixing of
such a particle.

The FCAL consists of 23 iron plates which are 4.9 cm thick and separated by 1.8 cm
gaps. In order to measure the energy and centroid of hadronic showers in neutrino induced
interactions, 20 out of the 22 gaps are instrumented with long scintillators which are
read out on both ends by 3" photomultipliers.1 The dimensions of the scintillators are

'The scintillators and photomultipliers were previously used in the CDHS experiment [59]; test mea-
surements showed that the quality of the material is still satisfactory to be reused in the NOMAD.
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175 x 18.5 x 0.6 cm3. As a compromize between optimal light collection and the number of
electronic channels, five consecutive scintillators along the beam axis are ganged together
by means of twisted light guides and form a module. Ten such modules are placed above
each other and form a stack. Along the beam axis are four such stacks, as shown in
Fig. 3.8. The area of the FCAL "seen" by the neutrino beam is 175 x 190 cm2.

Since the FCAL is part of the structural components of the NOMAD detector, it cannot
be easily calibrated in a test beam of known hadronic energy. The FCAL calibration has
been performed using highly relativistic muons, a reasonable approximation of minimally
ionizing particles (m.i.p.). The hadronic energy equivalent of a m.i.p. has been determined
by a Monte Carlo simulation and by a study of the shape of Y^j distribution, which is well
known for neutrino charged current interactions. A detailed description of the calibration
procedure can be found in [60].

3.4.3 Drift chambers

The drift chambers provide at the same time the target material and the tracking of
particles. They were designed with the conflicting requirements that their walls should
be as heavy as possible in order to maximise the number of neutrino interactions and as
light as possible in order to minimise multiple scattering of particles, secondary particle
interactions and photon conversions. To minimise the total number of radiation lengths
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 measurements.

The transverse dimensions of the chambers are approximately 3 x 3 m2 and they fully
occupy the available transverse space inside the magnet coil. There are 49 chambers in
the complete detector corresponding to 147 sense wire planes. The 44 target chambers are
mounted in 11 modules of four chambers each in the front part of the detector; five cham-
bers are installed individually in the TRD region and are used for a better extrapolation
of the tracks to the rest of the subdetectors. The total fiducial mass of the chambers is

2.7 t over an area of 2.6 x 2.6 m2.

The layout of the drift chambers is sketched in Fig. 3.9. They are built on panels
made of aramid fibres in a honeycomb structure. These panels are sandwiched between
two Kevlar-epoxy resin skins, which maintain the mechanical rigidity and flatness over the
large surface area. Each drift chamber consists of four panels (Fig. 3.9, top). The three
8 mm gaps between the panels are filled with an argon (40%) - ethane (60%) mixture at
atmospheric pressure. These gaps are equipped with sense wires at angles of +5, 0 and
- 5 degrees with respect to the magnetic field direction. Potential wires are interleaved
with the sense wires (Fig. 3.9, bottom). These wires are equally spaced vertically to
provide drift cells of ±3.2 cm around each sense wire. Field shaping aluminum strips,

2.8 mm wide and separated by 1.2 mm, are printed on mylar glued to the panels. The 3 m
long wires are glued to support rods at 3 points to keep the anode-cathode gap constant.
The potential wires are held at -3200 V and the anode wires at +1750 V. The potentials
on the strips provide a drift field of 1 kV/cm. With this electric field and the gas mixture
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Figure 3.9: Schematic view of the drift chamber layout.
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used, the ionization electrons drift with a velocity of about 50 mm//is.
The space resolution has been studied using straight tracks (muons) crossing the de-

tector. The distribution of residuals with a sigma of about 150 fim has been obtained
after a careful alignment of all wires and a detailed description of the time-to-distance
relation. The dependence of the track residuals on drift distance and polar angle is shown
in Fig. 3.10. One can see that for large incident angles, deformations of the electric field
significantly deteriorate the resolution. The resolution along the wires, with the 5° stereo
angles, is 1.5 mm.
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Figure 3.10: The dependence of the track residuals on drift distance and angle.

The momentum resolution provided by the drift chambers is a function of particle
momentum and track length. For charged hadrons and muons travelling normal to the
plane of the chambers, it can be parametrized as:

av 0.05 O.OOSp
P VL

where the momentum p is in GeV/c and the track length L is in metres. 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/c, multiple scattering is
the dominant contribution for track lengths larger than 1.3 m. Typical values of the
momentum resolution crp/p as a function of the track length L and momentum p are
shown in Table 3.1.
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15.1
3.2

Table 3.1: Momentum resolution ap/p obtained in the NOMAD drift chambers for various
momenta p and track lengths L.

The tracking is less precise for electrons due to bremsstrahlung in the tracking system.
The electron energies are measured by combining information from the drift chambers and
the electromagnetic calorimeter (see chapter 6 for further discussion).

3.4.4 Trigger counters

Two trigger planes are installed in the NOMAD detector; the first plane follows the
active target and the second plane is positioned behind the TRD region. Each of them
covers a fiducial area of 280 x 286 cm2 and consists of 32 scintillation counters with single-
ended photomultiplier readout. The scintillators have a thickness of 0.5 cm and a width
of 19.9 cm and are connected by adiabatic lightguides to 16-dynode photomultipliers of
the proximity mesh type, which are oriented parallel to the magnetic field. The field of
0.4 T reduces the response of these photomultipliers by only 30%. A coincidence between
the signals in two planes is required for a valid trigger.

The average efficiency of the trigger counters for single tracks has been determined
with data and found to be (97.5 ± 0.1)%.

3.4.5 Preshower detector

The preshower (PRS), which is located just in front of the electromagnetic calorimeter,
is composed of two planes of proportional tubes (286 horizontal and 288 vertical) preceded
by a 9 mm lead(96%) - antimony(4%) converter of 1.6 Xo-

The proportional tubes are made from extruded aluminium profiles (see Fig. 3.11)
and are glued to two aluminium end plates of 0.5 mm thickness. Each tube has a square
cross-section of 9 x 9 mm2 and the walls are 1 mm thick. The proportional tubes have
gold-plated tungsten wires and operate with a mixture of Ar(80%) - CO2(20%) at a voltage
of 1500 V. Signals from each tube are fed into charge preamplifiers. The output signals of
opposite polarity are sent via Delaying and Pulse Shaping Amplifiers to charge ADCs.

The preshower serves mainly for two purposes:

• The finer granularity of the PRS compared to that of the electromagnetic calorimeter
(ECAL) allows to determine the impact point of converted photons with a spatial
resolution of about 1 cm and helps to separate overlapping ECAL clusters caused
by adjacent charged particles.
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Figure 3.11: An exploded view of the preshower.

• The pulse height measurements allow to improve electron-pion discrimination pro-
vided by the TRD. A pion contamination of less than 10% for a 90% electron effi-
ciency has been measured in test beam for particles with energies larger than 4 GeV.

3.4.6 Electromagnetic calorimeter

The electromagnetic calorimeter (ECAL) has been designed for two purposes:

• To provide the measurements of electron energy together with the reconstruction of
electromagnetic showers induced by photons.

• Used in conjunction with the preshower, to improve the electron identification pro-

vided by the TRD.

The need to accurately measure electromagnetic showers induced by electrons and
photons with energies ranging from about 100 MeV up to 100 GeV requires a large dynamic
range in the ECAL response and in the associated electronics. A lead-glass detector was
chosen for its excellent energy resolution and uniformity of response.

The ECAL consists of 875 lead-glass Cerenkov counters of TF1-000 type arranged in
a matrix of 35 rows and 25 columns. Each counter is a 19 radiation lengths deep block
with a rectangular cross-section of 79 x 112 mm2 (Fig. 3.12). The light detectors are
two-stage photomultipliers, tetrodes, with a typical gain of 40 in the operating conditions
of NOMAD. They are coupled to the back face of the lead-glass blocks cut at 45° with
respect to the block axis, in such a way that the symmetry axis of the tetrodes forms an
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Figure 3.12: Schematic view of lead-glass counters with phototetrodes.

angle of 45° with respect to the field direction, thus keeping the signal reduction caused
by the magnetic field to less than 20%. A low-noise electronic chain, composed of a charge
preamplifier followed by a shaper and a peak sensing ADC, provides a calorimeter response
in a dynamic range larger than 4103.

A fast signal is also provided for time measurements, in order to reject energy depo-
sitions not associated to the triggered event and for using the ECAL at the trigger level.
The obtained time resolution is a few ns for energy depositions larger than 1 GeV.

The monitoring of the lead-glass response is performed using two blue Light Emitting
Diodes (LED) per counter mounted on the same face of the block on which the tetrodes
are positioned. A complementary check on the stability of the calorimeter response is
obtained with muons. The calorimeter response to muons corresponds to a peak value for
the energy deposition of (0.566 ± 0.003) GeV.

Before the final assembling in NOMAD, each lead-glass block was calibrated using a
10 GeV/c electron beam having a small momentum spread {Ap/p = 1%). The effect of the
magnetic field on the calibration was taken into account by LED measurements performed
with and without magnetic field. The linearity of the calorimeter response to electrons
was verified at the test beam in the energy range 1.5-80 GeV; the deviation from linearity
is less than 1%.

After the deconvolution of the electronic noise from the data, the energy resolution
was found to be:

AE (3.22 ± 0.07)% e (i.04 ±o.oi)% (3.4)
E /Ë(GeV)

The uniformity of the ECAL response as a function of the impact point of the incoming
electrons has been measured to be within ±0.5%. The dependence of the energy release
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on the incident angle of the incoming electrons 6 has been studied and is empirically well
parametrized as E(9) — Ey/cos(9). Both the impact point and the incidence angle do not
affect the energy resolution. The average resolution of the shower position of about 4 mm
has been found.

Using a test beam setup comprising PRS and ECAL prototypes, the response to both
electrons and pions was measured. Combining preshower and ECAL energy measurements,
a pion rejection factor of about 103 is obtained in the energy range 2-10 GeV with an
efficiency of 90% to detect electrons.

A detailed description of ECAL can be found in [61]; its performance when exposed
to test beams of electrons, pions and muons is reported in [62].

3.4.7 Hadron calorimeter

The hadron calorimeter (HCAL) is intended to detect neutral hadrons and to provide
a measurement of the energy of charged hadrons complementary to that derived from
momentum measurements in the drift chambers. Knowledge of neutral hadrons is impor-
tant when constructing kinematic quantities such as missing transverse momentum, and
calorimetric measurements of charged particles can be used both as a consistency check on
the momentum measurement and as an aid in distinguishing between muons and charged
hadrons.

The HCAL is an iron-scintillator sampling calorimeter. For its construction the down-
stream pillar, which serves as a support for the central detector as well as a filter for the
muon chambers, was instrumented with scintillators. This downstream pillar (as well as
the upstream one used for the FCAL) consists of 23 iron plates 4.9 cm thick separated by
1.8 cm gaps. The active elements of the hadron calorimeter are scintillator paddles 3.6 m
long, 1 cm thick, and 18.3 cm wide. Tapered acrylic light pipes are glued to each end
of the scintillator paddle to form an assembly 5.5 m long. Eleven of these assemblies are
threaded horizontally through the first 11 gaps in the pillar to form a calorimeter module,
the depth of which is approximately 3.1 interaction lengths (A,nt). Scintillation light is
directed through adiabatic light guides to a 5" phototube at each end of the module. Eigh-
teen of these modules are stacked vertically to form a calorimeter with an active area of
3.6 x 3.5 m2. A schematic front view of the HCAL, showing the scintillators and tapered
acrylic light pipes, is given in Fig. 3.13.

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 deposit is determined
from the attenuation length of the scintillator and the ratio of the phototube signals. The
difference between the predicted and the measured horizontal position has been studied
on a sample of muons passing through a single module; typical position resolutions are of
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Figure 3.13: A front view of the HCAL; see the text for details.

the order of 20 cm. Vertical positions are determined from the pattern of energy sharing
between the modules.

The energy resolution of HCAL is about 120%/ \/E(GeV). Since there is a high proba-
bility that hadrons will begin to shower in the approximately 2.1 Xint of material upstream
of the hadron calorimeter, the total hadronic energy is taken to be a weighted sum of the
energies deposited in the hadron and electromagnetic calorimeters.

3.4.8 Muon chambers

The muon detector consists of 10 drift chambers previously used in the UAl exper-
iment [63]. Each chamber has an active area of 3.75 x 5.55 m2 with two planes of drift
tubes in the horizontal and two in the vertical directions. 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 cm thick
iron absorber and a second muon station of two modules (cf. Fig. 3.7).

A drift chamber is made of aluminium tubes with external dimensions of 45 x 150 mm2

and with variable length. A single stainless steel wire is placed in the center. The maximum
drift time is 1.4 ̂ zs. In total there are 1210 drift tubes, each with a maximum drift distance
of 7 cm. The signals are preamplified and after discrimination passed to a TDC module
with a time resolution of 1 ns.

The chambers are operated with an argon(40%) - ethane(60%) gas mixture. Their
performance is monitored continuously using high energy muons passing through the de-
tector. The average position resolution for hits is 430 fim. The average hit efficiency is
92.5% and the dominant source of the inefficiency is due to the dead areas between the
drift tubes.

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

In 1995 there was a small gap between the muon chambers in station 1. For the 1996
run this gap was closed with several scintillation counters, see Fig. 3.7.

3.4.9 Data acquisition system

NOMAD operates in the burst mode, where triggers arrive in short intervals (spills)
separated by relatively long intervals without beam. In order to minimize the dead time,
the digitized information is buffered internally on FASTBUS electronics and read-out
immediately after the end of each spill.

Signals from each subdetector arrive at some combination of three types of FASTBUS
modules: twelve-bit charge-integrating ADCs, twelve-bit peak-sensing ADCs, and sixteen-
bit TDCs. Both types of ADCs were designed at CERN, accomodating sixty-four channels
and a 256 event memory. The LeCroy 1876 Model 100 TDCs have a time resolution of
1 ns and provide input for ninety-six channels with a 64 kilobyte buffer as well as internal
zero-suppression. There are a maximum of 11 648 channels to read-out per event.

Five VME-based boards (FIC 8234) with Motorola 68040 processors control the read-
out of the front-end electronics through an extended VME Subsystem Bus (VSB) con-
nected to slave controllers (F68B7) in each of twelve FASTBUS crates. Each FASTBUS
controller card provides four megabytes of additional memory for event buffering. The
VME controllers perform block transfers of the available data to local buffers, assem-
ble the data into subevents and check for consistency and integrity. They then pass the
subevents through a VME interconnect bus (VIC) to the "event builder", a sixth VME
processor, which assembles all the pieces into complete events and writes them, together
with information about the beam extraction, to one of two nine gigabyte disks. Twice
daily, a separate process transfers the data to a tape vault for storage on high capacity
DLT tapes. Several Sun Sparc workstations monitor the quality of the data and the status
of the detectors.

The data-acquisition software centers around elements known as "stages". These stages
use the CERN-designed CASCADE [64] software which provides a well-organized frame-
work for DAQ development including scheduling, buffer management and event access fa-
cilities. The event-builder stage also asynchronously receives beam calibration data, sum-
maries of monitoring information, and detector status information whenever they change.
The standard configuration for NOMAD DAQ software is shown in Fig. 3.14.

The slow control system consists of a Sun workstation and several Apple Macintosh
computers running the LabView graphical software [65]. The Macintoshes monitor all
high and low voltages, gas systems and temperature probes in the experiment, and pass
slow control data to the Sun workstation, which generates alarms when needed. Periodic
samples of slow control data, along with all alarm records, are passed from the Sun to the
event builder stage and saved for offline use.

Monitoring programs for each of the nine subdetectors as well as for beam, sealer
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Figure 3.14: Data-acquisition software configuration.

and trigger information connect to the stages and generate summary histograms used to
verify the quality of the data. Additionally, a separate monitoring program reconstructs
muon events received during the flat-top of each SPS cycle for calibration and alignment
purposes and records them in a separate data stream.

The system records over 1.5 megabytes of data per minute, with a typical assembled
neutrino event containing around 2000 32-bit words before reconstruction. Additionally,
approximately six times this quantity flows through the acquisition in the form of cal-
ibration events which are not recorded. 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 is less than 3%.

3.4.10 Triggering

Compared to other high energy physics experiments, the event rate is low and dif-
ferent trigger levels are not required. However, several targets for neutrino interactions
and different trigger types such as neutrino or muon triggers are to be used in conjunc-
tion with the beam cycle. In order to have a computer-controlled trigger selection and
the information of the trigger source recorded, a VME-based module called MOTRINO
(MOdular TRIgger for NOmad) with a wide range of functionalities has been especially
designed for NOMAD. The detailed description of MOTRINO is given in [66].

Various triggers were set up. The V x T\ x T2 trigger is the main one and allows a
study of neutrino interactions in the drift chamber target region. At least one hit in both
trigger planes T\ and T-i is required. To prevent triggering on through-going muons, no hit
should have occured in the veto counters V. The livetime of this trigger is (86 ± 4)%, its
rate is ~5.0/1013 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 cosmic
rays (about 1), non-vetoed muons (1.5) and neutrino interactions in the magnet (2.0).
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In addition, several different triggers are set up for the study of neutrino interactions in
the front and electromagnetic calorimeters. In total, approximately 15 neutrino candidate
triggers are taken in each neutrino spill. Furthemore, various triggers are used in the
2.6 s long flat-top between the two neutrino bursts. These triggers serve mainly for the
calibration, alignment and efficiency measurement purposes. One of the triggers is a
selection of elections, from muon decay or delta rays, which allows a study of the behaviour
of electrons in the detector. In total, about 60 triggers are taken in each flat-top.



Chapter 4

Transition Radiation Detector

4.1 Introduction

The NOMAD transition radiation detector (TRD) has been designed to separate elec-
trons from pious with a pion rejection factor greater than 103 for a 90% electron efficiency
in the momentum range from 1 to 50 GeV/c. This electron-pion separation factor, to-
gether with the additional pion rejection provided by the preshower and electromagnetic
calorimeter, is required in the search of the following oscillation processes:

• in the v^ —> uT oscillation search in r~ —> e~uTve decay channel, in order to eliminate
neutral current (NC) neutrino interaction events in which an isolated pion track fakes
an electron [67];

• in the v^ —> ve oscillation search, in order to efficiently identify ue charged current

(CC) interactions vt N —> e~ X, while keeping background from v^ CC and v^ NC

interactions small [68];

• in the v^ —> uT oscillation search in hadronic decay channels T~ —> h~{nirQ)vT

(h~ = ix~, K~) and T~ —> n~n^TT~(rnxQ)uT, to ensure that the hadrons - candidates
for r-decay products - are not misidentified electrons [67].

In this chapter we describe the design of the NOMAD TRD, its calibration, moni-
toring, slow-control system and the test beam results. A discussion of the electron-pion
discrimination algorithms and their performance is deferred until chapter 5.

4.2 General principles of the TRD

The theory of transition radiation is well known [69] and numerous detectors using

this effect for particle identification have been built [70].

Transition radiation (TR) is produced by charged particles crossing boundaries be-

tween media of different dielectric constants. The TR energy radiated at an interface of

two media is proportional to the Lorentz factor 7 = E/m of the particle, and therefore

63
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can be used to distinguish particles of known energies. The energy of the TR photons
emitted by ultrarelativistic particles extends to the keV region and can be measured by
X-ray detectors. The ensemble of these two factors makes the TR effect well suited for par-
ticle identification at high values of 7, where other identification methods (e.g. Cerenkov
detectors) become inefficient.

The emission probability of a photon at an interface is, however, small (of the order
of a = 1/137). so that in practice a "radiator" with many interfaces should be used to
increase the radiation yield cumulatively. On the other hand, the detectable amount of
TR energy is reduced by the absorption of the TR photons in the radiator material and
the coherent effect is limited by dispersions in the regular spacing of the interfaces [71, 72].

To efficiently detect the emitted X-rays while affecting minimally the incident particle,
gaseous detectors (proportional or drift chambers) are usually used with heavy Z filling,
mostly Xe. The radiation is forward peaked with an emission angle with respect to the
particle direction of the order of I/7. so that the TR energy deposition is superimposed
with the simultaneous ionization losses of the parent particle in the detector gas.

Muon chambers
Vetos Triggers Preshower El. cal. Had. cal. |—.

Figure 4.1: a) Top view of NOMAD detector and b) schematic top view of a TRD doublet.

The transition radiation effect provides an efficient way to separate electrons from
other charged particles in the NOMAD momentum range.
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4.3 Design of the NOMAD TRD

The design of the transition radiation detector was optimised using a complete sim-
ulation cross-checked with a series of test beam measurements [73]. The detector had to
satisfy two experimental constraints: the limited longitudinal space available inside the
NOMAD magnet and the requirement that there be less than 2% of a radiation length
between two consecutive measurements of the particle trajectory in the drift chambers.

The TRD is located after the drift chamber target (see Fig. 4.1, a)) and consists of 9
identical modules. The first 8 modules are paired into 4 doublets, as shown in Fig. 4.1, b).
Five drift chambers used for tracking and momentum measurements are imbedded in the
TRD, one after each doublet and one after the last module, in order to provide an accurate
track extrapolation from the active target to the electromagnetic calorimeter.

Gas outlet

neutrino beam

straw plane

Gas inlet

electronic cards

Figure 4.2: Schematic view of a TRD module, as seen from the detection plane side.

Each TRD module comprises a radiator followed by a detection plane (Fig. 4.2):

The radiator is a set of 315 polypropylene foils, each 15
in area, separated by 250 /im nitrogen gaps.

thick and 2.85 x 2.85 m2

• The detection plane consists of 176 vertical straw tubes, each 3 m long and 16 mm
in diameter, positioned with a 16.2 mm pitch. The straw tubes are fed in parallel
with a 80% xenon - 20% methane gas mixture.
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The number of modules and the large effective area of a module make the NOMAD TRD
one of the largest transition radiation detectors ever built.

4.3.1 The TRD radiators

Radiator materials

The best candidates are high density low Z materials, since photon reabsorption in
the radiator is proportional to Z4. The best choice would be lithium, but it is difficult
to use in practice. Plastics (CH2)n are the most convenient to manufacture radiators of
large dimensions. They can be used in the form of foam or fiber blocks (mechanically
preferable as a strong supporting frame is not needed) or, alternatively, as a thin foil
structure. Studies made in the past [70] to compare the transition radiation produced
in different forms of radiators have shown that thin foil radiators are more efficient for a
given radiator thickness.

We have performed several measurements with test beams and reached the same con-
clusions. Fig. 4.3 is an example of such a measurement where a polyethylene foam block
of 3.1% radiation length and 235 mm thick was compared to a 500 foil test radiator
containing less matter (2.3% radiation length and 210 mm thick). The result, 30% more
energy detected in the second case, clearly favours the foil radiator. We have finally chosen
polypropylene foils (mechanically easier to stretch than polyethylene foils).
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Figure 4.3: Detected response to electrons in a 2 GeV/c test beam with a foam radiator
(left) and with a foil radiator (right). Dotted lines show the response to pions. The photon
detection was not optimal due to gas impurities in the X-ray detector.

In between foils, vacuum would be the best but is not practicable. We use nitrogen
which is easier to use than helium for gas-tightness reasons.
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Radiator structure and TRD modularity

For the optimization of the detector and identification algortihms, the Monte Carlo
simulation of ionization losses in thin gas layers and of the transition radiation emission
and absorption has been developed [73, 74]. The simulation package included:

• the parametrization from Ermilova et al. [75] of the dE/dx in thin layers of gas;

• the dependence of the ionization losses and transition radiation yield on the Lorentz
factor and the angle of the incident particle;

• the dependence of the TR yield on the dispersion of both foil and gap thickness;

• the Auger and fluorescence effects in the process of photoabsorption in xenon [76];

• the effect of the cylindrical shape of the straw tubes;

• the space charge corrections for the response of the straw tubes as a function of the
energy of the detected photons (see discussion in Sec. 4.6.1).
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Figure 4.4: Expected number of detected TR photons as a function of the radiator foil
thickness, for given radiator length and allowed amount of material. The curve shown is
a result of a smoothing.

This simulation package was used, in particular, to compute the number of detected TR
photons emerging from radiators up to 1% Xo thick with uniformly spaced foils and a
given length [77]. The number of foils, their thickness and the gap were varied. The
result of such a calculation is shown in Fig. 4.4. The effects of foil thickness and gap
dispersions were included in the computations and the results were checked by test beam
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measurements. For the total radiator lenght of 8.5 cm, the maximal TR yield is expected
for about 310 polypropylene foils, each ~15 //m thick.

As a result of simulation and test beam studies, the detector consists of 9 modules,
with radiators made of 315 polypropylene foils, each 15 /zm thick, spaced by 250 fim.

The spacing of radiator foils should be as regular as possible in order not to decrease
the amount of emitted transition radiation (the effect could be as large as 10% for the
50% dispersion of the gap thickness). To maintain a uniform gap between foils on their
whole area in spite of electrostatic effects, the polypropylene film was first embossed with
250 /Jiti bumps. The bumps were made every 20 mm; their shifted lines are distant by
50 mm. The embossed foils were then stretched on an aluminium frame.

4.3.2 The detection planes

Choice of a straw detector for the TRD

Since a large planar detector filled with xenon gas would require a thick window which
would absorb low-energy transition radiation photons, the X-ray detector was made of ver-
tical cylindrical tubes (''straws") with 28 /im aluminized mylar walls, placed side by side
(see Fig. 4.2). The straw diameter, 16 mm, was chosen as a compromize between the
probability of capturing transition radiation photons and the amount of ionization losses
of the particle crossing the tube. The straw tubes are made of two shifted 12.5 /im thick
ribbons of aluminised (115 nm of aluminium) mylar rolled and glued along a 16 mm diam-
eter helix. The sensitive anode is a 50 /im diameter gold-plated tungsten wire stretched
with a tension of 100 g.

As a consequence of the cylindrical shape of the straws, the gas thickness traversed
by a particle depends on the track position with respect to the axis of the straw tube.
The mean efficiency of a TRD straw plane has been estimated to ~98.5% for minimum
ionizing particle tracks [78]. The inefficiency is mainly due to ~0.2 mm gap between the
straws. The detector response as a function of the track position will be further discussed
in chapter 5.

A horizontal orientation of the straws would have been preferable in NOMAD due
to the magnetic field direction. However, the vertical orientation was chosen to avoid
problems of deformation of the straws because of gravitational sagging. Since the anode
wire should be kept within close distance from the straw axis for electrical stability, a
horizontal orientation would have required spacers, thus introducing dead zones within
the active area of the detector.

Two methods of the signal processing could be used: the ''cluster counting" [79] and
the measurement of the total energy deposition. The methods of "cluster counting" reach
essentially the same rejection power as the total energy deposition method [70] but make
use of a defined threshold, whereas charge integration leaves more flexibility in the offline
treatment. We have chosen to measure the total energy deposition in the straw tubes and
to operate the detector in proportional mode.
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Detector gas mixture

The X-ray detector of the TRD uses an 80% Xe - 20% CH4 gas mixture:

• xenon offers the largest photoabsorption cross-section for the transition radiation
photons in the keV range, as shown in Fig. 4.5.

• methane, at the level of 20%, gives a much shorter drift time than carbon dioxide [80],
that leads to a lesser sensitivity to impurities such as oxygen or water.

10

2?

10

10
Photon energy (keV) Photon energy (keV)

Figure 4.5: Left: absorption length of photons in various rare gases as a function of the
photon energy. Right: transition radiation spectrum expected for 5 GeV/c electrons at
normal incidence in a NOMAD TRD radiator.

Our simulations have shown [77] that electron-pion discrimination is not significantly
influenced by CH4 percentage variations between 10% and 40%, at a constant gain. The
CH4 percentage of 20% was chosen to keep the high voltage at a relatively low value.
The stability and uniformity of the Xe-CH4 proportions within the whole detector and a
low level contamination of the gas mixture were provided by a specially developed closed
circuit system with continuous purification of the gas [81].

In order to protect the gas mixture in the straw tubes from water and oxygen contam-
ination, each TRD module is covered by two aluminised mylar skins with a permanent
flow of dry N2 between them. The typical increase in a contamination between the input
and output of the detector is by 20 ppm for O2 and 100 ppm for H2O.

4.3.3 Electronics

A detailed description of the NOMAD TRD electronics can be found elsewhere [81, 82].
In order to accurately measure the signal with energies ranging from about 100 eV up to
100 keV, a 103 linear dynamic range is required. The signals from the 1584 straw tubes are
fed into preamplifiers. Their differential output signals are transmitted via 32 twisted-pair
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cables to differential drivers located outside the magnet. The charge ADCs are read-out
by a VME system. A test pulse calibration system is used to check the entire electronic
chain and to control its linearity.

4.4 The calibration and monitoring of the detector

The TRD electron-pion separation is based on the difference in the total amount
of energy deposited in the detector gas by different particles. The measurement of this
deposited energy should bring the smallest possible additional uncertainties to its intrinsic
fluctuations, and needs precise calibration and control systems.

The signal SADC read-out from the charge ADC connected to each straw tube depends
not only upon the total energy deposition Qtoti but also on the response functions of the
straw tube F s t r a w and of the electronic chain Gei:

SADC = Sped + Qtot(p,e,x) x F8traw(HV, %CH4,T,P,...) x Gei (4.1)

The deposited energy Q to t depends upon the momentum p, track angle 6 and position x of
a given particle. Complex processes like space charge effect could also influence the charge
collected at the anode. The tube response Fstraw varies with the straw tube gain, which is a
function of the gas composition, high voltage, oxygen, water and nitrogen contaminations,
pressure and temperature in the straw, etc. The electronic chain response Ge\ depends
mainly on the gain and linearity of the preamplifiers and of the receivers.

In order to take into account the possible variations of both F and G, the calibra-
tion system has been implemented for the TRD. The electronic response function G is
monitored by a test-pulse system [82], used to measure periodically the linearity of the
electronic chain as well as the cross-talk between channels. The global detector response 5
is calibrated permanently during data taking by a system using 55Fe radioactive sources.
The way the 55Fe calibration is performed, the decoding of the calibration information,
its storage and its use are described below.

4.4.1 The calibration method

The main purpose of the TRD calibration is to provide a way to convert the ADC
counts into the units of energy (keV). This absolute calibration of the detector is based on
the measurements of the energy deposited by 5.89 keV X-rays emitted by 55Fe radioactive
sources.

Mylar ribbons impregnated by a 55Fe sulfate solution are attached horizontally across
the middle of each straw plane, on the external envelope facing the straws. The 55Fe source
emits 5.89 keV monoenergetic photons absorbed by the gas in the straw tube (about 20
counts/s per straw) and give a narrow gaussian-like distribution well suited for the calibra-
tion purpose. The measured position of the peak expressed in ADC counts varies with time
reflecting all the changes in the detector conditions (high voltage, temperature, pressure,
gas mixture composition, etc.) and is used as a reference for energy measurements.
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Two reference points for the calibration of the energy scale are necessary:

• The value of the pedestal expressed in ADC counts, 5ped, corresponds to null energy
deposition;

• The value of the 55Fe signal peak expressed in ADC counts, Spe, corresponds to
5.89 keV.

With the help of these reference points the ADC —>• keV conversion for any energy depo-

sition in TRD straw tube, 5ADC,
 c a n be performed:

~ / p e d x 5.89(keV) (4.2)
Spe — p

The linearity of the straw tube response is monitored by the measurements of the 109Cd
peak (E7 = 22.1 keV) attached in the middle of eight straw tubes at both edges of every
TRD module.

4.4.2 The calibration procedure

During data taking periods, the TRD is continuously calibrated. Calibration triggers
are enabled at each accelerator cycle during off-spill time and 256 calibration events are
recorded in each ADC card, filling the memory depth of all the 64 ADC channels. The
online acquisition controller reads out each event and separates the values corresponding
to the hit straw from the 63 pedestal values. These calibration data are recorded onto
tapes every 50 000 calibration events (about once an hour).

For each straw tube a gaussian fit is performed on the 55Fe distributions at the end of
a run. An example of the 5oFe and 109Cd distributions and their fits is shown in Fig. 4.6.
The mean and sigma of the fit of 55Fe signal in each tube (Fig. 4.7, a) and b)) are saved
in a database [83] and define the 55Fe calibration run per run which is used later on in the
offline analysis. The distributions of the 55Fe source activity and the x2 °f the n t s (Fig- 4.7,
c) and d) respectively) reflect the level of noise and are used for the TRD monitoring. For
example, the x2 distribution of Fig. 4.7, d) shows that 1) the fits of all the 55Fe signals
are good; 2) the first ADC card (digitizing the signals in the first 64 straw tubes of the
module) is less noisy the the two others. The increase in x2 at the edges of the module is
due to an additional activity of the 109Cd sources installed there.

Further details of the calibration procedure are described in [84].

4.4.3 Pedestals

The pedestal means /zped and widths <7ped used for the TRD calibration are obtained in
the following way. During normal data acquisition, only events with the deposited energy
above a threshold of ̂ P e d + 5crped are recorded. Every 100th burst, this zero-suppression
is not carried out and recorded events contain pedestal data from all the straw tubes.
The fits performed on these data determine fip^ and crped- An example of the pedestal
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Figure 4.6: Example of the 55Fe and 109Cd distributions with the gaussain fit. The value
of the pedestal corresponds to about 450 ADC channels.

distribution and its fit, as well as pedestal mean and sigma distributions as a function of
the straw tube number, is shown in Fig. 4.8.

4.4.4 55Fe monitoring

The 00Fe distributions from calibration events as well as the distributions of means
and widths of the pedestals are sent periodically to the TRD online monitoring program.
Every several hours it produces summary histograms of the calibration parameters for
online controls. Online (and offline) checks have shown that pedestals are remarkably
stable (fluctuations are less than ±1 ADC count/month). The main variations of the 55Fe
values are due to the global parameter changes, such as gas composition or ambient air
temperature.

Based on the o5Fe online and offline monitoring information, a map of the TRD out-
of-order channels - too noisy, disconnected, unstable, etc. - is produced for each run and
stored in the database. The channels marked in the map (if any) are ignored in the data
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processing.1

4.5 The Slow Control system

The Slow Control system [85] surveys the relevant parameters of the detector. It
generates alarms and records information for offline corrections every hour and for each
alarm.

The differential pressure and temperature are measured at the bottom and top of each
TRD plane (see Fig. 4.2), and the absolute pressure is measured in the surround of the
detector. By combining these measurements, the absolute pressure in each TRD plane
can be determined with an accuracy of about 2 mbars. The temperature measurements

'For more than four years of operation, only a single straw tube, out of a total of 1584, has become
fully inefficient. With this exception, the average number of malfunctioning channels is well below one
straw tube per run.
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have an accuracy of 0.1°C In addition, the high voltage applied to each half-plane of the
detector is measured with an accuracy of 10 V by a simple resistive divider. The front-end
electronics low voltage supply is also monitored. On each side of a TRD plane, slow-control
cards collect the probe signals and transmit them through CAMAC Data Loggers to a
dedicated computer. An interfacing program converts the probe signals and displays the
results.

In the gas station, an hygrometer and an oxygen detector measure the water vapour
and oxygen contamination which are kept below acceptable thresholds (about 400 ppm
for water and 40 ppm for oxygen). A specific device measures the proportion of methane.
Mass flowmeters measure the flow of xenon and methane.

The averaged parameters of the working conditions of the detector for each run are

stored in the database.
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4.6 Studies of detector response

4.6.1 Saturation effects

The linearity of the output signal as a function of the deposited energy has been
measured with a short (10 cm long) straw tube prototype using low rate X-ray sources
at seven discrete energy values between 5.89 and 44.2 keV. Fig. 4.9 shows the measured
signal as a function of the photon energy (at 2250 V, 30°C, 1019 mbar and 18% CH4). The
deviation from linearity is about 35% at 22 keV, if one takes as the unsaturated response
function the tangent at the origin of the fitted exponential curve. The saturation at the
55Fe photon energy is 8.7%.

-v2500

0 10 20 30 40 50 60
Deposited energy (keV)

Figure 4.9: Measured response to a single photon fitted by an exponential as a function
of the photon energy.

The observed saturation effect could not be reproduced by the simulation of the pho-
toabsorption process in xenon which includes both Auger and fluorescence effects [76]. On
the other hand, the dependence of the effect on the working detector parameters, high
voltage in particular, was observed. This saturation effect was attributed mainly to space
charge effects on single photon absorption process. The working conditions were chosen
such as to minimize the observed non-linearity. The results of the measurements were
parametrized and used in the Monte Carlo simulation programs.

4.6.2 Response of the detector to test beam particles

Test beams of electrons, pions and muons at various particle momenta between 1 and
100 GeV/c were used to test prototypes and later on modules of the final detector, to
estimate the production of transition radiation by different radiators and the response of
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the detector. Fig. 4.10 shows the signal obtained during the early test beam measurements
using a single TRD module with 10 GeV/c electrons and pions at normal incidence.

Parameters such as the particle angle of incidence and impact point were also varied.
Numerous results of test beam measurements, some of them already mentioned in this
chapter and some discussed in the next one, ensured the excellent performance of the
detector and the stability of its operation in-situ. The test beam results were also used
to cross-check the simulation of the detector and to establish the particle identification
algorithms described in the next chapter.

i
45 r Pions 10 GeW

40 \r

Fe55 source

Electrons WGeV

10 15 20 25
Energy (keV)

Figure 4.10: Response of a full-size TRD module to test beam particles.

4.7 Conclusion

A large area transition radiation detector has been designed and constructed for the
NOMAD experiment, to identify electrons at 90% efficiency with a rejection factor against
pions of 103. Although made of very thin material extending over large dimensions, the
detector has proven to be robust. The TRD has now been operating for more than four
years and works with excellent stability.

In the next chapter we describe the algorithms developed for electron identification,
and the tests on real data which demonstrate that the expected identification performances
have been achieved.



Chapter 5

Performance of the TRD

5.1 Introduction

As already mentioned, excellent electron identification is required in NOMAD, both
for vu —> vT and v^ —> ve oscillation searches. The overall n rejection achieved by the
NOMAD subdetectors has to be larger than 105. A major part of the electron identification
is performed by the transition radiation detector, which was designed to discriminate
between isolated electron and pion tracks with a rejection factor greater than 103 for a
90% electron efficiency in a 1 to 50 GeV/c momentum range.

In this chapter we describe the algorithms developed for the electron-pion discrimi-
nation by the TRD and their performance. The principles of the electron identification
are reviewed in Sec. 5.2. The algorithms developed for the recognition of electrons are
described in Sec. 5.3 and discussed in Sec. 5.4. The identification performance obtained
on the data are described in Sec. 5.5.

5.2 Principles of TRD electron identification

Particle identification by the TRD is based on the difference in the total energy
deposited in the detection planes by particles with different Lorentz factors (7 = Ejm).
All charged particles crossing the detector lose energy by ionization. In addition, highly
relativistic ones (mainly electrons in NOMAD) produce transition radiation (TR) X-rays
at the interfaces of the radiator foils.

The number of transition radiation photons emitted by a NOMAD radiator as a func-
tion of the Lorentz factor is shown in Fig. 5.1. A 10 GeV/c electron at normal incidence
emits, on the average, ~ 3.1 photons with a mean energy ~ 14 keV each. About 50% of
the photons emitted by a radiator are absorbed in the subsequent detection plane. The
average energy of a detected photon is ~ 8 keV, due to the xenon photoabsorption cross-
section peak at around 5.5 keV [86]. The energy of the detected TR photons is added to
the ionization losses of the parent electron (~ 9 keV at 10 GeV/c) in the same straw tube,
since the photons are emitted at a small mean angle I/7 « 1 mrad with respect to the

77
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Figure 5.1: The expected number of transition radiation photons emitted by a NOMAD
TRD radiator as a function of the Lorentz factor.

electron direction. The 20 keV total average energy deposited by a 10 GeV/c electron is
large compared to the mean ~ 7.5 keV energy deposition of a pion of the same momentum.
Monte Carlo simulated spectra of the energy deposited by 10 GeV/c electrons and pions
are shown in Fig. 5.2.

5.3 Electron identification algorithms

The TRD data acquisition and calibration procedures have been described in chapter 4.
The signal processing produces a list of TRD hits (straw tubes with an energy deposition
above threshold).

The first step of the identification procedure consists in matching the TRD hits with
the tracks reconstructed by the drift chambers. As a result, a set of hits collected along
the road of a drift chamber track is assigned to this track. With at most one hit per
TRD module allowed to be matched, up to 9 hits can be associated with a track. The
energy depositions in the associated hits are then compared to the expectations for the
two particle hypotheses, electron e and pion n, taking into account the momentum of the
particle as measured by the drift chambers.
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Figure 5.2: Monte Carlo simulated spectra of the energy deposited in the TRD straw tube
gas mixture (single detection plane) by 10 GeV/c pions and electrons at normal incidence.

Two complementary identification algorithms have been developed for isolated and
non-isolated particles and are applied depending of the topology of the event:

• If all the hits of the set are associated with a single track, the particle is defined as
isolated, Fig. 5.3 (a).

• If several particles cross the same straw tubes, their energy depositions are summed
up. When such "shared" hits are matched with several tracks, the particles are
defined as non-isolated, Fig. 5.3 (b).

5.3.1 Identification of isolated particles

A likelihood ratio estimator £ is constructed for each DC track with associated hits
in the TRD:1

(5.1)

where
1A detailed description of the algorithm can be found in [87].
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(a)

(b)

Figure 5.3: Examples of different track topologies in TRD (schematic top view): (a)
isolated particles, all the associated hits are "non-shared" (shown in grey); (b) non-isolated
particles, hits associated in the first 4 modules are "shared" (shown in black).

Nh is the number of TRD hits associated with a particle;

P{E, | e) and P{Et | n) are the probability density functions for an electron e and
for a pion n to deposit the energy E% in the ith straw tube (Fig. 5.2).

The probability densities P{E% 7r) are functions of many parameters,e) and
such as the particle Lorentz factor, momentum, angles with respect to the straw tube,
etc. These functions have been obtained from detailed simulation and extensive test beam
measurements and are discussed in the following sections.

Eq. (5.1) assumes uncorrelated signals in different detection planes, though a fraction
of the transition radiation photons emitted by electrons in the first radiator of a doublet
may be detected in the second module, which leads to a correlation. As discussed in
Sec. 5.4, this effect can be neglected in the NOMAD TRD setup.

The distributions of the likelihood ratio (5.1) are computed for the two particle hy-
potheses (e and n). The fractions of electrons and pions above a certain threshold value
£th define, respectively, the efficiency for electron identification (ee) and the correspond-
ing pion acceptance (e^), see Fig. 5.4. The integration of the likelihood ratio distributions
yields the electron efficiency ee and the pion acceptance e^ as a function of the threshold
£th (Fig. 5.5). For each track, the decision on the nature of the particle is made by com-
paring the value of the computed likelihood ratio £ with the threshold £th- The value of
the threshold is determined by the required ee or en.

The expected pion acceptance for different electron identification efficiencies is shown
as a function of the number of hits N^ in Fig. 5.6 for 1 GeV/c and 10 GeV/c particles.
A minimum number of 4 hits is necessary to have a reliable association with a DC track,
therefore, we require a signal in at least 4 detection planes to apply the identification
algorithm. The pion rejection factor R = l/en achieved with 9 TRD modules is larger
than 103 for a 90% electron efficiency.

For a pion acceptance €„ = 10~3 and 9 associated hits, the electron efficiency ee as
a function of the momentum of the incident particle is shown in Fig. 5.7. It is larger
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Figure 5.4: The likelihood ratio distributions for 10 GeV/c pions and electrons with 9
associated TRD hits (Monte Carlo simulation). A threshold £th corresponding to a 90%
electron identification efficiency is shown.

than 90% in the momentum range from ~1 GeV/c to ~50 GeV/c. Below 1 GeV/c, the
TRD identification capability degrades rapidly due to the sharp decrease in the transi-
tion radiation yield induced by electrons. Above 50 GeV/c, electron-pion discrimination
commences to deteriorate because the TR photon production by pions becomes significant
(see Fig. 5.1). In the data analysis, the identification algorithm is applied to particles in
the momentum range from 0.5 GeV/c to 50 GeV/c.

Ionization losses of protons in the momentum range of 0.5 to 3 GeV/c significantly ex-
ceed energy losses of pions of the same momentum. Therefore, the electron-pion discrim-
ination algorithm described above gives a poor rejection of low momentum (typically less
than ~1.5 GeV/c) protons, their large fraction being misidentified as electrons. Positron-
proton discrimination by TRD (relevant only for positive charge sign particles) in this
momentum range requires a dedicated treatment, the development of which is in progress.
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Figure 5.5: Electron identification efficiency ee and pion acceptance en as a function of
the threshold for 10 GeV/c particles with 9 associated hits (Monte Carlo simulation). The
threshold value £th shown corresponds to ee = 90%.

5.3.2 Identification of non-isolated particles

The method

The main task of the TRD is the identification of leading electrons produced in r
decays or in ue CC interactions. These electrons are in general well isolated from other
tracks in an event. However, the identification of non-isolated particles by the TRD is
also possible (though with smaller efficiency), as the number of tracks producing each
TRD hit is known from the accurate reconstruction of the track coordinates in the drift
chambers. The identification of non-isolated electrons is useful to study the processes
where an electron is imbedded in the hadron jet (e.g., decays of charmed particles).

Two tracks whose projections onto the horizontal plane are close to one another cannot
be separated in the TRD. For instance, in the case of ve CC interactions, about 25% of
the events include tracks crossing the same straw tubes, producing so-called "shared" hits.
Application of the identification algorithm described in the previous section to "shared"
hits where the energies deposited by each of the non-isolated tracks are summed up, would
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Figure 5.6: Expected pion acceptance, e^, corresponding to fixed values of electron identi-
fication efficiency, ee, as a function of the number of associated hits Nh, for 1 GeV/c (left)
and 10 GeV/c (right) particles. Straight lines are drawn to guide the eye; points along
each line are computed for the value of ee indicated at the end of the line, on the right.

lead to substantial particle misidentification. For example, more than 95% of two pions
with all 9 hits '"shared" would be identified as electrons.

We have developed a procedure for the identification of non-isolated particles which
takes into account the number of tracks associated with each hit as well as the particle
momenta.1 This algorithm is applied to a pair of tracks if the number of "shared" hits is
larger than 3. If two tracks share less than 4 hits, they are treated separately by the particle
identification procedure for isolated tracks (Sec. 5.3.1) applied to their "non-shared" hits
only.

While for an isolated particle of momentum p the decision is made between the two
hypotheses e(p) and 7r(p), for two non-isolated particles of momenta p\ and p2 one has
to consider four hypotheses 7r(pi) * nfa), e(pi) * 7r(p2)i ^(Pi) * e(P2) and e{p\) * efa)-
Thus, four likelihood estimators are computed from the corresponding probability density
distributions for a combination of two particles:

1A detailed description of the algorithm can be found in [88].
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A-/ = log k(Pl)*l(P2))
«=i

5?) \k(pi)*l(P2)) (5.2)

where

• A;, / run each for e, 7r;

• Nsh is the number of modules where the hits are "shared" by the two particles;

• Nnsh is the number of modules where the two particles have "non-shared" hits;

• P{Et | (k(pi)*l{p2)) are the probability densities for the combination of two particles
k(pi) and I{p2) with momenta p\ and P2 to deposit the total energy E{ in the ith
straw tube. If, in the jth TRD module, two tracks are associated with different
"non-shared" hits, the energy depositions Ej and Ej from these hits are added.

The probability density distributions used in the Eq. (5.2) were obtained by convolution
of the distributions of the energies deposited by the isolated particles (see Fig. 5.8). The
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Figure 5.8: TRD response to isolated (top) and non-isolated (bottom) 0.5 GeV/c and
2 GeV/c electrons and pions (Monte Carlo simulation). Particle momentum is shown in
brackets.

decision on the nature of each of the two particles is made by selecting the hypothesis
corresponding to the largest likelihood value among the four £^i-

The discrimination between e(p\) * irfa) and ir(pi) * e{p2) hypotheses on the basis
of "shared" hits is not possible when p\ ~ p2- In such case, energy depositions in "non-
shared" hits are treated separately for each track and provide additional information to
help to tag the electron and pion.

Monte Carlo tests of the method

The identification procedure for non-isolated particles has been studied for a sample
of Monte Carlo events with two tracks generated with a uniform momentum distribution
in the range from 0.5 to 50 GeV/c and having 9 "shared" hits in the TRD. The results are
presented in Table 5.1. The expected efficiencies of a correct n * n and e * e identifications
are greater than 90%, with contamination from e * x and n * e combinations limited to a
few percent. The expected probability to misidentify an e * e combination as a n * TT pair
and vice versa is less than 10~3. On the other hand, a significant fraction (~25%) of e*7r
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and IT * e combinations is expected to be identified as electron pairs.

Generated
TT * TT

e * TT, TT *

e* e

as

e

TT *

91
0

< 0

Identified as (9
TT

.9

.7

.1

e * TT, TT * e

8.1
74.8

3.0

e *
< 0

24

97

e

.1

.5

.0

Table 5.1: Monte Carlo expectation of the identification efficiency for different combina-
tions of particles sharing 9 hits in the TRD (uniform momentum distribution).

The identification procedures for both isolated and non-isolated particles have also
been applied to a sample of Monte Carlo events simulating ve CC interactions in the
detector. The results obtained for the identification of particles with more than 3 "shared"
hits in ~20 000 generated events are shown in Table 5.2. The improvement due to the
identification algorithm for non-isolated particles is clearly seen. Most importantly, the
amount of misidentified TT * TT combinations is reduced from ~99% to ~17%.

Generated as

TT * TT

e * TT, TT * e

e * e

Identifiet
Isolated particle ID

TT * TT

0.9

1.6
0.1

e * TT, IT * e

< 0.1
< 0.1
< 0.1

e * e

99.1
98.4
99.9

i (%) by
Non-isolated particle ID

TT * TT

83.4
9.2
3.4

e * TT, TT * e

15.2
38.4
12.6

e * e

1.4
52.4
84.0

Table 5.2: Performance of the TRD identification algorithms for non-isolated particles in
ve CC Monte Carlo simulated events.

5.4 Discussion of the electron identification algorithms

The identification algorithms described in Sec. 5.3 demand an accurate measurement of
the energy depositions Ex and a precise knowledge of the probability density distributions
P{EX | e) and P{El \ IT), i.e., of the detector response to both electrons and pions. In
this section, we discuss the impact of the characteristics of incident particles and detector
parameters on the energy deposition, the way they were taken into account in the electron
identification procedure, and the implementation of the identification algorithms.

5.4.1 Experimental studies and algorithm assumptions

The response of each straw tube is continuously calibrated by means of 55Fe radioactive
sources, emitting 5.89 keV X-rays. The signals from the 55Fe sources, which vary with the
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changes in most of the detector parameters (such as high voltage, temperature, pressure,
composition of the gas mixture, its H2O and O2 contaminations, etc.), allow a precise
measurement of the detector response.

With the sources located in the middle of each straw, however, the 55Fe calibration
does not take into account possible variations in the gas mixture composition along the
straw tubes. A uniform response of the straw tubes along the vertical axis has been
obtained by an empirical adjustment of the operating conditions. This uniformity is
permanently controlled by measurements of the positions of the minimum ionizing peak
of muons over the whole detector area [81]. Therefore, in the identification algorithms we
assume the response of all 1584 straw tubes to minimum ionizing particles to be identical
and independent of the altitude of the particle impact point.

In order to simplify the identification algorithms, a number of studies have been carried
out with the aim of reducing the number of parameters on which the probability density
distributions of electrons depend. They have shown that the following parameters can be
neglected in the identification procedure:

• Impact point of the electron. The transition radiation yield depends on the
mean dispersion of the gaps between the foils of the radiator [72] which can vary
along the large radiator area because of local inhomogeneities. Consequently, one
could expect an X-ray yield dependence of the impact point of the electron on a
radiator. A thorough scan of the surface of the radiators by 10 GeV/c electrons in a
test beam showed no variation in the X-ray production rate within the 5% accuracy
of the measurements.

• Module position in a doublet. In the 4 TRD doublets, the second detection
plane of a doublet detects about 10% of the X-ray photons emitted in the radiator
of the first module which were not absorbed in the first detection plane. Due to this
effect, a larger average response of the second module is expected. On the other
hand, the regularity of the spacing between the foils was substantially improved
during the manufacturing of the radiators. It was decided to install 4 radiators of
inferior quality as second radiators of a doublet in order to compensate their lower
X-ray yield by a higher detection rate. The signal in the first and second detection
planes of a doublet has been studied for a sample of Ô electrons from NOMAD data
(see Sec. 5.5). No difference in the module responses was observed at a level of a 3%
measurement accuracy.

• Angle with respect to the radiator. The angle between the incident particle
and the radiator surface could affect the transition radiation yield by changing the
distance through the foil and spacing traversed by a particle [89]. The simulation
showed a compensation between the increase in the transition radiation production
and the increased X-ray photon re-absorption in the radiator in the relevant angular
range [73].

Based on these studies we assumed in the implementation of the electron identification
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algorithms that the probability density distributions both for electrons and pions do not
vary from one detection plane to another or over the 2.85 x 2.85 m2 surface of the detector
and depend only on the Lorentz factor of the incident particle.

5.4.2 Implementation of the identification algorithms

To study the detector response to electrons and pions, test beam measurements [81]
and a detailed simulation of the detector [73] have been performed. Due to the impossi-
bility of in-situ calibration of the entire detector by electron and pion beams, the TRD
simulation package, the results of which were confirmed by test beam measurements, was
used to compute the probability density distributions of the energy deposition by isolated
and non-isolated particles.

In practice, to identify isolated particles, the probability density distributions were
generated for a set of several momenta of electrons and pions and tabulated. The integrated
likelihood ratio distributions for electrons and pions (see Fig. 5.5) as a function of their
momenta and number of associated hits were also computed and stored. This information
allows to tighten (loosen) electron selection criteria according to the goals of different
analyses. An interpolation procedure is used to account for the measured momentum of
a particle.

For the identification of non-isolated particles, only the probability density distribu-
tions for the four possible hypotheses were computed and tabulated as a function of the
particle momentum.

The performance of the TRD obtained in the analysis of the real data described below
confirms the validity of the assumptions, the excellent steering of the detector, and the
correct description of the detector response by the simulation program.

5.5 TRD performance with experimental data

The TRD performance has been studied using experimental data in-situ, with the
detector installed as a part of NOMAD. The agreement between the expected and the ob-
served response for isolated particles, as well as the performance of electron identification,
were tested on two samples of events selected during NOMAD data taking:

• through-going muons - muons crossing the detector between two neutrino spills
(Sec. 5.5.1);

• Ô electrons produced by through-going muons (Sec. 5.5.2).

The latter sample has also been used to study the performance of the identification pro-
cedure for non-isolated particles (Sec. 5.5.3). Finally, the electron identification algorithm
for non-isolated particles has been applied to electron-positron pairs resulting from photon
conversions (Sec. 5.5.3).
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5.5.1 TRD performance for minimum ionizing particles

A sample of more than 200 000 through-going isolated muons in the momentum range
from 2.5 to 50 GeV/c, recorded during the "flat top" period of the SPS accelerator cycle
(see chapter 3), has been analysed. The measured and simulated spectra of the ionization
losses of muons in the TRD have been compared for various muon momenta. Excellent
agreement between data and simulation was found over three orders of magnitude, as
shown in Fig. 5.9 for 10 GeV/c muons.

10 20 30 40 50 60 70 80
Deposited energy, keV

10 20 30 40 50 60 70 80
Deposited energy, keV

Figure 5.9: Comparison of experimental (points with error bars) and simulated (histogram)
energy losses of 10 GeV/c muons (linear and logarithmic scales).

The TRD identification algorithm for isolated particles was applied to a fraction of
the muon sample. The probability for a muon to be identified as an electron was found
to be Eft = (1.17 ± 0.30)-10~3, which is in agreement with the required R = 103 rejection
factor. The distribution of the likelihood ratio probability for muons is shown in Fig. 5.10.
The flatness of the histogram confirms the agreement between the input parameters of the
identification algorithm and the data. The absence of a peak at low probability values
shows also the purity of the selected muon sample and the absence of electron admixture.
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Figure 5.10: Distribution of the likelihood ratio probability for muons.

5.5.2 TRD performance for electrons

As the TRD is an essential tool for electron identification in NOMAD, selecting an
unbiased electron sample from neutrino interaction events in order to evaluate the per-
formance of the TRD is problematic. Instead, the in-situ detector response to electrons
was studied on a sample of 5-rays emitted by "flat top" muons. Such 6 electrons are well
suited for the studies of TRD performance due to the following reasons:

• With an average momentum of the "flat top" muons of about 20 GeV/c, the maxi-
mum allowed energy of the emitted J-ray, E™ax, is about 13 GeV [3], well above the
TRD identification threshold of 0.5 GeV.

• The angle of emission of a <5-ray electron with energy Es is given by the expres-
sion [90]:

cos20 -
Emax

(5.3)

Consequently, a large fraction of 6 electrons with Es on the order of a few GeV is
expected to be spatially well separated from the muon track (see Fig. 5.11).
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Figure 5.11: An example of a 6-ra.y event. The muon track (observed in the muon cham-
bers) and the ô electron track (absorbed in the electromagnetic calorimeter) are well
separated in both projections.

The criteria for <S-ray event selection, based only on the topology of the event and
on the muon identification, are totally independent of the TRD electron identification.
A sample of 1216 (5-ray electrons was selected by requiring two track events including
a muon (identified in the NOMAD muon chambers) and a second particle (5-ray) with
a momentum above 0.5 GeV/c. An example of a selected event is shown in Fig. 5.11.
Fig. 5.12 shows the momentum distribution of the selected <5-rays as measured by the drift
chambers, which is in agreement with the expected 1/£| behaviour [3].

The selected sample of J-rays allows one to compare the simulated and experimental
spectra of energy deposited in the TRD by low momentum electrons. Their excellent
agreement is shown in Fig. 5.13. The simulated spectrum was generated by taking into
account the measured S-ray momentum and angular distributions.

The TRD electron identification algorithm for isolated particles has identified 1075
electrons among 1216 <5-rays. The measured value of the electron identification efficiency
ee = (88.4 ± 0.9 (stat))% is in agreement with the expected (89.9 ± 1.1)% for the identi-
fication of electrons at low momenta, for a pion rejection factor of 103.

5.5.3 Performance of the identification of non-isolated particles

Sample of <5-ray electrons

The identification of non-isolated particles has been studied on the sample of muons
emitting <5-rays described in Sec. 5.5.2. Non-isolated particles in data were generated
by adding, plane by plane, the energy deposition of an isolated muon and an isolated
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Figure 5.12: Momentum distribution of J-rays. A l /£$ fit of the momentum distribution
is shown.

electron from two separate events, thus forming 9 "shared" hits. The performance of the
identification algorithm on data and simulation is shown in Table 5.3. About 64% of
e * /i combinations are correctly identified, which agrees with the Monte Carlo expectation
within large statistical error.

Reconstructed as
TT * TT

e * TT, TT * e
e * e

Data, %

2.9
63.9
33.2

Simulation, %

1.0
72.1
26.9

Table 5.3: The performance of the identification procedure for non-isolated particles ap-

plied to the summed energy depositions by muon and 6 electron (TT * e combination).

Photon conversions

Another test of the identification of non-isolated particles was performed on photon
conversion pairs. The electron and positron resulting from a photon conversion are pro-
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Figure 5.13: Comparison of experimental (points with error bars) and simulated (dashed
line) distributions of the energy deposited in the TRD by 5 electrons (linear and logarith-
mic scales).

duced at a small angle with respect to each other and usually lead to "shared" hits in TRD.
On the other hand, due to the magnetic field in the detector, the two tracks are opened
up in the vertical projection and are reconstructed separately by the drift chambers.

Based on the topology of the conversions and requiring that the invariant mass of a
pair be compatible with that of a photon (less than 100 MeV/c2), we selected about 600
electron-positron pairs from a subsample of Vy, CC neutrino interaction events recorded in
NOMAD. Among them, in 75 cases both tracks had a momentum above the identification
threshold and more than 3 "shared" hits in the TRD. Of these, 65 pairs were correctly
recognized by the identification procedure for non-isolated particles as an e*e combination.
The efficiency obtained, (86.7 ± 3.9)%, is in agreement with the 86.0% Monte Carlo
expectation for the identification of e * e combinations with the measured momentum
distribution.
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5.6 Conclusion

The algorithm developed for the identification of isolated particles in the NOMAD
TRD provides a 103 pion rejection factor for a 90% electron identification efficiency in
the momentum range 1-50 GeV/c. The procedure designed for the identification of non-
isolated particles significantly reduces the number of mis-identifications, especially in large
multiplicity events.

The simulated and the observed detector response, both to minimum ionizing particles
and to electrons, are in excellent agreement. The results obtained for muons and electrons
during NOMAD data acquisition confirm the assumptions made in the implementation of
the identification algorithms.

The performance of the TRD obtained for the electron-pion discrimination makes
possible an appearance search for v^ —> ve oscillations in NOMAD.



Chapter 6

Analysis of the 1995 and 1996
NOMAD data

6.1 An outline of the u^ —> ue oscillation search in NOMAD

The NOMAD experiment has been designed to reliably identify and to measure with
good precision the charged current (CC) and neutral current (NC) interactions of the four
neutrino species, v^, i>M, ve and ve. NOMAD's unprecedented ability to efficiently detect
ue CC events in a high statistics neutrino experiment and the low ve contamination in
the CERN SPS wide band neutrino beam are the keys to a sensitive search for u^ —> ve

oscillations.

The interest in this kind of study has recently greatly increased, following the LSND
experiment claim for evidence for v^ -> De and v^ -> ve oscillations [34, 38]. In case
of v^ -+ ue oscillations with a probability of 3.1-1CT3 observed by LSND and with
Am2 > 10 eV2, an oscillation signal should be seen in the NOMAD data.

This signal would manifest itself both as an excess of ve CC events and as a change
in the shape of the ve CC energy spectrum, due to different energy distributions of inci-
dent ve and v^ neutrinos. In addition to ue charged current events, electrons are amply
produced in v^ charged current and neutral current interactions, mostly due to 7r° Dalitz
decays and photon conversions. The electron signature can also be simulated by misiden-
tified charged hadrons. An excess of electron events above the predicted background -
comprising ''prompt" electrons from ^-induced CC events and "non-prompt" electrons
from the CC and NC interactions of other neutrino species - would be an indication for
the v^ —> ue oscillations.

In order to reduce systematic uncertainties associated with the absolute flux prediction
and kinematic selection efficiency, it is preferable to study the ratio Reix between the
number of ue and i>^ charged current interactions. To compare the observed and the
predicted Reit ratios and to draw a conclusion on the presence or absence of an oscillation
signal in NOMAD, a precise determination of the relative ve/^n flux is required. The
sensitivity of the analysis can be increased by taking into account the Re(JL dependence on

95
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the neutrino energy Eu and on the radial position of neutrino interaction vertex R2.
The following algorithm of the analysis is imposed:

• to select events containing either a muon fi~ or an electron e~ ;

• to reject as much as possible the non-prompt background in both /j,~ and e~ samples,
while keeping an efficiency of the selection of the prompt v^ and ve neutrino-induced
charged current events as high as possible;

• to evaluate the remaining non-prompt background;

• to estimate the energy of neutrino and the radial position of its interaction vertex;

• to conclude on the presence or absence of v^ —\ ve oscillations by comparing the
ratio of the observed e~ and fi~ events to that expected in the absence of oscillations
(Monte Carlo predictions for the e~ and \i~ samples are the sums of prompt and
non-prompt background contributions);

• to estimate the systematic uncertainties of the analysis; and

• to compute an allowed (or excluded) region of oscillation parameters.

A negligible contribution from v^ —> 9e oscillations is expected in the e+ data sample,
given the admixture of v^ in the beam (~5.5% of v^) and the small non-excluded prob-
ability of the oscillations (P < 4-10~3). Therefore, the antineutrino interactions should
provide a control sample for the v^ —> vt oscillation search.

This chapter describes the selection criteria of u^ and ve charged current events in the
analysis of 1995 and 1996 NOMAD data. We also discuss the energy flow reconstruction
algorithm, the estimations of non-prompt background, the efficiency and the purity of
selection. The analysis of the ve CC events presented here is of more general interest than
for the search for u^ -+ ve oscillations, since it allows also the study of the predominant
background source for v^ —> vr oscillation search in T~ —> e~vevr channel.

6.2 Data and Monte Carlo samples

The Vp —> ve oscillation search presented below is based on data collected during the
two first NOMAD physics runs in 1995 and 1996, for a total exposure of 0.86-1019 and
1.381019 protons on target (p.o.t.) respectively. During the 1995 run, the drift chambers
of the detector were being gradually installed, so that the run was divided into 3 almost
equal periods when 4, 8, and finally the full 11 modules (cf. 3.4.3) were in place.

The Monte Carlo (MC) events were generated according to the expected neutrino
flux [91] using the NEGLIB 5.07 [92] deep inelastic scattering (DIS) event generator based
on LEPTO 6.1 [93] and JETSET [94] packages. The response of the NOMAD detector
was simulated with the help of GEANT [47]-based GENOM Monte Carlo package [95]
(version 5.12) complemented by the TRDSM 203 [74] package for the simulation of the
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transition radiation emission, the photo-absorption, and the ionization losses in thin gas
layers.

The overall data sample used for this analysis is the NOMAD processing of the 1995
data (4, 8 and 11 module data taking periods), 1996 data and the corresponding samples
of ve, ûei v^, ï>u CC and v^ NC Monte Carlo simulated events. The data samples consist of
341 222 (605 571) events reconstructed in the drift chamber target volume of the detector
for the 1995 (1996) run. They are composed of both neutrino interactions in the NOMAD
active volume (mainly v^ CC with smaller admixtures of v^ NC events and events produced
by other neutrino flavours) and other events (through-going muons, neutrino interactions
in the magnet coils, cosmic rays, etc.). The MC statistics used for the present analysis
include samples of 1 050 000 vtl CC and v^ CC events (twice the expected data statistics),
235 000 ue CC and 130 000 ve CC events (40 times of the ue data statistics) and 590 000
Ufx NC events (4 times of that expected in the data).

An identical reconstruction chain was applied to both the 1995-1996 data and MC
samples. It consisted of three main stages of the processing:

• phasel: reconstruction of tracks in the drift chambers. The trajectories of charged
particles are reconstructed from the hits in the drift chambers. From these trajec-
tories momenta are estimated using a Kalman filter technique [96] whose transport
equations include the magnetic field map and account for the energy loss and multi-
ple scattering in the materials traversed. At this first step energy losses are computed
assuming all particles are pions (pion track fit).

• phase2: reconstruction of standalone objects in other subdetectors (hits in TRD,
track segments in muon chambers, etc.); combination of those objects into higher
level ones (the so-called matching process [97]); TRD-based particle identification.
The trajectories of the particles identified as electrons or positrons are re-fitted to
account for bremsstrahlung (electron track fit). All tracks not identified as muons
or elections are assumed to be hadrons. Vertices are formed from charged tracks
emerging from the same region in space.

• dst: filling of ZEBRA [98]-based data summary tapes (DST) on the basis of phasel
and phase2 information.1

6.3 Selection of v^ and ve charged current interactions

The general analysis procedure is the following:

• first, the so-called "event quality" cuts are applied to all data and Monte Carlo
samples in order to select well-reconstructed neutrino interactions occuring in the
drift chamber target (Sec. 6.3.1);

lrrhe analysis presented here was performed starting from the DST version v7r2 [99].
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• second, muon (electron) identification is performed. Events with at least one lepton

found are classified into /x± or e^ samples of the candidates for v^ CC or ve CC

interactions (Sec. 6.3.2);

• next, a set of conversion rejection cuts is applied to e± sample in order to reduce
the non-prompt electron background (Sec. 6.3.3);

• the energy flow and kinematic variables of the event are reconstructed (Sec. 6.4);

• finally, selection criteria based on the kinematics of charged current neutrino interac-
tions are imposed upon both (i^ and e± samples, to further reduce the non-prompt
background (Sec. 6.5).

Various Monte Carlo event samples were used to define and to optimize the identifica-
tion and selection criteria that reduce the non-prompt backgrounds to an acceptable level
and yield the high efficiency to charged current neutrino interactions.

To increase the robustness of the analysis with respect to systematic uncertainties, the
selection algorithms for u^ CC and ve CC event candidates are kept as similar as possible.
Identical quality and kinematic cuts are imposed upon the muon and the electron samples.
No distinction is made between positive and negative leptons until the very end of the
selection.

6.3.1 Event quality cuts

At the first step of the analysis, a few pre-selection cuts are applied:

• Monte Carlo event truncation. If the MC event was truncated during GENOM
processing due to internal program space limitations, there could be a potentially
dangerous lack of information (e.g., missing hits of a muon in muon chambers). All
the truncated events were rejected.

• Data-taking problems. All the events with raw data missing for some detectors
(e.g., muon chambers partially off) or serious detector problems (e.g., significant
noise in ECAL) were rejected based on the information from NOMAD data-taking
log-books.

• Event consistency. Data and Monte Carlo events with simulation or reconstruc-
tion problems (like zero momentum tracks, no Monte Carlo vertices, etc.) were
rejected.

These cuts normally eliminate only a tiny fraction of the events. At the next step, the
event quality cuts are imposed. They remove events either not originating from neutrino
interactions in the drift chamber target or those poorly reconstructed, both in data and
in the Monte Carlo simulated samples. The following cuts were applied:
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• Density cut. To speed up event processing, an evaluation of the complexity of each
event before its full reconstruction is done based on four quantities: the number of
hits in the DC veto chamber1, the average number of hit wires in hit DC planes, the
total number of in-time DC hits and the total number of TRD hits. If at least one
of the four numbers is above a given threshold, the event is skipped without being
fully reconstructed. The values of the thresholds are chosen in such a way that only
a few percent of events, in all cases too complicated to be reliably analysed, are
rejected, allowing an essential reduction of the processing time. The precise fraction
of removed events depends on neutrino interaction type and typically varies between
2% for Vfl NC and 7% for ue CC.

• Fiducial volume. To remove events originating from outside the target part of the
detector, cosmic and through-going muons, and to ensure an acceptable quality of
event reconstruction, cuts on the position of the reconstructed primary vertex2 were
applied.

The fiducial volume for this analysis was defined as being between —130 and
+ 130 cm in x and between —125 and +135 cm in y, where x and y are the horizontal
and vertical detector axes perpendicular to the beam direction. The fiducial volume
along the longitudinal detector axis, z, was defined as ending at 405 cm (at the end
of the target, before the first trigger plane) and starting at 5, 115 and 262 cm for
the 1996 and 11 module 1995, 8 module 1995, and 4 module 1995 data respectively.

The reconstructed primary vertex is required to lie within the so-defined fiducial
volume. This criterion eliminates about 30% of the initial data samples.

• Trigger formation. We require that a Monte Carlo event would give a trigger,
namely that there is at least one in-time hit in both trigger planes.

• Number of primary tracks. At least two charged tracks originating from the
primary vertex are required. This cut removes cosmic and through-going muons still
present in the sample after the fiducial volume cut.3 The number of events in the
data is reduced by about 15%. The efficiency of this cut was estimated to be 98%
for ve CC and 97% for v^ CC interactions.

6.3.2 Particle identification

Events surviving the quality cuts are classified into /x± and e± samples of the candi-
dates for u^ CC or vt CC interactions. For this purpose, at least one lepton candidate
(muon or electron) in the event is searched for, based on particle identification algorithms.

'the first drift chamber in the detector.
2If there is more than one vertex reconstructed in an event, the primary vertex is the most upstream

vertex with at least one charged track with momentum larger than 0.5 GeV/c.
3Neutrino-electron scattering events and quasielastic neutrino interactions where the recoil proton is

not reconstructed are also rejected by this requirement.
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V V

Figure 6.1: A fully reconstructed candidate v^ CC event (side view). The longest track is
a negatively charged muon matched to the segments in the muon chambers.

We describe first the selection of the
search for e* candidates.1

events and then proceed to a more sophisticated

Selection of the v^ CC candidates

Particles are identified as muons if they penetrate more than 8 interaction lengths
(Xint) of absorber material in order to reach muon station 1, or 13 Xint for muon station
2 (see Sec. 3.4.8). Fig. 6.1 shows a candidate v^ CC event detected in NOMAD. One
energetic particle penetrates to the muon chambers and satisfies all other criteria to be a

muon.
Candidates for u^ CC interactions are selected by the two following cuts:

• "Loose" muon identification. An extrapolated drift chamber track associated
with a track reconstructed from the hits in the muon chambers in station 1 (match-
ing distance 40 cm) or muon station 2 (matching distance 50 cm) is required. No
additional x2 criteria on the quality of the match or DC track extrapolation are
imposed.

The number of v^ CC, v^ CC, fM NC Monte Carlo and 1995, 1996 data events
which passed this cut (sum of positive and negative candidates), as well as their
fraction e with respect to the number of events in the fiducial volume after the event
quality cuts, is given in Table 6.1.

Data samples at this stage of selection consist of u^ CC and NC interactions
(plus much smaller contributions from other neutrino flavours) with an admixture

'Though a selection of both / j * and e± events starts from the same data (and Monte Carlo) samples,

there is no overlap between events selected in two categories: we require an identified muon for the v» CC

selection and, on the contrary, impose muon veto for the vt CC search.
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# events

e. %

^CC
702 328
86.2

^CC
113 825
91.8

v^ NC
8 096
1.9

1995 data
172 132
61.8

1996 data
338 296
63.5

Table 6.1: v^ CC and v^ CC selection: muon identification.

of events other than neutrino interactions in the drift chamber target. Therefore,
no accurate comparison of the efficiency of the cut between data and Monte Carlo
simulation is possible.

Muon momentum cut. For perpendicular incidence, the momentum thresholds
to reach the muon chambers (with 50% probability) are 2.3 GeV/c for station 1, and
3.7 GeV/c for station 2 [55]. We then impose a lower cut on the muon momentum
(measured in the drift chambers) of 2.5 GeV/c, to reduce the background due to a
missassociation of a drift chamber track with a track segment reconstructed in the
muon chambers.

The effect of the cut on various data and Monte Carlo samples and the fraction
of events passing this cut relative to the preceding one are shown in Table 6.2.

# events
e.%

vM CC

699 498
99.6

ûM CC

113 484
99.7

!/„ N C
7 623
94.2

1995 data
171 335
99.5

1996 data
337 005
99.6

Table 6.2: v^ CC and v^ CC selection: muon momentum cut.

The efficiency of the muon identification (including event quality cuts) with respect to
the number of Monte Carlo interactions generated in the fiducial volume of the detector
is 78.6% for v^ CC (74.5% for v^ CC) events. The v^ NC background is suppressed by
almost two orders of magnitude. The remaining non-prompt background of the selected
//* samples is mainly due to TT± and K*- decays and punch-throughs. It represents roughly
0.5% of the selected \i~ events and will be further reduced with the help of the kinematical
criteria (Sec. 6.5).

Selection of the i>e CC candidates

Fig. 6.2 shows a candidate ue CC event detected in NOMAD. The longest track,
identified as an electron by the TRD, deposits a large amount of energy in PRS tubes and
ECAL cells, having no associated objects in HCAL and muon chambers.

To select candidates for ve CC interactions, we apply first a muon veto based on the
information from the muon chambers and then an electron identification algorithm which
uses information from the DC, TRD, PRS, ECAL and HCAL. The main background to
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—null

Figure 6.2: A fully reconstructed candidate ve CC event (side view). The longest primary
track, identified as an electron by the TRD, deposits a large amount of energy in a few
electromagnetic calorimeter cells, as indicated by the large "bar". A hadronic jet of charged
particles is clearly visible at the primary vertex. Two symmetric photon conversions - one
very close to the primary electron track and one far, and an asymmetric conversion - only
a positively charged track is reconstructed - are also evident.

be rejected at this stage comes from misidentified hadrons in
The following selection criteria are imposed:

CC and NC interactions.

• Rejection of events with an identified muon. We require that there be no drift
chamber track associated with track projections reconstructed in muon chambers.
The number of v^ CC, u^ NC (both backgrounds), ve CC, ve CC (both signals)
Monte Carlo and 1995, 1996 data events passing this cut, as well as their fraction e
with respect to the number of events in the fiducial volume after the event quality
cuts, is given in Table 6.3.

# events
e, %

^ CC
102 714

12.6

Vp NC
408 585

98.0

ve CC
200 418

97.7

Pe CC
104 548

97.9

1995 data
104 369

37.4

1996 data

190 289
35.7

Table 6.3: ve CC and vt CC selection: muon rejection.

The data sample selected here is complementary to that after the fi identification
in fM CC selection. About 13% of v^ CC simulated events remain unvetoed because
of the geometrical acceptance of the muon chambers or low momentum of a muon.

• Muon hit veto. For muons which are well above the momentum threshold to reach
the muon chambers and which are inside the muon chamber geometrical acceptance,
the efficiency to detect at least 2 hits is about 98%. If the number of muon chamber
hits in both the X and Y projections in a ±20 cm road around an extrapolated DC
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track is greater than two each, the event is rejected.
The effect of this cut on various data and Monte Carlo samples, and the relative

number e of events passing this cut with respect to the preceding one, are shown in
Table 6.4.

# events

e, %

^ CC
98 765

96.2

fM NC

404 464

99.0

ve CC
198 090

98.8

ve CC

104 047

99.5

1995 data

101 350

97.1

1996 data

181 266

95.3

Table 6.4: ve CC and ve CC selection: muon hit veto.

TRD identification of isolated tracks. We tag as an electron (positron) all
the negatively (positively) charged particles with a TRD pion acceptance ev (see
Sec. 5.3.1) in the range 0 < en < 10~3. If the momentum of the track in the TRD
region is greater than 50 GeV/c, the TRD identification of isolated tracks is not
applied and the particle is assumed to be an electron.

The performance of the TRD identification of isolated tracks for the v^ CC,
v^ NC and ue CC Monte Carlo events is shown in Table 6.12. This table displays
the absolute and relative number of e*, n±+K± and protons identified as electrons
at the different stages of the selection, as well as the purity of the samples defined
as Ne±/NtotlL[. At this stage, all the samples are already dominated by real e± with
about 15% (30%) admixture of misidentified n±, K± and protons for ve (v^) events.

The presence of at least one identified electron (or positron) is required for the
ve CC candidate event at all the stages of the analysis. The number of events
passing the TRD identification of isolated tracks and their fraction with respect to
the preceding cut is given in Table 6.5.

# events

e, %

^CC
39 900

40.4

v» NC
163 246

40.4

ue CC

182 430

92.1

ve CC
97 080

93.3

1995 data

41 041

40.5

1996 data

81 470

44.9

Table 6.5: ve CC and ue CC selection: TRD identification of isolated tracks.

TRD identification of non-isolated tracks. If a given drift chamber track shares
more than three associated TRD hits with another track, the TRD identification
algorithm for non-isolated tracks (see Sec. 5.3.2) is applied. The event is rejected
only if there are no electron (positron) candidates left. The number of the selected
events and the efficiency of the cut is given in Table 6.6.

The performance of the algorithm is shown in Table 6.12. The number of
misidentified TT± and K*- is reduced by about 30% with a ~3% loss in electron
efficiency.
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# events
e, %

^ C C
37 921

95.0

^ N C
154 776

94.8

Ue CC

179 655
98.5

ve CC

95 776
98.7

1995 data
39 054

95.2

1996 data
77 811

95.5

Table 6.6: ve CC and ue CC selection: TRD identification of non-isolated tracks.

• TRD truncated identification of non-isolated tracks. If the number of TRD
hits shared by a non-isolated track is less than four, the TRD identification is per-
formed on the basis of the non-shared hits only (see Sec. 5.3.2). If truncated iden-
tification was applied and the value of pion acceptance e^ is greater than 10~3, the
particle is no longer considered as an electron candidate.

This procedure reduces the number of remaining misidentified TT* and K± by
about 20% with a ~2% loss of real electrons (see Table 6.12).

# events

e, %

^ ce
37 137

97.9

fM NC

151 625
98.0

i/e CC
178 714

99.5

î>e C C

95 318
99.5

1995 data

38 167
97.7

1996 data
76 292

98.0

Table 6.7: ue CC and ve CC selection: TRD truncated identification.

• DC - ECAL match. Charged energy clusters in the ECAL are formed by summing
up the energy deposition in the calorimeter cells pointed to by charged tracks. If there
is no energy in the ECAL associated to a given track, it is no longer considered as
an electron candidate. This cut rejects mainly low-momentum protons misidentified
by the TRD and depositing no energy in the ECAL (more than 80% of misidentified
protons are rejected, see Table 6.12) and particles escaping the fiducial volume of
the detector through the sides.

# events
e. %

v^ CC
28 950

78.0

Uf, N C

116 610
76.9

ue CC

168 987
94.6

ve CC
90 332

94.8

1995 data

27 541
72.2

1996 data
56 260

73.7

Table 6.8: ue CC and î>e CC selection: DC - ECAL match efficiency.

Preshower - ECAL n rejection. A further enhancement in the purity of the
e± samples could be obtained by combining the ECAL and the PRS signals. The
following consistency between the energy depositions in the PRS and in the ECAL
based on test beam measurements [100] is required for an electron candidate:

o Ex > 1.5. Ey > 1.5;
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O Ex + Ey >

3.2 + 1.35 if E < 1 GeV
3.2 + 1.35 x E if 1 GeV < E < 10 GeV

3.2 + 13.5 if E> 10 GeV,
where Ex and Ey are the energies measured in the matched preshower clusters in
horizontal and vertical planes respectively (in m.i.p.) and E is the energy of the
associated calorimeter cluster (in GeV), with angular, non-linearity and preshower
corrections applied. With this cut imposed, the purity of all samples gets above 90%
(see Table 6.12). The effect of the PRS - ECAL TT rejection on the data and Monte
Carlo samples is shown in Table 6.9.

# events
e, %

v» CC
24 133

83.4

v» NC
98 215

84.2

ue CC

160 958
95.2

Ue CC
86 395

95.6

1995 data
22 517

81.8

1996 data
45 162

80.3

Table 6.9: ve CC and ve CC selection: PRS - ECAL pion rejection efficiency.

Consistency between electron momentum and energy. Two similar quanti-
ties are formed for each e± candidate:

1. Ai = (Ee — p^)j{Ee + pn), where Ee is the estimated electron energy (its
calculation is described in Sec. 6.4.1) and p^ is the momentum at the first hit
of the track obtained with the pion track fit.

2. A2 = {Ee — pe)/(Ee + pe), where pe is the momentum at the first hit of the
track obtained with the electron track fit.

Pion and electron track fits give significantly different estimates of the electron mo-
mentum: on average, it is underestimated in the former case and overestimated in
the latter one. The lower cut of-0.1 on Ai and the upper cut of 0.4 on A2 are ap-
plied. Such combination of two cuts was empirically found to be the most efficient:
while the lower cut rejects mainly isolated protons and pions misidentified by the
TRD and PRS (populating the leftmost region of Ai distribution), the upper cut
rejects pions overlapping with other particles in the ECAL.

# events

e, %

^ CC
20 336

84.3

^ NC
83 005

84.5

ue CC
140 815

87.5

ûe CC
75 306

87.2

1995 data

17 094
75.9

1996 data
35 032

77.6

Table 6.10: ue CC and ve CC selection: {Ee-p)/{Ee + p) cut efficiency.

DC - HCAL match. An electron typically deposits all its energy in the preshower
and electromagnetic calorimeter and does not reach the hadronic calorimeter. It is
thus required that no HCAL energy be associated with an e± candidate. This cut
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rejects about 20% of remaining misidentified hadrons with almost no reduction of
e± sample (see Table 6.12).

# events
^ CC
20 128

99.0

vp NC
82 220

99.0

ue CC

139 479
99.1

ve CC
74 632
99.1

1995 data
16 732
97.9

1996 data

34 488
98.4

Table 6.11: ue CC and 9e CC selection: DC - HCAL match efficiency.

As a result, the total efficiency of the electron identification procedure and event quality
cuts (estimated on Monte Carlo samples) is 60.9% for ve CC (58.5% for ï>e CC) events,
selecting 2.3% of v^ CC and 14.1% of v^ NC background events generated in the fiducial
volume of the detector.

The purity of different samples estimated from Monte Carlo is summarized in Ta-
ble 6.12. Almost 99% of the particles identified as e± in vt CC events are real electrons
and positrons. The admixture of misidentified hadrons and muons in the surviving v^-
induced background events is about 2.5%.

At this stage of analysis, the ratio of the non-prompt background to prompt ve CC
events in the e~ sample is about 7:1. The non-prompt background is largely dominated
by real electrons and positrons.

6.3.3 Rejection of photon conversions

As has been shown, the dominant remaining background for ue CC interactions after
muon veto and electron identification cuts comes from v^ CC and v^ NC interactions with
real electrons in the final state (and not from misidentified charged hadrons). Among the
many possible sources of background from real electrons (muon decays, TT° or 77 Dalitz
decays, Compton scattered photons, decays of K~ and K°, etc.), the predominant one
is converted photons (7 -» e+e~) from n° —> 77 decays. To reduce the non-prompt
background in the e~ sample, we apply a set of cuts based on the kinematics and topology
of photon conversions.

We tag as conversions all the electrons originating from reconstructed V° vertices.1

In addition, all combinations of identified e± with any e^ or any other track of opposite
charge sign to which TRD identification was not applied (low momentum tracks or tracks
not matched to TRD hits) are subjected to the following cuts:

• Candidate tracks are linearly extrapolated from their first hits to the point of the
minimum distance between them; a cut on the minimum distance (< 1 cm) is applied;

lV° is a secondary vertex due to 7 conversion or A"0 or A decay, with no incoming and two outgoing
oppositely charged tracks.
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MC
sample

v^ CC
v^ NC
ve CC

v^ CC
v^ NC
Ve CC

e±

# tracks e, %
TT±, K±

# tracks | e, %

TRD identification
53 019

224 753
351 060

TRD
50 352
213 602
341 172

25.8
26.9
42.5

13 888
57 056
37 609

identification of
95.0
95.0
97.2

9 207
37 307
25 648

protons
# tracks e, %

of isolated tracks
2.6
3.0
4.3

10 865
46 022
22 628

9.3
10.1
10.1

non-isolated tracks
66.3
65.4
68.2

9 952
42 440
20 428

91.6
92.2
90.3

Purity,
%

68.2
68.6
85.4

72.4
72.8
88.1

TRD truncated identification of non-isolated tracks
Vf, CC

vu NC
ve CC

49 127
208 147
334 013

97.6
97.4
97.9

7 482
29 433
20 542

81.3
78.9
80.1

9 409
40 200
19 012

94.5
94.7
93.1

74.4
74.9
89.4

DC - ECAL match
v^ CC
Vf, NC

fe CC

Vf, CC

«/„ NC
ê CC

42 409
179 104
299 247

35 876
152 705
272 326

Consistency
v^ CC

j / e CC

27 978
117 264
198 595

86.3
86.0
89.6

5 853
23 885
16 565

PRS - ECAL
84.6
85.3
91.0

2 334
9 409
7 094

78.2
81.1
80.6

1 247
5 051
3 396

7r rejection
39.9
39.4
42.8

517
2 183
1 521

13.3
12.6
17.9

41.5
43.2
44.8

85.7
86.1
93.7

92.6
92.9
96.9

between electron momentum and energy
78.0
76.8
72.9

729
2 966
2 258

31.2
31.5
31.8

149
573
407

28.9
26.3
26.8

97.0
97.1
98.7

DC - HCAL match
Vf, CC

Vf, NC

j / e CC

27 752
116 273
196 472

99.2
99.2
98.9

594
2 393
1 824

81.5
80.7
80.8

131
471
333

88.2
82.2
81.8

97.4
97.6
98.9

Table 6.12: Summary of electron identification performance estimated from Monte Carlo
simulation. The absolute and relative number of e±, ir±+K± and protons identified as
electrons at the different stages of the selection is shown for the v^ CC, v^ NC and ve CC
Monte Carlo events. The purity of the samples defined as Ne± /Ntotn\ is als° given.
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The cut on the coplanarity copl is imposed:

_ (\p{{
IP l I

< 0.3 (6.1)

where p{, p}
2 are the final momenta of the candidates, ny is a unit vector along the y-

axis. The coplanarity cut is motivated by the fact that e+e~ tracks originating from
the photon conversion are produced with zero opening angle and, affected only by
magnetic field, should lie in the vertical plane (neglecting multiple scattering effects).
Thus, a coplanarity distribution for conversion pairs is peaked at zero, whereas for
random pairs it is essentially flat.

• The invariant mass of the pair, taken to be a e+e~, should be less than 100 MeV/c2.

If all three above-mentioned conditions are fulfilled, the pair of tracks is tagged as a
photon conversion and removed from the list of prompt electron (positron) candidates.
If no other electron (positron) remains in the event, it is rejected. The efficiency of the
photon conversion rejection is shown in Table 6.13.

# events

e, %

vM CC

7 549

37.5

is» NC

30 658
37.3

ve CC
121 444

87.1

Pe CC

66 447
89.0

1995 data

9 251
55.3

1996 data
17 905
51.9

Table 6.13: ue CC and ve CC selection: rejection of conversion pairs.

The cuts described above can reject neither asymmetric conversions nor those with one
of the tracks not reconstructed. To further reduce conversion background, the distance
between the reconstructed primary vertex and the first hit of the track of a e± candidate
is required to be less than 15 cm. Again, if there are no electron candidates left satisfying
this condition, the event is rejected (see Table 6.14).

# events

£, %

fP CC
931
12.3

Vy, NC

3 418
11.1

vt CC
104 175

85.8

Pe CC
58 297

87.7

1995 data

2 557
27.6

1996 data

4 718
26.3

Table 6.14: ve CC and ve CC selection: cut on a distance from the primary vertex.

Due to the changes in the curvature caused by emission of bremsstrahlung photons, an
electron track could be reconstructed in several pieces (segments). In this case, only the
downstream-most segment of a track (reaching TRD, PRS and ECAL) could be tagged
as an electron. Such events could then be rejected by the distance cut. To increase
the selection efficiency, a merging algorithm is applied recursively to each electron track
segment before the distance cut is imposed. The criteria for the merging depend on the
vertex type of the segment and are based on the distance between the first and the last hits
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of the two segments and the difference in their angles and momenta. When the criteria of
the algorithm are met, two segments are considered to be pieces of the same electron track.
This procedure increases the efficiency of the distance cut for ue CC events by about 40%.

To keep the selection of ue CC and v^ CC interactions as similar as possible, identical
conversion rejection and distance cuts are also applied to /i* candidates. The conversion
rejection criteria leave /u* data and Monte Carlo samples practically intact. The effect of
the distance cut on v^ CC selection is shown in Table 6.15.

# events
e, %

v» CC
584 732

83.6

v» CC
95 339
84.0

i/^NC
5 067
66.5

1995 data
133 714

78.0

1996 data
272 706

80.9

Table 6.15: v^ CC and v^ CC selection: cut on a distance from the primary vertex.

6.3.4 Choice of a prompt electron

In about 2% of both ve CC Monte Carlo and data events which passed the electron
identification and conversion rejection cuts, there is more than one electron (positron)
candidate. Three ways to choose the prompt e* among the candidates were studied on a
i/e CC Monte Carlo sample:

• the one with the largest initial momentum pinf,

• the one closest to the reconstructed primary vertex;

• the one with the largest transverse momentum pr-

The largest pr hypothesis was found to give better results than the two others (in ~93% of
the events the prompt electron was correctly chosen compared to 85% for the largest pini
and 63% for closest electron). Afterwards, all electrons (positrons) save the one with the
largest pr are ascribed either to the hadron jet or to a bremsstrahlung photon conversion
(see Sec. 6.4.1).

An additional conversion rejection test is performed after the prompt lepton has been
chosen. Its minimum coplanarity partner is selected from any e± or any other track of
opposite charge sign to which the TRD identification procedure was not applied. Then,
the two-dimensional cut on the distance between the first hits of the two tracks and their
invariant mass (taken to be a e+e~) is imposed. The effect of this cut on Monte Carlo
and data samples is shown in Table 6.16.

6.4 Energy flow algorithm

The remaining non-prompt background in both e~ and ̂ ~ samples can be further
suppressed by imposing the kinematical cuts, which require the reconstruction of the event
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# events

e, %

v» CC
575
61.8

^ NC
1 816
53.1

vt CC
101 190

97.1

ve CC
56 757

97.4

1995 data
2 027
79.3

1996 data

3 858
81.2

Table 6.16: ve CC and ue CC selection: conversion test on prompt lepton.

kinematics. Furthermore, the v^ —> ue oscillation search in NOMAD is conducted by
comparing the observed and predicted ratios of Vejv^ events as a function of the neutrino
energy. The incident neutrino energy is not known on an event by event basis and in
charged current events is approximated by a so-called "total visible energy", which is
defined as the sum of the energies of the charged lepton and of the observed hadrons in
the final state.1 In this section we describe the algorithms developed for the reconstruction
of the leptonic and the hadronic energy components of the total visible energy of the event.

6.4.1 Estimation of lepton energy

The energy and the direction of a muon is estimated using the fitted track momentum
at the first hit. The momentum resolution is limited by multiple scattering and the single-
hit resolution of the drift chambers, and is a function of the particle momentum and
track length (cf. Sec. 3.4.3). The momentum resolution 6P/P = {PRec - PMC)/PMC of
prompt muons in v^ CC Monte Carlo simulated interactions is shown in Fig. 6.3 (left).
The muon momentum measurement in the drift chambers in the absence of alignment
errors is unbiased; its precision is typically 3% for momenta below 20 GeV/c (where
the error is dominated by multiple scattering) and slowly worsens for larger momenta.
The muon momentum resolution in the data has additional contributions from systematic
uncertainties in the drift chamber alignment and in the knowledge of the magnetic field.

For electrons, however, the energy resolution obtained in this way is poor and has
long tails due to the large fluctuations in the energy losses from bremsstrahlung photon
emission. The electron energy resolution can be significantly improved by using calori-
metric measurements, which are sensitive to the bremsstrahlung photons emitted in the
showering process of the electron. The so-called "bremsstrahlung strip" algorithm has
been developed [101] for this purpose. It proceeds as follows:

• the energy of the nonet (nine ECAL cells) built around the impact point of the
electron candidate on ECAL is used as an initial estimate of the electron energy Ee\

• the (vertical) bremsstrahlung volume of the electron candidate is identified by lin-
early extrapolating the track momentum vector at the first hit of the track to the

'This approximation is not valid for neutrino-nucléon neutral current interactions (background to both
ue CC and fM CC selections), where the escaping neutrino carries away a fraction of the energy of the
incident neutrino.
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•0.9OISE-02
0.2U0E-OI

v. CC Monte Carlo

Figure 6.3: Left: momentum resolution of identified prompt muons in u^ CC Monte Carlo
simulated interactions. Right: energy resolution of identified prompt electrons in ue CC
Monte Carlo simulated interactions.

ECAL; the energy of the photons1 located between this point and the impact point
of the electron candidate is added to the energy Ee;

• The ECAL associated energy of the gammas2 converted in the bremsstrahlung vol-
ume of the electron candidate is added; in case of overlaps in the ECAL the common
cells are not double-counted.

Appropriate impact angle, non-linearity and PRS corrections determined during the cal-
ibration runs of the ECAL [101, 102] are applied to the ECAL energy. The performance
of the algorithm is much superior to the fitted DC track momentum estimate, reducing
both the reconstruction bias and the resolution tails.

The bremsstrahlung strip algorithm described in [101] was used whenever available
(~98% of ue CC Monte Carlo events); a simplified version with slightly worse performance
was used otherwise. The energy resolution, 6E/E = {Enec — EMC)/EMC, obtained for
prompt electrons in ve CC Monte Carlo interactions is shown in Fig. 6.3 (right). The
bias between the reconstructed {Enec) and generated {EMC) energy is less than 1%; the
Gaussian resolution is about 2% and is 60% better than that of muons.

Although the ECAL energy is used to compute the modulus of the electron momentum,
the direction of the electron is determined from the fitted momentum of its track as
measured by the drift chambers.

'neutral ECAL objects built around local maxima in the calorimeter after suppression of energy asso-
ciated to tracks.

2 photons converted in the drift chamber volume; one and two prongs are allowed.
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In order to eliminate from consideration the mismeasured electrons with bremsstrah-
lung photons potentially escaping detection, we require that the initial and final directions
of the electron track linearly extrapolated to the z-coordinate of the ECAL front face are
both contained within the ECAL active volume. This mandatory "quality cut" leads to
~4% loss in the efficiency of ue CC selection. To keep geometrical acceptancy of ue CC
and fp CC events as similar as possible, the same requirement (yielding a very similar
efficiency) is also imposed on v^ CC candidates.

6.4.2 Estimation of hadronic energy

The reconstruction of the hadronic energy is performed in two steps:

• All drift chamber tracks, neutral electromagnetic clusters and hadronic calorime-
ter clusters reconstructed in the event are classified into so-called particle objects
(PO) [103] and the momentum vector of each PO in the neutrino beam frame1 is
computed. The momentum of a track reconstructed by the drift chambers is defined
as its parameters at the first hit, while for electromagnetic and hadronic clusters
the momentum components are computed assuming that they originated from the
primary vertex.

• A decision on which sub-sample of PO objects should be included in the computa-
tion of the hadron momentum vector is made according to an algorithm which was
optimized with the Monte Carlo simulation.

In the first step, all reconstructed objects are classified into different PO categories (having
a rough correspondance with physical objects) in the following way:

• A primary track is called Charged if not identified as a lepton, Muon if matched to
the muon chambers and Electron if identified by the TRD.

• The PO type of a track originating from a secondary vertex is assigned according to
its vertex type. It is called Neutrallnteract, Scatter, Conversion or Decay depend-
ing on the number of the incoming and outgoing tracks in the vertex to which it is
attached. A single (hanging) track is called CloseAsymConversion if the distance be-
tween the z-coordinate of its first hit and the primary vertex is less than 25 cm and
FarAsymConversion otherwise. All secondary vertex tracks are called Secondary-
Muon if matched to the muon chambers and Secondary Electron if identified by the
TRD.

• If the track has less than 12 hits, it is labeled ShortCharged.

• All tracks with a reconstructed momentum greater than 500 GeV/c are labeled
Ghosts.

• Electromagnetic clusters with no associated charged track are called Neutrals.
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Figure 6.4: Hadronic energy resolution 6Eh/Eh = {Eh
Rec - E^C)/E^IC in v^ CC (left)

and ve CC (right) Monte Carlo simulated interactions.

In the second step, a loop over POs is performed and the PO tags are used to make a
decision on the inclusion of each PO in the computation of the total hadronic momentum:

• All Charged, Muons and Electrons are used.

• Neutrallnteracts and Conversions are used regardless whether they point or not
to the primary vertex. However, it was found necessary to apply an additional
veto against the interactions of charged tracks whose products are not attached to
their parent track by the vertex reconstruction package. The veto is performed by
searching for the track whose last hit is closest to the Neutrallnteract vertex. If the
last hit on this track satisfies dr < 20 cm and \dz\ < 20 cm (with pz > 0) criteria,
the Neutrallnteract is re-labeled Scatter.

• Scatters and Decays are used only if their parent tracks are not used. This can occur,
e.g., if the parent track is classified as ShortCharged and its momentum measurement
is unreliable. In such cases the vector sum of all the daughter tracks is used instead.

• AsymConversions are included depending on the result of a linear extrapolation
(using the error matrix propagation) of the track to the 2-plane of the primary vertex.
The AsymConversion is used if there is a good match between the extrapolated track
and the primary vertex in the transverse plane (dr < 8 cm) or if a tight match is
obtained in y with a looser constraint in x (\dy\ < 2 cm and \dx\ < 20 cm).

• ShortCharged and Ghosts are ignored.

'The neutrino beam line points upwards, at an angle of 2.4° to the z-axis of the detector [104].
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All Neutrals with energy greater than 100 MeV are used. The TDC timing flag of
each Neutral is also checked. If all the energy of the cluster is not associated to the
triggered event, the Neutral is ignored.

All POs already used in the lepton energy calculation by the bremsstrahlung strip
algorithm (see Sec. 6.4.1) are ignored.

HCAL clusters are only used for vetoing purposes. An undetected energetic neutral
hadron (e.g., neutron or K*[) could spoil a measurement of the energy of the hadronic
jet and, consequently, that of the total visible energy of the event, in particular, in
the plane transverse to the incident neutrino direction. Since HCAL measurements
do not have good energy or spatial resolution, we have chosen to use them as a veto
for both /i* and e* samples. If the total neutral (not associated to extrapolated
charged tracks) energy deposited in the HCAL exceeds 5 GeV, the event is rejected.
The efficiency of this cut on Monte Carlo and data samples in the selection of ve CC
candidates is shown in Table 6.17.

# events
e, %

465
80.9

"v NC
1 461
80.4

ve CC
93 707
92.6

ve CC
53 476
94.2

1995 data
1 804
89.0

1996 data
3 477
90.1

Table 6.17: ve CC and ue CC selection: efficiency of HCAL veto.

The hadronic energy is computed as the sum of momenta of all the POs included in
the calculations. The obtained hadronic energy resolution 6Eh/Eh = {E^ec —E^c)/E^fC

in vM CC and ve CC Monte Carlo events is shown in Fig. 6.4. The fractional difference
between the reconstructed (E^ec) and generated (E^Q) energy is ~18% for both samples;
the obtained resolutions are also similar for the v^ CC and ve CC interactions.

The reconstruction of the total visible energy and its uncertainty is further discussed
in Sec. 7.7.4.

6.5 Kinematic cuts

The prompt lepton, //* or e±, in a deep inelastic ^-induced charged current interaction
is usually kinematically isolated from the hadronic jet comprising all other particles. This
lepton will have a large transverse momentum qiep with respect to the hadron jet (typically
above 1 GeV/c in NOMAD) and it will balance the component of the hadron momentum
in the plane transverse to the neutrino beam direction. On the other hand, since hadrons
are produced in the fragmentation of the hit quark and the nucléon remnants, non-prompt
background leptons (such as electrons originating from photon conversions or muons from
n/K decays) will have a small qiep value (typically less than ~1 GeV/c) and will not
balance the transverse momentum of the rest of the jet.
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At the final stage of the event selection kinematic cuts are imposed, with the aim
of using the prompt lepton's isolation from the hadron jet to reduce the non-prompt
background. The variables used for the kinematic selection are:

4 6 8 10

v GeV/c
Uetf

8 10

GeV/c

Figure 6.5: The qiep distributions in the selection of ve CC candidates, for the v^ CC,
v^ NC (both background), ve CC (signal) Monte Carlo and 1996 data events, after electron
identification and conversion rejection criteria.

qiep: the component of lepton momentum piep transverse to the hadron jet direc-
tion.1 The qiep distributions for the MC samples and 1996 data after applying the
ve CC candidate selection criteria (electron identification and conversion rejection)
are shown in Fig. 6.5. The qiep distribution for the data displays two components:
a peak at low values due to ^-induced non-prompt background and a long tail due
to isolated electrons from ue CC interactions.

4>\h: the azimuthal angle between the lepton and the hadron jet vectors in the plane

'Note that the qup cut implicitly imposes a cut on the lepton momentum of at least the value of qup.
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perpendicular to the incident neutrino direction. The distribution of 4>\h x qi for
v^ NC Monte Carlo events is centered at zero (Fig. 6.6) as the sample is dominated
by electrons and positrons originating from conversions and imbedded into hadron
jet. In contrast, in ve CC MC events the 4>\h x qi distribution peaks at —n, as
the prompt electron's pr balances that of the hadron jet. The <f>\h x qt distribution
in data clearly shows two main components: conversions from v^ NC interactions,
symmetrically positioned around zero, and prompt e± from ue CC interactions,
peaked at ±n.

0 2
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Figure 6.6: The <j>\h distributions, signed by the charge qi of the prompt electron, for the
Up CC, Up NC, ve CC Monte Carlo and 1996 data events after application of the electron
identification and conversion rejection criteria.

If we first impose a qiep cut (e.g. qiep > 1.6 GeV/c), a cut on <f>\h still remains efficient
against v^ NC background. The requirement 4>\h > TT/2, e.g., reduces v^ NC background
by more than a factor of two while retaining more than 95% of the signal. In practice,
we apply a correlated two-dimensional cut in a qiep - <f>\h plane, with the parametrization
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chosen as

tih
1 (GeV/c)2

M]. (6.2)

The parameters qfep = 0.1 GeV/c and <j>fh = 1.9 were chosen by maximizing the ratio of
the signal to the sum of the signal and the expected non-prompt background.

The 4>\h versus qiep distributions and the 2D isolation cut are shown in Fig. 6.7, for
the MC samples and 1996 data passing the ue CC candidate selection criteria. Identical
kinematic cuts are imposed on the p^ and e± samples. The efficiency of the kinematic
cut for ve CC and CC selections is given in Tables 6.18 and 6.19.

V GeV/c

2

1.5

1

0.5

0

; . : \K't0Z™£jfî^^^??:&%DKKÏ

-.)••>• i • i- i i

veCCMC

•s

-©- 2.5 ¥•:

3 W^X

4 5

GeV/c

2 -

1.5 r

1 h;.

0.5

0 iHi_
o

1996 data

I I ! I I I _l_
4 5

GeV/c

Figure 6.7: The <j>\h (vertical axis) versus qiep (horizontal axis), for the u^ CC, v^ NC,
ue CC Monte Carlo and 1996 data events passing the electron identification and conversion
rejection criteria. The region selected by the two-dimensional kinematic cut lies to the
right of the curve.

In the analysis presented below we use only the deep inelastic neutrino-nucleon inter-

actions. The inclusion of the quasielastic (QE) and resonance (RES) events to the v^ —> ue
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# events

e,%

v» CC
45
9.8

^ NC
43
2.9

ue CC

81 469
86.9

ve CC

44 487
83.2

1995 data

1 080
59.9

1996 data

2 212
63.6

Table 6.18: ve CC and ve CC selection: efficiency of kinematic cut.

# events

e, %

vM CC
460 441

78.7

i^CC

72 391
75.9

^ NC
181

3.6

1995 data

94 631

70.8

1996 data
201 442

73.9

Table 6.19: v^ CC and v^ CC selection: efficiency of kinematic cut.

oscillation search requires an optimization of the selection criteria for low multiplicity and
low hadronic energy events, as well as a dedicated simulation of the quasielastic neutrino
interactions and resonance production. The work on the QE and RES event generator
is in progress at the time of completing this paper [105], making possible the use of the
quasielastic and resonance events for the v^ -> ve oscillation search in the future. In this
analysis, however, the QE and RES components of the selected data samples are removed
by imposing the cuts on the reconstructed values of an energy transfer u > 1.5 GeV and
momentum transfer Q2 > 0.5 GeV2/c2. These cuts remove ~11% of events in the n~ and
e~ data samples.

6.6 Signal efficiency and background rejection

The performance of the ue CC DIS event selection algorithm is shown in Tables 6.20
and 6.21 for the Monte Carlo and data samples. The e* data sample consists of 880
(1 780) electron and 93 (203) positron candidates found in 1995 (1996) data. An energy-
averaged ve CC selection efficiency of 32% (estimated on Monte Carlo simulated sample)
is obtained, while reducing the non-prompt background by 0.7 • 10~5 for v^ CC and by
2.6 • 10~5 for Vp NC samples.1

The performance of the v^ CC event selection using event quality and kinematical
criteria identical to those used for ve CC selection is shown in Table 6.22 for the Monte
Carlo and data samples. The /i* data sample consists of 81 138 (171 781) /x~ and 1 816
(3 983) / i+ candidates in 1995 (1996) data respectively. The average v^ CC selection
efficiency is ~45% with a negligible background.

The event selection efficiency as a function of the simulated (true) neutrino energy is
shown in Fig. 6.8 for the ue CC (left) and v^ CC (right) Monte Carlo samples.

Having selected the e^ and /x* samples - candidates for the ve CC and u^ CC DIS

'All quoted selection and rejection efficiencies are computed here with respect to the number of events
generated in the fiducial area of 260 x 260 x 400 cm3, representing the complete detector configuration.
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Summary of ue CC selection: MC signal and backgrounds

Initial

e~

e+

v^ CC

889 446

6
(0.7±0.3)-l(T5

28
(3.1±0.6)-l(T5

V? NC

582 470

15

(2.6±O.7)-1CT5

16
(2.7±0.7)-10~5

ve CC

228 980

74 182

(32.4±0.1)%
234

(1.0±0.1)-10-3

De CC

127 500

114
(8.9±0.8)-10-4

37 624

(29.5±0.1)%

Table 6.20: Summary of ve CC Monte Carlo selection efficiency and background rejection.
The number of Monte Carlo events generated in the fiducial volume, number of selected
negative and positive candidates and the average efficiency of the selection are shown for
the u^ CC, Vp NC, ve CC and ï>e CC Monte Carlo samples.

Summary of ve CC selection

Initial

e~

e+

1995 data
341 222

880
93

1996 data

605 571

1 780
203

Table 6.21: Summary of ve CC selection in 1995 and 1996 data. The number of events
reconstructed in the fiducial volume of the detector (after event quality cuts) and the
number of negative and positive candidates selected in 1995 and 1996 data are shown.

events - we now proceed to the estimation of the non-prompt background components of

the samples and to the comparison of the data with the Monte Carlo predictions.
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Summary of v^ CC selection: signal and background

Initial

H+

v» CC MC
889 446

403 515

(45.4±0.1)%
324

(3.6±O.2)-1CT4

i>p CC MC

152 243

30

(2.O±O.4)10-4

58 247
(38.3±0.1)%

vp NC MC
582 470

52

(8.9±1.2)-10~5

48
(8.2±1.2)-10~5

1995 data
341 222
81 138

1 816

1996 data
605 571
171 781

3 983

Table 6.22: Summary of v^ CC selection efficiency and background rejection. For the
v^ CC, v^ CC and v^ NC Monte Carlo samples, the numbers shown are: events generated
in the fiducial volume, selected negative and positive candidates and the average efficiency
of the selection. For 1995 and 1996 data, the number of events reconstructed in the fiducial
volume of the detector (after event quality cuts) and the number of selected negative and
positive candidates are given.

o.i -

o. if -

T

T
v CCMC

0 10 4U SO 100 120 140 160 1*0 200

Neutrino energy Ev, GtV
o 10 « to no loe no no no no loo

Neutrino energy Ev^ GeV

Figure 6.8: Event selection efficiency as a function of the simulated (true) neutrino energy
Ev for the ve CC (left) and v^ CC (right) Monte Carlo samples.



Chapter 7

Search for i/,, —> vP oscillations

7.1 The non-prompt background estimates

Let us recall that the v^ -> ve oscillation signal would appear as an excess of events
in the e~ sample above the predicted background, which consists of 1) prompt electrons
from beam ^-induced CC events and 2) non-prompt electrons and misidentified hadrons
mainly from v^ neutral current and charged current interactions. In order to compare
data with Monte Carlo predictions, we treat these two background sources separately,
estimating the non-prompt background contributions with the help of the Monte Carlo
simulation, and adding them appropriately to the prompt ue component predicted by the
primordial beam simulation packages.

The following algorithm was used for the estimation of non-prompt background con-
tributions:

1. We define the efficiency of vu CC selection as

where

• Nlfc{Evis) is the number of v^ CC Monte Carlo simulated events passing the
Vfi CC selection criteria as a function of the total visible energy EViS.

• NMC(EU) is the number of v^ CC Monte Carlo simulated events as a function
of the true neutrino energy Eu.

Such a definition of the efficiency allows one to account for both the instrumental
and selection acceptance and the distortion (smearing) of the neutrino energy due
to the finite energy resolution [106].

2. After the kinematic cuts, the non-prompt background contribution to the \T sample
is negligible (well below 1% level). The unfolded number of v^ CC interactions1

H.e. the number of vu CC interactions which would be observed at 100% selection efficiency-

121
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can be then estimated from the observed number of \x events and the Monte Carlo
efficiency of v^ CC selection using the method of correction factors described in [106]:

N°»J(Evis)
(7.2)

The number of observed and unfolded v^ CC interactions in the 1995 and 1996 data
integrated over EVIS is shown in Table 7.1. The unfolded number of v^ CC events for
different target configurations gives an absolute normalization for the background
prediction.

The number of observed and unfolded v^ CC interactions
Data sample

4 mod
8 mod
11 mod

1996

BCT, p.o.t.
2.4-1018

3.1-1018

3.1-1018

1.3-1019

Up CC selection
njobs

ti-

ll 413
29 483
40 242

171 781

e,%

48.3
47.2
45.4

45.4

™uuCC

23 756
62 704
88 716

378 943

Vp CC selection
Nob+s

290
665
861

3 983

16
29
40

155

e,%

40.0
39.5
38.3
38.3

prunf

650
1 686
2 212

10 041

Table 7.1: Summary of v^ CC and v^ CC event selection. For each target configuration, the
number of observed events N°bs, the average selection efficiency e and the corresponding
number of unfolded events N™çC are given for the v^ CC and v^ CC candidates. The
exposure measured in protons on target (p.o.t.) by the BCT is quoted for each data
taking period. For the /z+ sample, the total number of expected non-prompt background
events N + 9 from Vn CC and Vu NC interactions is also shown.

3. The contributions from different sources to the non-prompt background are then ob-
tained by scaling the unfolded number of fM CC events by the Monte Carlo estimated
efficiencies of the background rejection computed identically to Eq. (7.1).

The expected number of non-prompt background events for e~ and e+ samples is shown
in Table 7.2. As the acceptance of the prompt and the non-prompt electron backgrounds
strongly depends on the 2-coordinate of the primary vertex, the selection efficiencies (and,
consequently, the estimations of the expected background and signal) are computed sep-
arately for the different target configurations, namely for 4, 8 and 11 module data taking
periods of 1995 and for the 1996 data. For the estimations of the v^ NC background the
factor 0.31 for the a^Ncl^v^cc r a t i ° is used, while the ratio oia^ccl^uCC = 0.50 is used
to estimate the antineutrino background.

Two sources contribute to both the e~ and e+ non-prompt backgrounds: v^ NC events
and i/ft CC events where the muon escaped detection. The neutral current background
is charge symmetric, while the Vp. CC background for the e+ sample exceeds that for the



7.1. THE NON-PROMPT BACKGROUND ESTIMATES 123

Expected number of

e~

e+

Data taking

4 mod
8 mod
11 mod

1996

4 mod
8 mod
11 mod

1996

0.3
0.6
0.7
3.0

1.0
2.5
2.8
12.3

Dackground <

CC

±
±
±
±
±
±
±
±

0.1
0.2
0.2
1.0

0.3
0.5
0.5
2.2

vn
0.2
0.6
0.7

3.0

0.3
0.7
0.7
3.2

NC

±
±
±
±
±
±
±
±

0.
0.
0.

0.

0.
0.
0.
0.

svents

1
2
2

7

1
2
2
8

0.6

1.0
1.3
5.2

in e

CC
-
-
-
-

±
±
±
±

0
0
0.
0.

±

1
1
1
4

samples

0
0
0
0

Ve

0
1

1

3

CC
± 0
± 0
± 0
± 0 .
-
-
-
-

0
0
0
0

Table 7.2: Estimation of various non-prompt background contributions to the e and e+

samples. Only statistical errors are shown.

e~ due to the charge bias of the hadron jet (there are more misidentified positive hadrons
than negative) and due to an additional contribution of positrons from charm decays. For
the e+ sample, significant background comes not only from v^ CC and NC interactions,
but also from the incorrect reconstruction of the charge sign of the prompt electron in
ue CC events. Backgrounds for the e^ samples from v^ CC, i^ NC and fM quasielastic
interactions were estimated from simulation too and found to be negligible.

The summary of the observed e~, e+ and [i+ events and of the total predicted non-
prompt background is given in Table 7.3. The sum of all non-prompt background contri-
butions constitutes less than 0.5% of the e~ and about 11% of the e+ data samples. The
sum of Vy CC and v^ NC backgrounds amounts to about 4% of the JJ,+ sample.

e

e+

Year

1995
1996
1995
1996

1995
1996

jyobs

880 ± 30
1 780 ± 42

93 ± 10
203 ± 14

1 816 ± 43
3 983 ± 63

jybckg /

3.2 ±
6.3 ±
11.1 ±
20.7 ±

84.6 ±
148.1 ±

MC)

0.4
1.2

0.8
2.4

2.6
: 7.7

Nobs_

877
1 774

82 :
182

1 731
3 835

Nbckg

± 30
± 42

t 10
± 14
± 43
± 63

jybckg Ijyobs

0.4
0.4

11.9
10.2

4.7
3.7

%
%
%
%

%
%

Table 7.3: Predicted composition of the e , e+ and fi+ samples. The number of observed
events JVo6s, the total predicted non-prompt background Nbck9, the estimated number of
the beam i/-induced events and the ratio of the non-prompt background to observed events
are shown for the 1995 and 1996 data. The errors are only statistical.

Having estimated the various non-prompt backgrounds, the unfolded numbers of ve CC,

Pe CC and v^ CC interactions can be evaluated by subtracting the corresponding non-
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prompt background contributions from the observed e , e+ and / J + data samples and
dividing by the Monte Carlo efficiencies of the ve CC, vt CC and PM CC selections:

Nobs(Evis) -
(7.3)

The number of the observed and unfolded charged current neutrino interactions in the 1995
and 1996 data and the corresponding predicted non-prompt background contributions are
shown in Table 7.1 for the v^ CC and in Table 7.4 for the ve CC and De CC candidates.

The number of observed and unfolded ve CC interactions
Data taking

4 mod

8 mod
11 mod

1996

ue CC selection
jyobs

135

315
430

1 780

Nbckg

0.5

1.2

1.5
6.3

e,%
37.4

35.2
32.4

32.4

Nunf
lyv,CC

364

871

1 331
5 433

vt CC selection
Nobs

14

30

49

203

1.9
4.3

4.9
20.7

£,%

33.6

31.9
29.5

29.5

Munf

37

93
154

622

Table 7.4: Summary of i>e CC and ve CC event selection. For each target configuration,
the number of observed events N°bs, the predicted number of non-prompt background
events Nbcky, the average selection efficiency e and the corresponding number of unfolded
events N^c are given for the ve CC and ve CC candidates.

Apart from the estimations of the non-prompt background contributions, the unfold-
ing procedure described here is used for some of the consistency checks on data samples
(presented in the next section) and for the estimation of the systematic uncertainty of
the kinematic selection efficiency (Sec. 7.7.2). The data and Monte Carlo distributions as
reconstructed, appropriately normalized, are used otherwise; in particular, in the determi-
nation of the confidence region.

7.2 Consistency checks on 1995 versus 1996 data

An important consistency check is the comparison of the / ^ and e± events and Ve/v^
and Ve/û^ ratios in the 1995 and 1996 data. Any statistically significant discrepancy
between the two data samples would be an indication for a possible data taking or analysis
problem, such as unknown instrumental effects, etc.

The set of consistency checks conducted on the 1995 and 1996 data samples is presented

below.

1. Comparison of n~ samples. First, we compare the ratio of background-free fj,~
events selected in 1995 and 1996 data with that expected from the number of p.o.t.'s
of each exposure. We use only the 11 module target configuration sample of 1995
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data as it is directly comparable with the 1996 data. Prom Table 7.1, we find that
the ratio of observed fi~ events in 1996 and 11 module 1995 data is

Nn_mod 4 Q „ . „

= T Ï = (234 ±
171781 v

The ratio of the corresponding number of p.o.t.'s is

3.1 • 1018

%19
0
9f 13.0 • 1018= (23.8 ±1.7)%. (7.5)

We assume 5% uncertainty on the BCT measurements of the flux of incident protons
during the lifetime of the NOMAD data acquisition system. The \i~ and p.o.t. ratios
agree within errors.

2. Comparison of e~ samples. The ratio of observed e~ events in 1996 and 11
module 1995 data samples (see Table 7.4) is

=(242 ±

and agrees within errors with that expected from the number of protons on target
(7.5). This test is statistically less precise than that of the \i~ samples; however,
it is essential in order to ensure the stability of the electron identification. The
estimations of the non-prompt background for 1996 and 11 module 1995 data are
identical, so that the above ratio is deduced using the full e~ samples, non-prompt
background included.

The ratio (7.6) of e~ events is also in agreement with that of fi~ from Eq. (7.4),
showing the stability of the relative electron/muon identification efficiency within
the 5% statistical accuracy of the electron samples.

3. Comparison of ^ and e± samples as a function of the visible energy. The
/J,~, / i+ , e~ and e+ samples selected in 11 module 1995 data are compared to those
in 1996 data as a function of the visible energy in Fig. 7.1. Satisfactory agreement
between 1995 and 1996 data for all samples is demonstrated.

4. Consistency of Ve/u^ ratio. The expected vtjv^ ratios in 1995 and 1996 data are

(from Tables 7.1 and 7.4):

0)
, v^CC I 1996

The Ve/vp ratios are consistent within errors.
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Figure 7.1: Comparison of 1996 and 11 module 1995 data as a function of the visible
energy for /i~, / i+ , e~ and e+ samples. The 11 module 1995 data are shown in solid
circles, the open circles are the 1996 data. All plots are normalized to the \x~ sample in
11 module 1995 data.

5. Comparison of ê/̂ V r a t ' o s a s a function of neutrino energy. A comparison
of the unfolded ve/^n ratios in 1995 and 1996 data as a function of the neutrino
energy is shown in Fig. 7.2. No statistically significant discrepancies between the
two data samples are found.

6. Consistency of Pe/û^ ratio. Finally, we compare the v^jv^ ratio in 1995 and 1996
data. A deviation in this ratio would imply an error in the analysis most likely arising
from different non-prompt background contaminations of the two data samples. The
expected ue/^n ratios in 1995 and 1996 data are (from Tables 7.1 and 7.4):

N,unf
ûeCC

runf

284
4 548

= (6.2 ±0.6)% (7.9)



7.3. COMPARISON BETWEEN DATA AND MONTE CARLO PREDICTIONS 127

2 0.045 z

5^ 0.04 Ë-

K 0.035 ~

o.o3 JE- 4 - " ^ - i - ' = : -
0.025 I- I

0.0/ r

0.005 p

Neutrino energy Ev, GeV

Figure 7.2: Comparison of the unfolded fe/f^ ratio in 1995 and 1996 data as a function
of the neutrino energy. The solid circles are the 1995 data, the open squares are the 1996
data. The non-prompt background contribution to the ue CC sample was estimated from
MC and appropriately subtracted.

Nun} \ 621

#f (62 ± ° 4 ) % (710)
1996

Within ~10% statistical accuracy of the e+ samples, the two ratios agree, indicating
the similarity of the non-prompt background contributions in 1995 and 1996 data.

We conclude that all four samples, fi^ and e±, are consistent between 1995 and 1996 data
within statistical errors.

7.3 Comparison between data and Monte Carlo predictions

One possible way to search for v^ -» ve oscillations in NOMAD would be to look for
deviations in the ve CC energy spectrum from the predictions of the simulation. Such an
approach would make the analysis extremely sensitive to the prediction of the absolute
neutrino flux. A sensitivity of the oscillation search to the absolute flux predictions can
be reduced by considering a relative measurement - the ratio of the vt CC over v^ CC
spectra - the approach we use. However, the knowledge of the relative fluxes - the relative
abundance of ve to v^ neutrinos as a function of energy - is crucial.

High energy neutrinos in the CERN wide-band neutrino beam come from the decays
of 7T=t, K±, K\, /i* and to a lesser extent of charmed mesons and hyperons (see Sec. 3.2).
These secondary particles are produced in the interactions of the 450 GeV/c proton beam
with a Beryllium target. The positive component of the secondary beam is focused by a
system of magnetic lenses (the horn and the reflector) and transported to a vacuum tunnel
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where the particles decay. The residual charged particles are finally stopped by a shield
placed before the experimental site, which only neutrinos can penetrate.

The production of the secondary particles in the pBe interactions is the crucial part
of the flux prediction, since the relative fraction of ve with respect to v^ neutrinos in the
beam is determined by the kaon and pion content of the secondary meson flux. Several
packages have been developed to simulate secondary particle production:

• GFLUKA (or FLUKA92) package [91] computes the differential and total cross-
sections of the hadronic processes and simulates hadronic interactions.

• FLUKA standalone (or FLUKA95) [107], a modified version of FLUKA92, repro-
duces the measured differential cross-section d2a/dCldp [108] with improved accuracy.
Further adjustments to the data of the NA56 (SPY) collaboration [109], which in
1996 has measured the yield of the n±, K± and secondary p with momenta down to
15 GeV/c in pBe interactions, are being implemented.

• Empirical parametr iza t ion (EP) [53] parametrizes the differential production
cross-section of the secondary mesons such that the resultant v^, v^ and ve fluxes
empirically fit the corresponding measured NOMAD data. The so-called "fixed VQ
method" (see [53] and references therein) is employed, which follows from the general
expression of the neutrino-nucleon differential cross-section. Namely, one makes use
of the fact that the number of events in a given energy bin with Eflad < vo is
proportional to the neutrino (antineutrino) flux in that energy bin up to correction
factors of the order of O{UQ/Eu) or smaller, which are not significant for small values
of fo at high energies.1 The resulting cross-sections are then used to predict the ve

flux in the absence of oscillations.

All these simulations predict the flux of the four neutrino species as a function of the
neutrino energy Ev and radial position R2.

The entire beam line is simulated by a Monte Carlo package called NUBEAM [110].
NUBEAM describes the propagation and reinteractions of the secondary particles as they
travel through the focussing devices and the rest of the beam line to NOMAD; it makes
use of the GEANT [47] library for the apparatus and the material description.2

The predicted integrated neutrino fluxes and the average energies at the position of the
NOMAD detector are shown in Table 7.5 for FLUKA92, FLUKA95 and EP. As already
mentioned, the Ue/u^ ratio predicted by all Monte Carlo simulations is of the order of 1%.
The ve spectrum is significantly harder than that of i/^, which increases the sensitivity of
the experiment to the oscillation search.

1vo is ~5 GeV or less at NOMAD typical energies.
2 An important check of the quality of the beam line simulation will be provided by the comparison

between the measured and predicted v^ spectra for an antineutrino run. Such a run with an exposure of
about 2.31018 p.o.t. (3 weeks of data taking) has been performed in May, 1998 and is expected to yield
about 25 000 j / M CC events - sufficient for such a comparison.
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Neutrino flux predictions
V

type

Ve

$M/<Ï>(^)
FL92

1.0
0.068

0.0093
0.0025

FL95

1.0

0.059

0.0090
0.0028

EP

1.0

0.055

0.0095
0.0025

(Eu), GeV
FL92

24.1

23.0
37.7
29.4

FL95

22.8

22.5

36.0

31.1

EP

24.5

18.7

39.1
31.5

N(uxCC)IN{ullCC)
FL92

1.0
0.032
0.015
0.0017

FL95
1.0

0.029
0.014
0.0019

EP

1.0
0.021
0.015
0.0016

Table 7.5: Relative flux abundance $(i/x)/$(i/M), average neutrino energy (Eu) and rel-
ative number of CC DIS interactions N{vxCC)/N{u^CC) = $(i^x)/$(^) • {EUt)/(EVll) •
<7(^x)M"/J for four neutrino species at NOMAD, as predicted by FLUKA92 (FL92),
FLUKA95 (FL95) and empirical parametrization (EP) [111]. The fiducial area for the
FLUKA92 and FLUKA95 predictions is 260x260 cm2, that for the empirical parametriza-
tion is 240x240 cm2.

7.3.1 Data versus Monte Carlo: comparison of the number of charged
current events

First of all, we compare the total number of events observed in the fi+, e~ and e+

data samples with that predicted by the simulation. The expected number of events from
the different possible sources is based on the neutrino fluxes - predicted by FLUKA92,
FLUKA95 and the empirical parametrization - passed through the detector simulation,
event reconstruction and the selection criteria. The number of background-free v^ CC
events observed in the data and the expected relative abundance of vx DIS interactions
N{yx)/N{i>^CC) are used to normalize the predicted number of vx CC and NC events.

The number of/i+, e~ and e+ events expected in 1995 and 1996 data from the different
possible sources as predicted by FLUKA92, FLUKA95 and EP simulations is compared
to that observed in the data in Table 7.6.

The number of fj,+ events selected in the 1995 and 1996 data differs significantly from
those predicted by the Monte Carlo simulations: it is considerably lower than the predic-
tions of FLUKA92 and FLUKA95 (by ~40% and ~20% respectively) and is ~15% higher
than that given by the EP. Note also that the Monte Carlo predictions disagree with each
other: the number of u^ CC predicted by FLUKA92 is more than 50% higher than that
given by the EP. The discrepancy between fi+ data and predictions, though large, is not,
in all probability, due to the errors in the estimations of the non-prompt background in the
H+ sample, but is most likely due to intrinsic problems in the description of the yield of the
negative secondary mesons by the neutrino flux simulation programs. A better description
of the v^ yield is expected in the new version of the FLUKA package, FLUKA97 [112],
which is being tuned to reproduce the existing measurements of the charged secondary
particle production [108, 109].

The data - Monte Carlo agreement in the total number of e~ and e+ events is good.
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The number of observed and expected events

e~

e+

Year

1995

1996

1995

1996

1995

1996

Flux
FL92
FL95
EP

FL92

FL95
EP

FL92
FL95
EP

FL92
FL95
EP

FL92
FL95
EP

FL92
FL95
EP

Uf, C C

77.1
78.7
80.0

142.1

143.8
145.2

1.3
1.3
1.6
2.6
2.7
3.0

6.6
6.7
6.3

12.8
12.9
12.3

v» CC
2 494.3
2 103.3
1 523.8
5 326.4
4 494.2

3 243.8

0.0
0.0
0.0
0.1
0.1
0.1

0.2
0.2
0.1
0.4
0.4
0.2

v? NC
5.0
4.9
4.6

10.3
10.1
9.8

1.5
1.5
1.5
2.9
2.8
3.0

1.7
1.5
1.7
3.0
2.8
3.2

I/eCC

0.0
0.0
0.0
0.0

0.0
0.0

888.8
856.5
892.0

1 829.9
1 764.4

1 836.6

3.0
3.1
3.0
5.3
5.4
5.2

P eCC
0.0
0.0
0.0
0.0
0.0
0.0

0.2
0.2
0.2
0.3
0.3
0.3

102.0
103.4
90.2

211.1
214.1
186.5

Total
2 576.4
2 186.8
1 608.5
5 478.7

4 648.0
3 398.7

891.8
859.5
895.2

1 835.8
1 770.4

1 842.9

113.5
114.9
101.4

232.5
235.9
207.4

Data

1 816±43

3 983±63

880±30

1 780±42

93±10

203±14

Table 7.6: Number of/i+ , e and e+ events expected in 1995 and 1996 data from the differ-
ent possible sources as predicted by FLUKA92, FLUKA95 and EP simulations compared
to that measured in the data. The errors shown are only statistical.

A discrepancy between data and simulation in the number of e events could indicate an
oscillation signal; we see that all three Monte Carlo predictions agree rather well, within
statistical errors of the data, with the number of the observed e~ events, both for 1995
and 1996 data. The FLUKA92 and EP predictions are consistent with each other within
1%, FLUKA95 gives 5% lower e~ expected number. The number of e+ events in the
data agrees well with the EP prediction; the almost identical FLUKA92 and FLUKA95
predictions, though somewhat higher than the data, are also consistent within statistical
errors. The agreement between data and Monte Carlo for the e+ events, where the non-
prompt background constitutes about 11% of the sample, indicates that our background
estimations are correct within the statistical accuracy of the sample.1

'One should note, however, that discrepancies between the e+ data sample and MC predictions would
not necessarily mean that our estimate of the non-prompt background is incorrect. To evaluate the uncer-
tainty of the background independently from the uncertainty of the i>e and Pe flux predictions, one should
study the data samples completely dominated by the non-prompt background. This issue is discussed in
Sec. 7.7.3.
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7.3.2 Data versus Monte Carlo: comparison of energy spectra

A comparison of the energy spectra as reconstructed for the /x~, /i+ , e~ and e+ samples
selected in 1995 and 1996 data with the corresponding DIS Monte Carlo predictions is
shown in Fig. 7.3 - 7.6.
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Figure 7.3: Top: comparison of the visible energy spectrum of the /i events selected in
1995 and 1996 data with the v^ CC DIS Monte Carlo predictions. The solid circles are
the sum of 1995 and 1996 data, FLUKA92 predictions are shown in solid line, FLUKA95
- in dashed line, EP - in dotted line. The Monte Carlo predictions are normalized to the
number of events in the data. Bottom: ratio of the measured n~ energy spectrum to those
predicted by simulation using FLUKA92 (solid circles), FLUKA95 (open circles) and EP
(asterisks). Only statistical errors are shown.

In order to compare v^ energy spectrum, the Monte Carlo predictions should be nor-
malized to the number of pT events in the data, i.e. only the comparison of the energy
shape (and not of the absolute normalization) is possible. None of the three predictions
agree very well with the pT data in the whole energy range (Fig. 7.3). The discrepan-
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Figure 7.4: Top: comparison of the visible energy spectrum of the fi+ events selected in
1995 and 1996 data with the 9^ CC DIS Monte Carlo predictions. The solid circles are
the sum of 1995 and 1996 data, FLUKA92 predictions are shown in solid line, FLUKA95
- in dashed line, EP - in dotted line (non-prompt background component is appropriately
added). The sum of the estimated u^ CC and u^ NC non-prompt backgrounds as predicted
by FLUKA92 is shown separately in shaded histogram for comparison. The Monte Carlo
predictions are normalized to the /J,~ data. Bottom: ratio of the measured /i+ energy
spectrum to those predicted by simulation using FLUKA92 (solid circles), FLUKA95
(open circles) and EP (asterisks). Only statistical errors are shown.

cies are particularly clear (5% and more) in the energy regions between 10-30 GeV for
FLUKA95, 60-90 GeV for FLUKA95 and EP and above 120 GeV for FLUKA92 and
FLUKA95. The predictions of the various production packages are also not in agreement
with each other.

To compare 9^, ve and 9e energy spectra in data and Monte Carlo, the number of v^ CC
events observed in the data and the expected relative number of v^fv^ {ve/^n: Ve/Vfi) DIS
interactions are used to normalize the predicted number of Monte Carlo events.
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Figure 7.5: Top: comparison of the visible energy spectrum for the e events selected in
1995 and 1996 data with the ve CC DIS Monte Carlo predictions (assuming no oscillations).
The solid circles are the sum of 1995 and 1996 data, FLUKA92 predictions are shown in
solid line, FLUKA95 - in dashed line, EP - in dotted line (non-prompt background com-
ponent is appropriately added). The total estimated non-prompt background as predicted
by FLUKA92 is shown separately in shaded histogram for comparison. The Monte Carlo
predictions are normalized to the \i~ data. Bottom: ratio of the measured e~ energy spec-
trum to those predicted by simulation using FLUKA92 (solid circles), FLUKA95 (open
circles) and EP (asterisks). Only statistical errors are shown.

The shape of the v^ energy spectrum (Fig. 7.4) predicted by the EP is consistent
with that of the /J,+ data sample but the relative v^jv^ yield is underestimated, while the
FLUKA92 and FLUKA95 predictions for the v^ are particularly poor, both in normaliza-
tion and in shape. Unlike the case of v^ and £>M energy spectra, the ue and Pe predictions
from various packages agree well and are consistent with the measurements (with the ex-
ception of the high energy tail of the ve spectrum), which is illustrated in Fig. 7.5 and
7.6. The most probable explanation of the agreement is that ve and ve neutrinos emerg-



134 CHAPTER 7. SEARCH FOR uu -> u. OSCILLATIONS

v CC, v JVC, vtCC background

0 20 40 so wo 120 140 160 ISO 200

Visible energy Evis, GeV

0 20 40 60 SO 100 120 140 160 ISO 200

Data IMC, Visible energy Evis, CeV

Figure 7.6: Top: comparison of the visible energy spectrum for the e+ events selected in
1995 and 1996 data with the ve CC DIS Monte Carlo predictions. The solid circles are
the sum of 1995 and 1996 data, FLUKA92 predictions are shown in solid line, FLUKA95
- in dashed line, EP - in dotted line (non-prompt background component is appropri-
ately added). The total estimated non-prompt background as predicted by FLUKA92 is
shown separately in shaded histogram for comparison. The Monte Carlo predictions are
normalized to the /x~ data. Bottom: ratio of the measured e+ energy spectrum to those
predicted by simulation using FLUKA92 (solid circles), FLUKA95 (open circles) and EP
(asterisks). Only statistical errors are shown.

ing mainly from a three-body X-decays are less sensitive to the details of the production
spectra and to the angular divergence of the parent meson beam than v^ and v^ neutrinos
from two-body n- and if-decays.

As may be expected from the above discussion, the uncertainty in the neutrino flux
predictions represents one of the largest contributions to the systematic uncertainties of
this analysis. It is discussed in more detail in the following sections.
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7.3.3 Data versus Monte Carlo: comparison of radial distributions

A comparison of the distribution of the radial position of neutrino interaction vertices
as reconstructed for the fi~ and e~ samples selected in 1995 and 1996 data with the
corresponding DIS Monte Carlo predictions is shown in Fig. 7.7.
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Figure 7.7: Comparison of the radial distribution of neutrino interaction vertex as recon-
structed for the n~~ and e~ events selected in 1995 and 1996 data with the v^ CC DIS
Monte Carlo predictions. The solid circles are the sum of 1995 and 1996 data, FLUKA92
predictions are shown in solid line, FLUKA95 - in dashed line, EP - in dotted line. The
total estimated non-prompt background in the e~ sample as predicted by FLUKA92 is
shown in shaded histogram. The Monte Carlo predictions are normalized to the number
of fi~ events in the data, the errors shown are only statistical.

The predictions agree well with the data. The radial distribution of ve emerging from
the three-body decay of kaons is, as expected, much broader than that of uM neutrinos from
the two-body decays of n+ and K+ mesons. In other words, the ue/u^ ratio in the absence
of oscillations is expected to be smaller (i.e. more sensitive to oscillation contribution) at
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small radii and larger (less sensitive) at the edges of the detector. The radial dependence of
the ueju^ ratio can be explored in order to possibly increase the sensitivity of the analysis
by performing the v^ -»• ue oscillation search in radial bins (in addition to energy bins).

7.3.4 Data versus Monte Carlo: the ratio

As already mentioned, no measurable contribution to the ve events from v^ —> ve

oscillations is expected, due to the small relative v^jv^ fraction in the beam and the small
non-excluded probability of the oscillations. Therefore, the observed ratio of vejvil CC
events has to be consistent with predictions; a deviation could indicate an incorrect esti-
mation of the non-prompt background.
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Figure 7.8: The ratio of ue CC to v^ CC events as reconstructed in 1995 (top, solid
points) and 1996 data (bottom, open points) as a function of the total visible energy EViS,
compared to the predictions of the Monte Carlo simulation. FLUKA92 predictions are
shown in solid line, FLUKA95 - in dashed line, EP - in dotted line. The total estimated
non-prompt background is appropriately added to the Monte Carlo predictions. The errors
shown are only statistical.



7.4. MONTE CARLO SAMPLES AND OSCILLATION PARAMETERS 137

The ratio of ûe CC to v^ CC events observed in the 1995 and 1996 data, compared to
that predicted by the Monte Carlo simulations, is shown in Fig. 7.8 as a function of the
total visible energy EV1S. The disagreement between the FLUKA92 prediction and the
observation is particularly clear at high energies; it is mainly due to the poor FLUKA92
description of i>M flux (discussed in Sec. 7.3.1 and 7.3.2). The v^jv^ predictions of the
FLUKA95 and EP agree with the measurement within the statistical accuracy of the
positron data sample.

7.3.5 Data versus Monte Carlo: the Reil ratio

The next step towards an oscillation search is to compare the ratio Refl of ue CC to
v^ CC events to that predicted by the Monte Carlo simulation packages as a function of
the neutrino energy. The presence of v^ —> vt oscillations would lead to an increase in
that ratio. In particular, an enhancement in the low-energy region (5 < Ev < 30 GeV) is
expected, due to the lower average energy of oscillating v^ neutrinos compared to that of
ve (see Table 7.5).

The ratio of ve CC to v^ CC events observed in the 1995 and 1996 data as a function of
the total visible energy EVjs is compared to the predictions of the Monte Carlo simulations
(assuming no contribution from v^ -> ve oscillations) in Fig. 7.9.

The data agree well with the no oscillation hypothesis. The important fact also illus-
trated by the plot is the consistency of the three Monte Carlo predictions of Reil ratio.
The Monte Carlo predictions agree especially well in the low energy range (below 30 GeV),
the region most sensitive to v^ —» ve oscillations.

7.4 Monte Carlo samples and oscillation parameters

To determine an allowed (or exclusion) confidence region of v^ —» ue oscillation pa-
rameters, the experimental distributions have to be compared with those predicted by the
simulation for various sets of oscillation parameters. The standard Monte Carlo simulation
of Up CC and ue CC events and their reconstruction has been done without the presence
of neutrino oscillations. To take into account an oscillation contribution, different distri-
butions (e.g., Reii ratio) expected for a given set of oscillation parameters are produced
through event by event reweighting of the oscillation-free MC samples.

The calculation of WU)1 and WVt weights for v^ and ve Monte Carlo events is done in
several steps. The starting point is the predicted v^ and v\ flux. The presence of v^ —> ue

oscillations would yield modified ve and v^ fluxes:

ue{E^R2) = is°e(Eu,R
2) • PVe^Ve(Ev,L) + vl{Eu,R

2) • />„„_„,(£„,!,)
(7.11)

!/„(£?„,fl2) = ^(E,,,R2) • Pu^^(Et/,L) + u°e(El,,R
2) • P^^E^L)

where P are the probabilities of observing the indicated type of oscillations. For two-family
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Figure 7.9: The ratio of ve CC to v^ CC events as reconstructed in 1995 data (top, solid
points) and 1996 data (bottom, open points) as a function of the total visible energy EViS,
compared to the predictions of the Monte Carlo simulations assuming no contribution
from î/p —>• ue oscillations. FLUKA92 predictions are shown in solid line, FLUKA95 - in
dashed line, EP - in dotted line. The total estimated non-prompt background to ve CC
interactions is appropriately added to the Monte Carlo predictions. The errors shown are
only statistical.

mixing, the oscillation probabilities are related:

P — P — 1 — P — 1 — P

Therefore, the weights are

(7.12)

(7.13)

where R°(El/,R'2) is the predicted v^jv^ ratio of neutrino fluxes assuming no contribution
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from oscillations.

The oscillation probability PVtl^Ve in the case of two-neutrino mixing is given by

/>„„_„, (£„,£) = sin2 29 -sin2 nj; X(km) =

where 6 is the mixing angle, L is the distance between the neutrino production point and
its observation point, A is the oscillation length determined by the neutrino energy Eu and
the eigenstate squared mass difference Am2 = m\ — m?- Approximating the probability
of 7T- and A'-decays along the decay path length by a uniform distribution, the probability
of oscillations in (7.13) can be expressed as

'-'max

dL

Vt (£„, Am2, sin2 26) = ^ (7.15)

where Lmax = 835 m and Lmin = 421 m are the distances from the target and from the
end of the decay tunnel to the NOMAD detector. The integration over L can be per-
formed analytically. Therefore, the weights W are computed for a given set of oscillation
parameters (Am2, sin2 26) as a function of neutrino energy Ev and the radial position of
the interaction vertex R2.

7.5 Determination of confidence region

As mentioned previously, the sensitivity of the oscillation search to the absolute flux
predictions and to many systematic uncertainties could be reduced by considering the
ratio Refi of the number of ue and u^ charged current interactions. It is the Reil ratio as
a function of the total visible energy and of the radial location of the interaction in the
detector that we use for determination of confidence region of oscillation parameters.

We have chosen to use a variable bin size for the Reii as a function of the visible energy.
The bin width and number of bins have been chosen in such a way that there are at least
10 events in each energy bin for the ve CC data sample. The comparison of the Refl

predicted by the EP Monte Carlo (assuming no oscillations) and that observed in 1995
and 1996 data is shown in Fig. 7.10. The data agree well with the no oscillation hypothesis
and disagree with the minimum x2 LSND solution (Am2 = 19 eV2, sin2 26 = 0.006) [34].

As was discussed in Sec. 7.3.3, the sensitivity of the analysis can be increased by split-
ting the available data into radial bins. We used two radial bins, defined by a requirement
that the radius of the reconstructed primary vertex position with respect to the longi-
tudinal beam axis should be smaller (larger) than 70 cm. The ratio of the number of
ue CC candidate events in inner and outer radial bins is about 1:2, providing reasonable
statistical accuracy in each energy bin in both radial samples.

The comparison of the Refl predicted by the EP Monte Carlo (assuming no oscillations)
with that observed in 1995 and 1996 data in two radial bins is shown in Fig. 7.11 as a
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Figure 7.10: Comparison of Reil ratio for the sum of 1995 and 1996 data (open circles) with
the EP Monte Carlo prediction assuming no contribution from oscillations (histogram),
as a function of the visible energy Ems. The signal expected in NOMAD in case of v^ —>
vt oscillations with the minimum x2 LSND solution (Am2 = 19 eV2, sin2 26 = 0.006) [34]
is also shown (asterisks). The total estimated non-prompt background is added to the
Monte Carlo predictions. The errors are only statistical.

function of the visible energy Evis. Again, the data agree with the no oscillation hypothesis
and disagree with the minimum x2 LSND solution in both radial regions.

Two different methods to determine a confidence region - a "global scan" (with both
chi-squared and likelihood estimators) and a "unified approach" (technique recently pro-
posed by Feldman and Cousins [113]) - have been used to set a limit on the parameters
of Un —> vt oscillations.

7.5.1 Global scan

This method consists of the global (2D) minimization of the x2(sin220, Am2) in the
Iog(sin220) - log(Am2) plane. The point (sin226>min, Am2

min) with x2 = Xmin g i v e s t h e

best estimate of the oscillation parameters. The confidence region is then computed as
the set of solutions of the inequality

X2 > X
2min + UP (7.16)

where UP is the confidence level for a x2 distribution and is equal to 4.61 for a 90% C.L.

for two degrees of freedom [114].
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Figure 7.11: Comparison of Re/1 ratio for the sum of 1995 and 1996 data (open circles) with
the EP Monte Carlo prediction assuming no contribution from oscillations (histogram) in
inner (R < 70 cm, left) and outer (R > 70 cm, right) radial bins as a function of the
visible energy Evls. The signal expected in NOMAD in case of v^ —> ue oscillations with
the minimum \2 LSND solution (Am2 = 19 eV2, sin2 26 = 0.006) [34] is shown in asterisks.
The total estimated non-prompt background is added to the Monte Carlo predictions. The
errors are only statistical.

The x2 as a function of two unknown physical parameters - sin2 26 and Am2 - is
computed as

X =
{Rij-BMC'(sin2 20, Am2))'

astat
Tsyst

(7.17)

where Rij is the v^jv^ ratio in the i-th visible energy and j-th radial bin and astat is
its statistical error. The systematic error of the Monte Carlo prediction asyst could be
estimated as

asyst = e • R%c{sin2 26, Am2) (7.18)

where e is the relative error independent of the visible energy Efis and the radius i?2.
Instead of minimizing the x2> we can perform the maximization of the log-likelihood

function1

inC =

• In (sin2 29, Am2))) (7.19)

where N"?, N"? are the numbers of observed ue and v^ events in the i-th visible energy
and j-th radial bin. As for the x2 minimization, the point (sin2 26max, AmJ^) is the best

'Both are performed with the help of the MINUIT [114] function minimization package.
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estimate of the oscillation parameters. The asymptotic behavior of the function —2lnC is
identical to that of the x2-function and the inequality (7.16) holds true.

7.5.2 Unified approach

Another method to calculate the confidence region is given by a unified approach to the
classical statistical analysis, described in [113] and recently recommended by the PDG [3].
As shown in [113], the unified approach avoids the difficulties in setting the confidence
region which are caused by the non-Gaussian nature of the oscillation probability function,
its one-dimensionality in some regions of the sin2 26 - Am2 plane and the proximity to the
unphysical region. As a result, unlike the global scan which has regions of undercoverage
and overcoverage, the unified approach gives the confidence region with proper coverage.

The x2 estimator used by the unified approach takes into account the absolute normal-
ization of the Ve/vp ratio predicted by the Monte Carlo through an additional parameter
r. Then in the x2 calculations the MC predicted ratio is scaled by r and an additional
term appears:

(r - I)2

a
t j astat + asyst aT

where ar is the estimation of the overall normalization uncertainty.
Since the unified Feldman - Cousins approach gives the confidence regions with exact

coverage, it is used to calculate the final results of our v^ —\ ve oscillation search. We
think it useful to present also the confidence regions set by the global scan method, as
they can be compared with those obtained by the neutrino oscillation search experiments
conducted in the past.

7.6 Results of the v^ —>• ve oscillation search

The results of the u^ —» ve oscillation search presented in this section are based on the
data collected during the 1995 and 1996 NOMAD runs. The measured Refl distribution
as a function of the total visible energy is compared with the Monte Carlo predictions in
two radial bins and the 90% C.L. exclusion limit on the parameters of oscillations is set.
The calculations of the confidence region are performed using the two methods described
in Sec. 7.5.

Together with the upper limit, the sensitivity of the experiment is computed, which is
denned as the average upper limit that would be obtained by an ensemble of experiments
with the expected background and no true signal. The sensitivity curve is computed
replacing the experimental data by the Monte Carlo prediction assuming no oscillations,
with statistical errors of the data sample.

The 90% C.L. exclusion region on sin2 26 - Am2 plane and the sensitivity of the
experiment calculated by the global scan method with the likelihood estimator (7.19) are
shown in Fig. 7.12 for the EP (left) and FLUKA92 (right) Monte Carlo simulations (only
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Figure 7.12: The 90% C.L. exclusion region (to the right of the solid line) for the EP
(left) and FLUKA92 (right) MC predictions, as determined by the global scan method
with the likelihood estimator (7.19). The experimental sensitivity is shown in stars. Only
statistical errors are considered.

statistical errors are considered). The region of sin2(20) > 9.6-1CT4 (> 8.2-10"4) for the
EP (FLUKA92) flux predictions is excluded at large (> 1000 eV2) Am2 at 90% C.L. The
experiment is sensitive to the region of sin2(29) > 1.0-10~3 (at large Am2). The limit
and sensitivity curves are close to each other as expected. Due to random fluctuations,
the upper limit is more stringent than the sensitivity for some values of A7n2 and less
stringent for others.

The x2 estimator (7.17) allows the inclusion of systematic errors in the calculations
of the confidence region and experimental sensitivity. The 90% C.L. excluded regions
obtained by the global scan method with the x2 estimator for several values of e (7.18)
are shown in Fig. 7.13 for the EP Monte Carlo predictions. The upper limit on sin2 (20)
varies from 1.110"3 to 1.610~3 for 0% to 10% variation of the absolute uncertainty (at
large Am2); the corresponding variation in the sensitivity is 1.0-10"3 to 1.5-10"3.

The 90% C.L. contours set by the unified approach [113] using the x2 estimator given
by Eq. (7.20) are shown in Fig. 7.14 for the EP (left) and FLUKA92 (right) Monte Carlo
predictions (the errors are only statistical). The region of sin2(20) > 9.7-10"4 (> 8.2-10"4)
for the EP (FLUKA92) flux predictions is excluded at large Am2, very similar to that
ruled out by the global scan method.

7.7 Systematic uncertainties in the prediction of vejv^ ratio

In the following sections we discuss the various sources of potential systematic errors
and attempt to evaluate their impact on the results of the oscillation search. We start
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Figure 7.13: The 90% C.L. exclusion region as determined by the global scan method with
the x2 estimator (7.17), assuming null, 3%, 5% and 10% systematic error independent of
the visible energy and the radial position. The sensitivity limit of the experiment is shown
in dots. The description of neutrino flux is given by the empirical parametrization.

with a discussion of the uncertainties in the efficiency of the kinematic selection and in
the predictions of the non-prompt background.

7.7.1 Uncertainty of kinematic selection efficiency

It is essential to evaluate the accuracy of the non-prompt background estimation, both
its content and its dependence on the kinematic variables used to isolate the e± signal. It
is equally important to determine the dependence of the relative Vtjv^ efficiency on the
isolation variables.

The Monte Carlo simulation of neutrino interactions does not describe equally well
all distributions of the observed data. The discrepancies are mostly due to the unprecise
hadron jet description in the Monte Carlo. This is particularly clear in the purely trans-
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Figure 7.14: The 90% C.L. exclusion region for the EP (left) and FLUKA92 (right) MC
predictions, as determined by the unified approach [113] (only statistical errors are con-
sidered). The experimental sensitivity is shown in stars.

verse variables, such as the azimuthal angle between the lepton and the hadron jet vectors
in the transverse plane <f>\h and the missing transverse momentum fa. The comparison
between the simulated and observed cj)\h and fa distributions for e~ and pT samples (no
kinematic cuts imposed) is shown in Fig. 7.15.

The distributions of <j>\h and qiep, the component of lepton momentum transverse to
the hadron jet direction, were used for the kinematic selection of both /z* and e± events.
When the qiep distribution is described by the simulation rather well (Fig. 7.16), the <f>\h

is not. Therefore, the efficiency of the kinematic cuts, calculated from the Monte Carlo,
would be incorrect, which would give rise to errors when comparing data with absolute
Monte Carlo predictions.

However, for the v^ —> ve oscillation search it is sufficient to determine the relative Ve/v^
efficiency dependence on the isolation variables. For this purpose, instead of comparing
the transverse kinematic distributions in the data with the corresponding MC predictions,
we compare the e~ data with the LI~ data. To perform the comparison, LL~ data events
are reweighted for the relative expected ve/vn flux and the vtjv^ Monte Carlo estimated
efficiency.1 The appropriately normalized non-prompt background contributions are added
to reweighted \T data events and the resulting prediction (the data simulator) is compared
with the e~ sample.

A comparison of 4>\h and /fj for the e~ sample, without kinematic cuts, with the data
simulator is shown in Fig. 7.17. The solid circles are the sum of 1995 and 1996 data, the
hatched histogram shows the sum of the estimated fM CC and NC contributions to the

' i t should be noted that the transverse variables are largely insensitive to the relative flux weights.
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Figure 7.15: Comparison of the azimuthal angle <f>\h (top) and the missing transverse
momentum fr (bottom) for the observed and Monte Carlo simulated /x~ (left) and e~
(right) events. The solid circles are the sum of 1995 and 1996 data, the solid histogram
is the Monte Carlo prediction (including the non-prompt background). The non-prompt
background contribution to the e~ sample is shown separately in hatched histogram. No
kinematic cuts are imposed.

e sample, the solid histogram is the fi data simulator (sum of the /i reweighted data
and the expected non-prompt background). The fi~ data simulator describes the electron
data sample very well. It is evident that the 4>\h region below 7r/2 for the e~ sample has
a significant contribution from the non-prompt background.

Good agreement between e~ sample and data simulator indicates that the relative
ve/vp selection efficiency is not very sensitive to the choice of the kinematic isolation
cuts. A direct estimate of the uncertainty of the vejv^ and v^jv^ ratios to the kinematic
selection criteria is described in the next section.
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Figure 7.16: Comparison of qiep for the observed and Monte Carlo simulated /J, (left)
and e~ (right) events. The solid circles are the sum of 1995 and 1996 data, the solid
histogram is the Monte Carlo (EP) prediction (sum of the prompt and non-prompt com-
ponents). The non-prompt background contribution to the e~ sample is shown separately
in hatched histogram. No kinematic cuts are imposed. Note that for e~ events the qtep

region below 1 GeV, normally rejected by kinematic cuts, is largely populated by the non-
prompt background and is acceptably described by the sum of the prompt and non-prompt
estimates.

7.7.2 Stability of the ve/'v^ ratio with respect to the kinematic cuts

An important check to be performed is to study the stability of e± and /x^ samples and
of their ratios under varying kinematic cuts. For this purpose, we compute the unfolded
number of events (see Sec. 7.1) under two additional sets of kinematic cuts based upon
the qiep and 4>\h variables. These two sets of cuts were chosen to be "tight" and 'loose"
with respect to the "standard" selection criteria discussed in Sec. 6.5. The choice of loose
cuts causes about a 10% increase in the observed number of fi~ and e~ events, while tight
cuts reduce the number of the selected events by about 25%, as illustrated in Table 7.7.

For each set of cuts, the total expected non-prompt background was estimated. For
the e~ sample, it varies from ~ 1 % of the e~ events for the loose cuts to essentially zero
background for the tight cuts. A larger background contribution (between 4 and 20%) is
present in the e+ sample. The parameters of the cuts, the number of the observed /i*
and e± events and the total estimated non-prompt background contribution to each data
sample are shown in Table 7.7.

The number of expected beam-induced neutrino charged current interactions, back-
ground subtracted and corrected by the efficiency according to Eq. (7.2) and (7.3), is
shown in Table 7.8. Also shown are the ue/v^ and ûe/û^ ratios and the minimum and
maximum deviations from the corresponding numbers obtained for the "standard" selec-
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Figure 7.17: Comparison of <f>\h (left) and fa (right) for the e events with the data
simulator. The solid circles are the sum of 1995 and 1996 data, the hatched histogram
shows the non-prompt background contribution for e~ events, the solid histogram is the
\x~ data simulator prediction (including the non-prompt background). No kinematic cuts
are imposed.

tion criteria. The variations in ve/v^ {vejvii) ratios do not exceed ±5% (±15%) and are
within the statistical errors of the prompt e~ (e+) samples. We conclude that the Ve/v^
and ûe/ûf, ratios are stable with respect to the choice of kinematic cuts within the statis-
tical errors of the data samples. However, we conservatively use the change in the value
of the vtjvii ratio under variation of the kinematic cuts as an estimate of the systematic
uncertainty associated with the kinematic selection efficiency. The fractional difference
found in the sum of 1995 and 1996 data is 3.8%.

7.7.3 Uncertainty of non-prompt background estimation

The correctness of our estimation of the absolute amount and the shape of the non-
prompt background has already been indirectly verified in the studies of the uncertainties
with respect to the choice of the kinematic cuts. As was pointed out in Sec. 7.7.2, any
serious discrepancy between the predicted non-prompt background contribution to the
e± samples and its actual amount and shape would result in large variations in the fully
corrected number of events under various kinematic cuts, which have not been observed.

The uncertainty of the non-prompt background estimation can be evaluated directly
by using the data samples consisting mostly of non-prompt induced events and comple-
mentary to the selected e^ samples dominated by the ue and ve CC interactions. Two
data samples were studied for this purpose:

e± at the primary vertex that failed the kinematic isolation cuts;
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1995 data

Loose
Standard
Tight

0.0
0.1

1.5

1.0
1.9
2.3

V-
88 384
81 138
57 823

2 045
1 816
1 356

bckg

130
85
41

e

965
880
645

bckg

9
3
1

e+

112
93
62

bckg

21
11
3

1996 data

Loose
Standard
Tight

€P
0.0

0.1
1.5

A
1.0

1.9
2.3

186 596
171 781
123 673

M+

4 380

3 983
3 003

bckg
249

155
66

e

1 930

1 780
1 337

bckg
16

5
2

e+

249
203
149

bckg

35
19
6

Table 7.7: The parameters of the kinematic isolation cuts (denned in Sec. 6.5), the number
of the selected events and the total estimated non-prompt background for /z~, /z+, e~ and
e+ 1995 and 1996 data samples under various kinematic cuts.

• e± passing the kinematic cuts but failing the distance cut.

The latter sample could not be used for a statistically significant test of the non-prompt
background: the e± events in the vicinity of the primary vertex but failing the distance cut
(15 cm < AZl < 50 cm) are still largely dominated by the prompt ue and ve components,
whereas the sample of e± events observed far from the primary vertex and passing the
kinematic selection has poor statistics (18 e+ events observed and 22.3 events predicted in
1995 and 1996 data with AZ > 50 cm and the standard set of identification and isolation
cuts).

However, the samples of e± events that failed the kinematic cuts are well suited to
estimate the uncertainty in the prediction of the non-prompt background. In particu-
lar, the positron sample that fail the kinematic isolation cuts has reasonable statistics
and is largely populated by non-prompt background events; the corresponding prompt
ve contribution to this sample is at the 12% level, as determined from the Monte Carlo
simulation.

The number of positron events failing the kinematic cuts, N^+ta, found in 1995 and
1996 data samples is:

N*?a =437 ±21. (7.21)

The estimated u^ NC and v^ CC contribution to this sample is 344.6 events. A smaller
contribution from the î>e CC events that fail the kinematic cuts is 49.0 events. This
estimation is based on the Monte Carlo simulation and uses the relative flux as determined
by the empirical parametrization. The total expected number of positron events that fail

'the distance between the reconstructed primary vertex and the first hit of the e± candidate track; for
a discussion on the distance cut see Sec. 6.3.3.
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Loose
Standard

Tight
Variation, %

Loose
Standard

Tight
Variation. %

v» CC
179 861

175 177

172 866

-1.3 +2.7

VyCC
387 982

378 943
377 566

-0.4 +2.4

^ CC
4 704

4 548

4 449

-2.2 +3.4

v^CC
10 171
10 041
9 930

-1.1 +1.3

1995 data
UeCC
2 668

2 566

2 406

-6.2 +4.0

1996 data
UeCC

5 539
5 433
5 241

-3.5 +1.9

i>e CC
296
284

238
-16.2 +4.2

veCC
702
622

603

-3.1 +12.9

1.48
1.46

1.39

-5.0 +1.3

Ve/Vf,

1.43

1.43
1.39

-3.2 +0.0

6.3

6.3

5.3

-14.5 +0.1

Ve/Ofi

6.9
6.2

6.1

-1.9 +11.5

Table 7.8: The number of unfolded v^, v^, ue and ve charged current events in 1995 and
1996 data under various kinematic cuts. Also shown are the fe/^ and ve/

uv ratios and
the minimum and maximum deviations (in %) of the fully corrected number of events and
their ratios from those for the "standard" selection criteria.

the kinematic cuts, iVe
A+c, is therefore:

= 393.6 ± 10.0. (7.22)

The errors quoted above are only statistical. The observation and prediction agree rather
well within the statistical accuracy of the samples. However, the fractional difference
between the two central values is 11%. If we conservatively attribute all the observed
difference to the inaccuracy of the prediction of the non-prompt background contribution
by the Monte Carlo simulation, we find that the background could be underestimated by:

jydata _ _ 3 9 3 g
NMC
lybckg 344.6

= (12.6 ±6.7)%. (7.23)

The electron events that fail the kinematic cuts have a much larger contribution from
the ue CC interactions: about 60% of the sample are ve induced events. The number of
electron events in 1995 and 1996 data samples failing the kinematic cuts, N^-ta, is:

jydata (7.24)

The Monte Carlo estimated v^ NC and v^ CC contribution to this sample is 299.6 events,
that from the ue CC events that fail the kinematic cuts is 440.4 events. The total expected
number of electron events that fail the kinematic cuts, NM.C, is therefore:

I c = 740.0 ±9.1. (7.25)
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Again, only statistical errors are quoted. The fractional difference between the central
values of the observation and prediction is about 8%. If once again we assume that all the
observed difference is due to the error in the prediction of the non-prompt background by
the Monte Carlo simulation, we find that the estimation of the background contribution
could be erroneous by:

Ndata _

NMClybckg 299.6
= (-20.0 ±9.3)%. (7.26)

The two checks on the background evaluation presented above indicate that the error
in the Monte Carlo estimation of the absolute amount of non-prompt background does not
exceed 25%. Therefore, we conservatively assign a 25% systematic error on the non-prompt
background estimate.
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Figure 7.18: Comparison of the observed and predicted energy spectra for the e+ (left) and
e~ (right) events that failed the kinematic cuts. The solid circles are the sum of 1995 and
1996 data, the hatched histogram shows the total non-prompt background contribution,
the solid histogram is the sum of the non-prompt and prompt components as predicted
by the Monte Carlo (EP) simulation.

Since it is expected that the non-prompt background will populate the region of the
energy spectrum below ~25 GeV - the most sensitive to the v^ -> ve oscillation induced
signal, the accurate description of the background energy shape is also important. A
comparison of the observed and predicted energy spectra for the e+ and e~ events that
failed the kinematic cuts is shown in Fig. 7.18. As was already mentioned, the e+ sam-
ple is largely dominated by the non-prompt background component (hatched histogram),
whereas the e~ sample contains a large fraction of the beam-induced ue events. The energy
spectrum of the non-prompt sources indeed peaks at energies about 15-20 GeV. The shape
of the sum of the non-prompt and prompt contributions as predicted by the Monte Carlo
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simulation agrees well with the measured energy spectrum for both e+ and e~ samples.
We conclude that within the present statistical error no additional systematic uncertainty
needs to be added to account for the differences in the shape of the non-prompt background
in the data and MC.

To study the impact of the systematic uncertainty in the non-prompt background
estimation on the excluded region of the oscillation parameters, the 90% C.L. upper limit
was recalculated varying the non-prompt background contribution to the e~ event sample
by ±25% and ±50%. The non-prompt background component was scaled proportionally to
its predicted amount in a given energy bin. The maximum change in the value of sin2(20)
produced by these variations is at the level of ±2-10~5 for large Am2, regardless the
flux prediction and the method of upper limit calculation. Such stability of the excluded
region of oscillation parameters under varying a non-prompt background contribution
could probably be explained by a very small («0.4%) contamination of the selected e~
sample by the non-prompt sources.

The result obtained in this section leads us to neglect the systematic uncertainty on
the non-prompt background estimate in the calculations of the systematic error on the
oscillation parameters.

7.7.4 Uncertainty of total visible energy scale

The search for v^ -> ve oscillations presented here is performed by comparing the
observed Ve/v^ ratio with that predicted by the Monte Carlo simulation as a function
of the total visible energy. If the total visible energy scale were different in the data
from that predicted by the simulation, it would induce a shift in the observed ratio as a
function of energy with respect to the prediction. Therefore, it is important to estimate the
uncertainty of the energy scale and energy resolution and their impact on the systematic
error of our analysis.

The total visible energy EV1S was computed as the sum of the leptonic and hadronic
energies (see Sec. 6.4). A comparison of the leptonic and hadronic components of the total
visible energy for the observed and Monte Carlo simulated pT and e~ events is shown
in Fig. 7.19. The leptonic energy scale (Fig. 7.19, top) is described well by the Monte
Carlo predictions. The average energy of the hadronic jet, however, is overestimated by
the Monte Carlo simulation by about 6%, both in v^ CC and ve CC events (Fig. 7.19,
bottom). This difference could introduce a discrepant shift in the total visible energy scale
which would result in an additional error on the oscillation parameters.

Basing analysis on the Reii ratio should reduce the impact of the difference in the visible
energy scale, as long as the discrepancy is similar in v^ CC and ve CC events. In order to
study how significant the effect of the energy mismatch on the oscillation parameters could
be, we estimate neutrino energy Ev by several methods independent from our standard
approach and compare the resulting confidence regions.

The following alternative methods for Ev estimation have been used:

• the so-called "double-angle" method uses the relatively well-measured lepton energy
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Figure 7.19: Comparison of the leptonic energy (top) and the hadronic energy (bottom)
for the observed and Monte Carlo simulated v^ CC (left) and ve CC (right) events. The
solid circles are the sum of 1995 and 1996 data, the solid histogram is the EP Monte Carlo
prediction (including non-prompt background). The non-prompt background contribution
for e~ events is also shown separately in hatched histogram.

and direction, only the direction of the hadron jet, and energy and momentum
conservation for the energy calculation:

sin 7 -I- sin 0 + sin(7 + 8)
2 sin 7

(7.27)

where 7, 0 are defined in Fig. 7.20.

in the so-called Myatt kinematics [116] extensively used in the bubble chamber ex-
periments, the measured energy of the hadron jet, Eh, is rescaled by the ratio of the
transverse components of the momentum of the lepton, pf , and of the jet, pj a d , to
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Figure 7.20: Definition of the angles used for the "double-angle" method of calculating

E^ [115].

account for the losses in the hadron jet reconstruction:

T
EMyatt = Elep + Eh~~- (7.28)

Phad

• the total momentum estimate

Ptot = I Y,#1 = l»ep + Ph\ (7-29)

is based on the fact that Eu — \PV\ = \Ptot\, neglecting the Fermi momentum of the
nucléon.

The momenta, energies and angles used in the above-mentioned equations are computed
according to the energy flow reconstruction algorithm described in Sec. 6.4.

A comparison of the resolution 6EvjEv = (E — E^iC)jE^iC for the neutrino energy Ev

reconstructed by the '"standard" (EVis = 5Z |pil) a n d by the alternative methods described
above is shown in Fig. 7.21 for the v^ CC Monte Carlo simulated events (after all selection
criteria applied). The four independent approaches yield different biases and R.M.S.: both
standard and Ptot methods underestimate Ev on average (by 2.8% and 4.3% respectively)
and have a relatively small R.M.S. («11%), whereas £^a and EMyatt are Ev overestimates
(by 1.2% and 1.7%) with a larger R.M.S. («15%).

In order to estimate the impact of the energy scale uncertainty on the excluded region
of oscillation parameters, we compare the upper limits on sin2(29) obtained with the
alternative methods of Eu calculation with that of our standard energy flow algorithm. The
exclusion regions corresponding to different methods of neutrino energy reconstruction are
shown in Fig. 7.22. All the four methods give consistent results. The maximum variation
produced in the value of sin2(2#) does not exceed ±1.5-10~4 for large Am2. We conclude



7.7. SYSTEMATIC UNCERTAINTIES IN THE PREDICTION OF ve/v^ RATIO 155

60000

50000

40000

30000

20000

10000

0

Mean
— RMS
Z OVFLW

F /

[I

1

V

•0.2772E-01
0.1074
659.5

a)

-I -0.5 0.5

45000

40000

35000

30000

25000

20000

15000

10000

5000

0

Mean 0.16SIE-O1
RMS O.I SO9
OVFLW 119».

-0.5 0.5

(Evis •

45000

40000

35000

30000

25000

20000

15000

10000

5000

0

j- Mean II. 12 JOE.01
RMS 0.1511
OVFLW 2IS0
r

t 11 "r M
r j i

r I
r y I

-0.5 0.5

70000

60000

50000

40000

30000 E"

20000 çr

10000

0

Mean -0.42S9E-01
RMS 0.1066
OVFLW 645.0

-0.5 0.5 1
MC

Figure 7.21: Resolution of the neutrino energy ôEu/Eu = {E-E^tc)/E^ic for the v^ CC
Monte Carlo simulated events: a) standard method reconstruction; b) "double-angle"
method reconstruction; c) Myatt kinematics; d) total momentum estimation.

that the uncertainty of the energy scale, conservatively estimated in our analysis, does not
produce any significant impact on the result of the oscillation search.

An additional error could also arise from the uncertainty of the energy resolution. The
width and tails of the energy resolution, if not well described by the simulation, could
create the discrepancies between data and Monte Carlo, particularly in the low-energy
region where the v^ CC and ue CC spectra are falling rapidly. An indication that the
effect of the energy resolution uncertainty on the result is small has already been obtained
by using the alternative methods of E» estimation which have worse resolution compared
to the standard method. Another way to evaluate energy resolution effects is to introduce
an additional energy smearing to the Monte Carlo events. The variation of the 90% C.L.
upper limit on sin2(20) (at large Am2) and of the experimental sensitivity as a function of
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sin2{2Q)

Figure 7.22: The 90% C.L. confidence regions corresponding to different methods of neu-
trino energy reconstruction: standard method (solid line), total momentum estimation
(closed circles), "double-angle" method (open circles), Myatt kinematics (asterisks). The
exclusion regions are determined by the global scan method, for the EP description of
neutrino fluxes.

an additional gaussian-like smearing, o, of 5%, 7.5%, 10% and 15% is shown in Fig. 7.23.
A 15% smearing, which doubles the width of the expected energy resolution and is, in
all probability, a significant overestimate, leads to a variation of 4.5-10"5 in the value of
sin2(2#) for large Am2, which is negligibly small.

Based on the studies described in this section we conclude that no significant impact
of the uncertainty in the energy scale or in the energy resolution upon the results of our
analysis is expected.

7.7.5 Lepton identification uncertainty

The relative lepton identification efficiency, i.e. the efficiency to identify an electron
with respect to a niuon, can introduce systematic errors into the analysis. The relative e//z
identification uncertainty is dominated by that of an electron, more difficult to reconstruct
and to identify than a muon. If the electron identification or reconstruction efficiency
were incorrectly described by the Monte Carlo simulation, this error would not cancel
considering Re^ ratio and would affect the results of the analysis.

Due to the impossibility of an in-situ calibration of the detector by an electron beam,
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Figure 7.23: The variation of the 90% C.L. upper limit on sin2(20) (solid circles) and of
the experimental sensitivity (open circles) at large Am2 as a function of an additional
gaussian-like smearing a (see text). The exclusion regions are computed by the global
scan method, for the EP description of neutrino fluxes.

the choice of measurements which could be performed in NOMAD to demonstrate that the
electron identification error is small is rather limited. One such measurement, the study
of the TRD electron identification performance on a sample of Ô electrons produced by
through-going muons, was described in chapter 5. The measured value of the TRD elec-
tron identification efficiency, ee=(88.4±0.9)%, agreed well with the (89.9±1.1)% expected
for the electrons in the energy range of 0.5-5 GeV (for a 103 pion rejection factor). The
identification of electrons in the PRS and ECAL was based on the test-beam measure-
ments [100]. A number of studies to estimate the systematic uncertainty of the electron
identification and reconstruction from NOMAD data is under way at present:

• An increase in statistics of the accumulated sample of J-ray electrons (including
the 1995 and 1996 muon "flat-top" data) is being used to assess the TRD and
ECAL electron identification error. The preliminary results of these studies show
the consistency of the data with the Monte Carlo predictions and indicate that a
possible discrepancy, if any, does not exceed the level of 2-3% [117].

• The absolute e± reconstruction efficiency is being examined on the 1996 data sample
by matching TRD tracks to ECAL clusters, performing TRD identification, and look-
ing for the existence of the matched DC tracks for the electron candidates. The pre-
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liminary results yield the measured electron reconstruction efficiency of (97.7±0.4)%,
to be compared with the 99.8% expected [118].

All these results indicate that the relative lepton identification uncertainty in NOMAD
does not exceed the level of ~3-4%.

As a additional consistency check, we study the stability of the e~ sample under varying
electron identification and conversion rejection cuts. As was described in the previous
chapter, the basic electron identification is performed by the TRD, and the crucial cut for
the conversion rejection is on the distance from the primary vertex. The values of the TRD
identification and distance cuts were varied to study their impact on the exclusion region.
The 90% C.L. upper limit on sin2(2#) (at large Am2) and the experimental sensitivity are
shown in Fig. 7.24 as a function of the TRD pion acceptance cut (left) and the distance
cut (right). The following conclusions could be drawn:

2

0.1 f -

r

«wv V-

t

5».,.. -

TRD pion acceptance ct AZ, cm

Figure 7.24: The 90% C.L. upper limit (solid circles) on sin2(20) (at large Am2) and
the experimental sensitivity (open circles) as a function of the TRD pion acceptance cut
(left) and the distance cut (right). The exclusion regions are computed by the global scan
method, for the EP description of neutrino fluxes.

The value of the TRD pion acceptance cut, en, was varied by two orders of magnitude
(from e7T = 10~"i to 10~2 with a standard cut at 10~3) which results in a ±5% variation
in the observed e~ sample. The corresponding variation in the upper limit on sin2 (29)
(Fig. 7.24, left) is remarkably small (<M(T 4 ) .

The distance cut was varied in the range of 10-100 cm (the standard value of the
cut is 15 cm), which lead to a ±7.5% variation in the observed e~ sample. The
corresponding variation in the upper limit is again at the level of M0~ 4 (see Fig. 7.24,
right).
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Figure 7.25: Top: the ratio of ue CC to v^ CC events as reconstructed in 1995 and 1996
data (solid points) compared to the predictions of the different Monte Carlo simulations
as a function of the total visible energy EViS (assuming no contribution from v^ —> ue

oscillations). FLUKA92 predictions are shown in solid line, FLUKA95 - in dashed line,
EP - in dotted line. Bottom: the ratio of Refl in 1995 and 1996 data to those predicted by
FLUKA92 (solid circles), FLUKA95 (open circles) and EP (asterisks) simulations. The
total estimated non-prompt background to ve CC interactions is appropriately added to
the Monte Carlo predictions. Only statistical errors are shown.

Based on the results described in this section, we assign a 4.0% systematic error on
the relative lepton efficiency.

7.7.6 Neutrino flux uncertainty

The uncertainty in the relative fe/^ neutrino flux prediction is one of the largest
contributions to the systematic uncertainties of the analysis (and probably the ultimate
limitation of its sensitivity in the future). Bearing this in mind, the data distributions were
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deliberately compared throughout this chapter to the predictions of the three different flux
simulation programs - FLUKA92, FLUKA95 and EP.

The scale of the variations in the J'e/̂ V ra^io prediction could indicate the size of the
uncertainties in the relative flux description. The ratio of ve CC to v^ CC events in 1995
and 1996 data is compared to the predictions of the different flux simulations as a function
of the total visible energy in Fig. 7.25. The independent methods of the relative neutrino
flux description give consistent predictions - the fluxes given by FLUKA and EP are in a
good agreement as a function of Evis.

The data - Monte Carlo comparison described in Sec. 7.3 leads us to conclude that at
present the best description of the energy spectra and of the total number of events in the
fj,~, n+ and e+ samples - where no oscillation contribution is expected - is given by the
empirical parametrization [53]. In addition, the EP is the only flux prediction for which the
evaluation of systematic errors in the ve flux relative to u^ has been performed. The quoted
overall normalization error in the ratio is 2.7%, arising mainly from 2.45% uncertainty in
the K+/TT+ prediction. An additional energy-dependent error was obtained as a la spread
in the ue/v^ prediction for consistent EP predictions. The energy-dependent error is small
for neutrino energies below 30 GeV, but is comparable to the normalization error for
energies greater than 75 GeV. It is reproduced in Table 7.9 (from ref. [53]).

Energy, GeV

2.5 - 5
5 - 7.5
7.5 - 10
10- 15
15-20
20-25
25-30
30-40
40- 50
50- 75
75 - 100
100 - 150
150 - 200
200 - 300

Fractional error on vtjvil, %

0.27
0.08
1.60
0.90
0.75
1.33
1.71
1.50
0.60
0.90
1.90
2.26
5.50
10.0

Table 7.9: Energy-dependent systematic error in the
bins, as given by the EP [53].

v^ flux prediction in 14 energy

To set a limit on the parameters of u^ -> ve oscillations, we use the EP prediction
of the relative fe/fp neutrino flux together with the normalization and energy-dependent
systematic errors on the EP flux prediction quoted above.
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7.8 An upper limit on the ve oscillations

The summary of the non-negligible systematic errors in the Refl ratio discussed in
the previous section is given in Table 7.10. The total energy-independent systematic
uncertainty is 6.2%, to which the energy-dependent error on the flux prediction from
Table 7.9 is added in quadrature.

Source of systematic error

Lepton efficiency
(identification and reconstruction)

Relative kinematic selection
efficiency

Relative flux:
- overall error
- energy-dependent error

Fractional error on fe/VM

4.0%

3.8%

2.7%
see Table 7.9

Table 7.10: Summary of systematic errors in Re(1 ratio prediction. The numbers shown
are fractional errors, i.e. the central value of the ue/u^ ratio multiplied by these numbers
gives the error.

The 90% C.L. exclusion region of sin2(20) and Am2 for v^ -> ve oscillations and the
experimental sensitivity, both including the effects of all systematic errors, are shown in
Fig. 7.26. The upper limit and the sensitivity are computed by the unified approach
method [113] using the EP description of neutrino fluxes [53]. The limit on the mixing
angle for large (> 1000 eV2) Am2 is1

sin2(20) < 1.3 • 10~3 (90% C.L.) (7.30)

The values of A7n2 > 0.5 eV2 at full mixing are excluded. The limit obtained is close (and
typically less stringent) than the expected experimental sensitivity for the 1995 and 1996
NOMAD data sample.

'Computed by the global scan method, the limit of sin2(20) < 1.410 3 for large Am2 at 90% C.L. is
obtained.
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Figure 7.26: The 90% C.L. exclusion region (to the right of the solid line) and the expected
experimental sensitivity (shown in asterisks) determined with this analysis for the 1995
and 1996 data, considering both statistical and systematic errors. The upper limit and the
sensitivity are computed by the unified approach method [113] using the EP description
of neutrino fluxes [53].
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Conclusion

The search for v^ —» ve oscillations based on the 1995 and 1996 NOMAD data has
given a negative result. The observed ratio of ue to v^ charged current events as a function
of neutrino energy is consistent with the hypothesis of no neutrino oscillation.

Our analysis enables us to set an upper limit on the v^ —> ue oscillation probability
taking into account both the statistical and systematic uncertainties. The limit on the
mixing angle for large (> 1000 eV2) Am2 is

sin2(20) < 1.3 • 10~3 (90% C.L.)

The values of Am2 > 0.5 eV2 at full mixing are excluded.
The 90% C.L. exclusion region of sin2(29) and Am2 for v^ —»• vt oscillations obtained

in our analysis is shown in Fig. 8.1, superimposed with the LSND 90% and 99% C.L.
allowed regions [34] and with the most stringent limits set by other neutrino oscillation
experiments. Our result fully excludes the LSND allowed region of oscillation parame-
ters with Am2 > 15 eV2. It gives the most stringest limit in the world on sin2(20) at
Am2 > 20 eV2.

The results presented here are based on only two first years of NOMAD data taking.
The incorporation of the 1997 and 1998 data and quasielastic-like events, yielding more
than a twofold increase in the statistics, will enlarge the region of NOMAD sensitivity.
The larger statistical sample should also provide stronger constraints on the beam un-
certainties. The quality of event simulation, reconstruction and identification has been
gradually improving, and there is an ongoing work on better understanding of lepton effi-
ciency uncertainty, which is promising. Though the estimation of the systematic errors in
the i/fi -> vt oscillation search in NOMAD is not an easy issue, there is a hope that these
uncertainties could be reduced.

Smaller statistical and systematic errors would allow NOMAD to explore more space
of oscillation parameters at large Am2 and to reinforce the disproval of the LSND claim
for evidence for v^ —> vt oscillations in this region. However, NOMAD is not sensitive to
the small Am2 range of the LSND allowed oscillation parameter space. The sensitivity
of the NOMAD experiment to small Am2 region is limited by its small LjE ratio (high

163



164 CHAPTER 8. CONCLUSION

10'

io

10
-1

Band is LSND

Allowed Region
90% Conf.
99% Conf.

NOMAD'-

90% Conf, Limits

10 10 "2 10'

>:_2
SirT2 8

Figure 8.1: The 90% C.L. exclusion region for v^ -> ve oscillations determined with this
analysis, superimposed with the LSND muon decay at rest 90% and 99% C.L. allowed
regions and with the most stringent limits set by other experiments.

neutrino energies and relatively small source-detector distance). Therefore, NOMAD will
never be able to fully exclude the LSND claim for evidence for v^ —> ve oscillations, nor
to confirm the LSND positive result if the v^ —> ve oscillations with Am2 less than a few
eV2 do exist.

The only running experiment potentially able to completely disprove or confirm the
LSND claim for oscillations is KARMEN. Hovewer, the expected sensitivity of KARMEN
just barely covers the LSND allowed region of oscillation parameters (see Fig. 2.7). Even
more importantly, the KARMEN experiment uses a method of the oscillation search which
is too similar to that of LSND to provide an independent check of systematic uncertainties.
A truly convincing test would be that performed by an experiment at the same L/E as
LSND but using a different technique.

A number of papers have been recently submitted proposing such experiments:
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• Experiment at Jura [119]. A neutrino detector, located at the position where the
existing CERN SPS neutrino beam emerges from the Jura mountain at 17 km from
the source [120], would offer two fundamental advantages with respect to any other
existing or planned facilities:

- the energy of the beam could be lowered by perhaps as much as an order of
magnitude, still allowing reasonable counting rates in the v^ —>• ve channel. It
would then be possible to extend the search to higher LjE region;

- the neutrino beam energy is above the r production threshold, which would
allow a simultaneous study of the v^ -> vt and i/M —» vr channels.

The ICARUS-CERN-Milano group has proposed to use a 600 t module of the
ICARUS liquid argon TPC for the Jura experiment [121]. Given the possible im-
proved performances of the CERN neutrino beam, even a fiducial mass of 100 t and
probably a conventional fine-grained calorimetric detector would be sufficient to fully
test the LSND solution.

• Experiment at CERN PS [122]. Another possibility has been proposed at CERN
to search for v^ —> ve oscillations at the reactivated low energy {{ED) ~ 1.5 GeV)
CERN PS neutrino beam. The ve appearance search would be performed with the
close and far fine-grained calorimetric detectors. A comparison of the vejvtl ratios
in two detectors would allow to explore the region of oscillation parameters down to
sin2 (20) ~ 10~3 for Am^ ~ 1 eV2.

• MiniBooNE [123]. The Booster Neutrino Experiment has been proposed at FNAL
as a relatively inexpensive way to test the LSND result in a short time scale. The
detector would be located at 0.5 km from the neutrino source, constructed using
the 8 GeV proton booster at FNAL and yielding neutrinos of Ev between 0.1 and
1 GeV. The detector would be similar to that of the LSND experiment and would
consist of a spherical tank filled with 769 t of mineral oil and viewed by the 1220
8" phototubes. Due to a high proton beam intensity and a very low ve background
(«0.3% of u^), a sensitivity at the level of sin2(2#) < 4-10"4 at large Am2 and
Am2 < 0.02 eV2 at full mixing is expected after only one year of running.

With the decision pending at CERN and the recent approval of the MiniBooNE ex-
periment at FNAL, it is quite possible that the next significant results in the v^ —» u,
oscillation search will come from the MiniBooNE collaboration in 4-5 years from now.

e
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Résumé

L'expérience NOMAD est une expérience de recherche d'oscillations de neutrinos,
auprès du faisceau de neutrinos à large bande du SPS au CERN, dans les deux modes
d'oscillations: neutrino-muonique (v^) vers neutrino-tauïque (vT) et neutrino-muonique
vers neutrino-electronique (vt).

Cette thèse présente les résultats obtenus dans la recherche des oscillations v^ -)• ve

dans les données 1995 et 1996 de NOMAD.
Les deux premiers chapitres présentent une brève esquisse de la phénoménologie des

oscillations de neutrinos, ainsi qu'une revue de la situation expérimentale concernant les
recherches d'oscillations v^ -> ve auprès d'accélérateurs, qui montre l'intérêt d'effectuer
cette recherche dans NOMAD.

Le troisième chapitre décrit le dispositif expérimental utilisé et montre que le faisceau
de neutrinos du CERN et le détecteur NOMAD ont des caractéristiques adaptées à la
recherche des oscillations v^ —> i/e. Celle-ci est rendue possible, en particulier, par les
excellentes performances du détecteur NOMAD dans l'identification des interactions de
vt par courant chargé, principalement grâce au détecteur à rayonnement de transition
(DRT). Le DRT a été conçu pour séparer les électrons des pions, avec un facteur de
rejet supérieur à 1000 pour une efficacité aux électrons de 90%, dans la région d'énergie
1-50 GeV. La conception, l'optimisation et la procédure de calibration du DRT sont
résumées au quatrième chapitre. Le cinqiéme chapitre présente et discute les algorithmes
de séparation électron-pion ainsi que leurs performances.

Les deux derniers chapitres (six et sept) présentent l'analyse v^ —> ve des données 1995
et 1996 et les résultats obtenus.

L'algorithme de mesure de l'énergie, les critères de sélection des interactions des neu-
trinos et anti-neutrinos électroniques et muoniques par courant chargé (CC) sont décrits
au chapitre six. L'efficacité de selection des événements ve CC s'élève à 32%, tandis que
la contamination du bruit de fond estimée est infériere à 0.4%, ce qui correspond à un
facteur de rejet de l'ordre de 10~5 pour le bruit de fond provenant des événement v^ CC
et Vu NC.

Plusieurs tests démontrent la compatibilité des différents échantillons de données entre
eux. Sur la base de nombreux comparaisons effectuées entre les données et les simulations
il apparaît que les données sont compatibles avec l'absence d'oscillations.

Enfin, l'évaluation des erreurs systématiques est décrite, avec une attention particulière
concernant les prédictions du flux de neutrinos incidents. En conclusion de ces études,
les incertitudes systématiques totales sont estimées à 6.2%, auquelles vient s'ajouter un
terme concernant le flux de neutrino, dépendant de l'énergie.

En conclusion, il n'y a pas d'évidence des oscillations v^ —• ve dans les données 1995
et 1996 de NOMAD. La limite obtenue sur l'angle de mélange à grand (> 1000 eV2) Am2

est
sin2(20) < 1.3 • 10~3 (90% CL.)

Cette résultat exclut complètement la région d'oscillations de LSND pour Am2 > 15 eV2

et donne la limite mondiale la plus contraignante sur sin2(28) pour Am2 > 20 eV2.

mots clefs: neutrino, oscillations, masse de neutrino, radiation transition.


