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Abstract

The NOMAD experiment is a short base-line search for l
l
!lq oscillations in the CERN neutrino beam. The lq’s are

searched for through their charged current interactions followed by the observation of the resulting q~ through its
electronic, muonic or hadronic decays. These decays are recognized using kinematical criteria necessitating the use of
a light target which enables the reconstruction of individual particles produced in the neutrino interactions. This paper
describes the various components of the NOMAD detector: the target and muon drift chambers, the electromagnetic and
hadronic calorimeters, the preshower and transition radiation detectors and the veto and trigger scintillation counters.
The beam and data acquisition system are also described. The quality of the reconstruction and individual particles is
demonstrated through the ability of NOMAD to observe K0

4
’s, "0’s and p0’s. Finally, the observation of q~ through its

electronic decay being one of the most promising channels in the search, the identification of electrons in NOMAD is
discussed. ( 1998 Elsevier Science B.V. All rights reserved.

1. Introduction

The main goal of the NOMAD (Neutrino
Oscillation Magnetic Detector) experiment is
to search for the appearance of tau neutrinos (lq)
in the CERN SPS wideband neutrino beam.
This beam has a mean energy of 24 GeV and
the predominant neutrino type is l

l
. As a by-

product the experiment can set limits on l
l
Pl

%
oscillations.

The NOMAD detector measures and identifies
most of the particles, charged and neutral, produced

in neutrino interactions within the detector. The
active target is a set of drift chambers with a fiducial
mass of about 2.7 tons and a low average density
(98.6 kg/m3). The detector is located in a dipole
magnetic field of 0.4 T which allows the determina-
tion of the momenta of charged tracks via their
curvature, with minimal degradation due to mul-
tiple scattering. The active target is followed by
a transition radiation detector to identify electrons,
an electromagnetic calorimeter including a pre-
shower detector, a hadronic calorimeter and muon
chambers. This paper describes the detector in detail.
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Fig. 1. A sideview of the NOMAD detector.

In three years running at the CERN SPS,
NOMAD should collect data with more than one
million charged current (CC) l

l
events.

The lq will be searched for via its CC interactions:
lq#NPq~#X. Given the lifetime of the q~ and
the energies considered here, the q~ will travel
about 1 mm before decaying. The spatial resolution
of NOMAD, while good, is not sufficient to recog-
nise the non-zero impact parameter associated with
such tracks. Instead, the decays of the q~ will be
identified using kinematic criteria, based on a pre-
cise measurement of the missing transverse mo-
mentum in the final state.

In order to be sensitive to a large fraction of
the q~ decay modes and to be able to select events
with high acceptance and low backgrounds, the
NOMAD detector must be able to:
f Measure the momenta of charged particles in the

drift chamber target with good precision.
f Identify and measure electrons and photons.
f Identify and measure muons.
f Achieve a high level of rejection against tracks

which fake electrons and muons.
As will be discussed below the NOMAD detector

is well on the way to achieving these goals.

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

The next section of this paper describes the
NOMAD subdetectors. The following section
documents its excellent performance.

2. The detector and beam

The NOMAD detector [1] is shown schemati-
cally in Fig. 1 (sideview) and Fig. 2 (topview). It
consists of a number of subdetectors most of which
are located in a dipole magnet [2] with a field
volume of 7.5]3.5]3.5 m3. Moving downstream
along the beam direction we find a veto counter, a
front calorimeter, a large active target consisting of
drift chambers, a transition radiation detector,
a preshower, an electromagnetic calorimeter, a
hadron calorimeter and an iron filter followed
by a set of large drift chambers, used for muon
identification. Upstream and downstream of the
transition radiation detector two large scintillator
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Fig. 2. A topview of the NOMAD detector.

hodoscopes provide a fast trigger. The magnetic
field is horizontal, perpendicular to the neutrino
beam direction, and has the value of 0.4 T. The key
features of each subdetector are given below. In
many cases more detailed technical descriptions
have been published or are in preparation.

Referring to Fig. 1, the coordinate system ad-
opted for NOMAD has the x-axis into the plane of
that figure, the y-axis directed up towards the top of
the detector and the z-axis horizontal, approxi-
mately along the direction of the neutrino beam
(the beam line points upwards, at an angle of 2.4°
with the z axis).

2.1. The neutrino beam

The NOMAD detector is located at the CERN
West Area Neutrino Facility (WANF) and is ex-
posed to the SPS wide-band neutrino beam which
consists predominantly of l

l
. The beam line has

been operating for nearly 20 years and has been
re-optimized in 1992 and 1993 [3] for the NOMAD
and CHORUS experiments. Fig. 3 shows a sche-
matic layout of the WANF beam line.

The Beam Current Transformer (BCT) upstream
of the target measures the flux of incident protons,
while the downstream secondary emission chamber

(SEM) measures the total flux of secondary par-
ticles in the forward direction. The shutter up-
stream of the vacuum decay tunnel is not present
during normal beam operations, but is used to
protect maintenance personnel working in that
area in the event of the thin window at the entrance
of that vacuum decay tunnel rupturing.

The neutrinos are primarily produced from
the decays in flight of the secondary p and K
mesons originating from 450 GeV protons
impinging on a beryllium target. The SPS cycle
repeats every 14.4 s. The protons are extracted from
the SPS in two 4 ms long spills (fast/slow extrac-
tion) separated by 2.6 s with a 2.0 s “flat top”, The
proton beam has a Gaussian shape with p+0.5
mm at the target. The new beam line has been
operating now for over three years with record
intensities up to 1.8]1013 protons in each of the
two spills [4].

For the current experiments, a new target station
has been installed keeping the same configuration
of 11 beryllium rods separated by 9 cm gaps. Each
rod is 10 cm long and 3 mm in diameter and is
positioned longitudinally along the proton line.
A new small-angle collimator was installed im-
mediately after the target rods in order to better
match the secondary particle beam to the entrance
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Fig. 3. Schematic layout of the WANF beam line pointing out its main elements. Not drawn to scale. See the text for further
explanation.

apertures of the magnetic elements downstream. In
addition, the data acquisition and control system of
the neutrino flux monitoring system were replaced
with a modern configuration [5]. The region
around the focusing elements has also been opti-
mized to increase the neutrino intensity. The sec-
ondary pions and kaons are focused by a pair of
coaxial magnetic lenses — the horn and reflector
[6]. In such a system charged particles are deflected
by the toroidal field between two coaxial conduc-
tors carrying equal and opposite currents so that
the focusing of particles of one sign implies defocus-
ing particles of the opposite sign. In order to harden
the neutrino spectrum, the horn and reflector
were displaced by about 8 m downstream to new
positions of 20 m and 90 m from the target, respec-
tively. The higher neutrino energy increases the
sensitivity of the experiments to detect charged
current lq interactions, which have an energy thre-
shold of 3.5 GeV.

In addition, the sections between the horn and
reflector and between the reflector and decay tunnel,
which were formerly open to air, have been enclosed
in helium tubes of 80 cm diameter and total length of
about 60 m in order to reduce the absorption of the
secondary particles. A large-angle collimator has
been installed between the horn and reflector to
reduce the l contamination by intercepting the
defocussed negative secondaries before they decay.

The mesons are allowed to decay in a 290 m long
vacuum tunnel. Shielding made from iron and
earth follows to range out the muons and absorb
the hadrons. A toroidal magnet, operated at 3 kA,
located at the entrance of the iron shielding bends
muons which would pass outside the shielding either
further outwards or back into the iron plug which
provides sufficient absorption. The NOMAD
(CHORUS) detectors are located at about 835 m
(823 m) from the target. The average distance be-
tween the meson decay point and NOMAD in 620 m.
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Fig. 4. The predicted energy spectra of neutrinos at NOMAD.
Fig. 5. The predicted transverse position distribution of neu-
trinos at NOMAD in the horizontal direction. (Due to the beam
line symmetry similar spectra are obtained in the other trans-
verse direction.)

Table 1
Monte Carlo predictions at NOMAD for a fiducial area of
2.6]2.6 m2 and 2.4]1019 p.o.t.

Average El (GeV) Rel. flux l CC events
abundance

l
l

23.6 1.00 1.15]106

l
l

22.7 0.07 0.39]105

l
%

37.0 10~2 0.17]105

l
%

33.2 3]10~3 0.22]104

A neutrino beam monitoring system (the muon
“pits”) [7], based on the detection of muon yields at
several depths in the iron shield, is built into the
line. The silicon detectors in these muon pits also
provide an absolute flux measurement. The abso-
lute calibration of the silicon detectors is performed
periodically using emulsion measurements in the
pits. An independent measurement of the flux is
given by the number of protons incident on the
target, estimated from a pair of beam current trans-
formers located upstream of the target (BCT1) and
(BCT2).

A detailed GEANT [8] simulation of the beam
line was used to predict the neutrino energy and
radial position distributions at the NOMAD de-
tector. These distributions, calculated for a fiducial
area of 2.6]2.6 m2 and for 109 protons on target
(p.o.t.) are shown in Figs. 4 and 5.

The parameters of the various neutrino compo-
nents are summarized Table 1. The neutrino beam
simulation is affected by uncertainties due mostly
to the limited knowledge of the p and K yields from
the hadronic interactions in the beryllium target.
The measurement by the SPY collaboration [9] of
the production rates of p and K mesons and of their

ratio for 450 GeV protons incident on a beryllium
target will reduce these uncertainties.

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

p#NPDB
4
#X, DB

4
PqB#l(~)q

followed by qBPlq#X has been calculated to be
negligible [10,11]. The relative number of lq pro-
duced from the above reaction and interacting via
the CC in the fiducial volume of NOMAD has been
calculated to be (4—5) ]10~6 the number of l

l
CC

events. After selection criteria, the resulting intrinsic
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lq signal is much less than one observed event in the
total duration of the NOMAD experiment.

2.2. Veto counters

The veto system consists of an arrangement of 59
scintillation counters [12] covering an area of
5]5 m2 at the upstream end of the NOMAD de-
tector. The scintillators have a thickness of 2 cm,
a width of 21 cm, and are of two lengths, 300 and
210 cm. Most (56) of the counters are viewed at
both ends by photomultipliers; the remaining (3)
counters have single-ended readout. The counters
are arranged in a geometry which provides optimal
rejection of charged particles produced upstream of
NOMAD, of those produced in neutrino interac-
tions in the iron detector support and of large angle
cosmic rays travelling in the same and in the oppo-
site direction to the neutrino beam. A small fraction
of interactions in the central region of the iron
cannot be excluded, as the support beam for the
steel structure (the ‘basket’) in which the central
detector is mounted passes through the space in
which scintillators would ideally be placed. Sim-
ilarly, interactions in the upstream part of the mag-
net coil are not vetoed, but can be distinguished
from target interactions by 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 [13], the tim-
ing of which provide an output signal independent
in time of the position at which the detected
charged particle traversed the counter. A single
mean-timer module can take up to sixteen inputs
(eight pairs of discriminated photomultiplier out-
puts), and produces eight outputs, which are passed
to a 96-channel Fast-bus TDC module. The unit
used is a LeCroy 1876 100 module with a bin width
of 1 ns. In addition, each module produces a single
output consisting of the logical OR of all eight
output signals. For central detector triggers, the
veto signal is formed by the combined OR of all
mean-timer modules, excluding 6 counters at the
upper-left and upper-right of the veto. In general,
muons crossing these counters did not cross the
NOMAD trigger planes, but their inclusion in-
creased the deadtime due to the veto. The signals

from these counters are still recorded and are avail-
able off-line. For triggers in the front calorimeter,
which instruments the central region of the front
detector support, the veto is formed from the subset
of ten counters (denoted »

8
) mounted on the front

face of the support, see Figs. 1 and 2.
The charged particle rejection efficiency of the

NOMAD veto is constantly monitored and has
remained stable at a level of 96—97%. Averaged
over the two neutrino spills, the contribution of the
veto system to the overall dead time of NOMAD
is 4%.

2.3. Front calorimeter

The detector is suspended from iron pillars (the
‘I’s) at the two ends of the magnet. The front pillar
was instrumented with scintillators to provide an
additional massive active target for neutrino inter-
actions. Physics topics to be addressed by this front
calorimeter (FCAL) include multi-muon physics
and searches for neutral heavy objects produced in
neutrino interactions.

FCAL consists of 23 iron plates which are 4.9 cm
thick and separated by 1.8 cm gaps. Twenty out of
the 22 gaps are instrumented with long scintillators
[14] which are read out on both ends by 3 in.
photomultipliers. The dimensions of the scintil-
lators are 175]18.5]0.6 cm3. To achieve optimal
light collection and a reasonable number of elec-
tronic 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. 6. The area of the FCAL “seen” by
the neutrino beam is 175]190 cm2. The detector
has a depth of about five nuclear interaction
lengths and a total mass of about 17.7 tons.

Since the FCAL is part of the structural compo-
nents of the NOMAD detector, it cannot easily be
calibrated in a test beam of known hadronic en-
ergy. The calibration procedure applied is therefore
somewhat more sophisticated:
f A module-to-module calibration is achieved by

determining the energy deposition by highly
relativistic muons, a reasonable approximation
of minimally ionizing particles (m.i.p.). These

102 The NOMAD Collaboration/Nucl. Instr. and Meth. in Phys. Res. A 404 (1998) 96—128



Fig. 6. Top view of the FCAL.

muons are copiously produced in the beam lines
upstream of the NOMAD experiment and cross
the detector in the time between the neutrino
spills.

f The absolute energy scale (i.e. the hadronic en-
ergy equivalent of a m.i.p.) can be determined in
several ways:

(1) A first level calibration can be obtained
from Monte Carlo simulation of neutrino inter-
actions in the FCAL by comparing the energy
deposit (calibrated in units of the m.i.p. energy
deposit) with the simulated hadronic energy.

(2) A more accurate calibration can be per-
formed by exploiting the fact that the shape of
the y

B+03,%/
-distribution in neutrino charged cur-

rent interactions is well known. Given the very
precise momentum measurement of the muon
produced in the interaction, a mismeasurement
of the hadronic energy results in a distorted
distribution in y

B+03,%/
. This method has been

used successfully in previous neutrino experi-
ments (see, e.g., Ref. [15]). The absolute energy
scale in the FCAL has been determined by this
method with a precision of 2%. The results show
that the Monte Carlo method mentioned above
is accurate to 8%.

A minimum ionising particle traversing the
whole FCAL has an equivalent hadronic energy of
430 MeV.

2.4. Drift chambers

The drift chambers, which provide at the same
time the target material and the tracking of par-
ticles, are a crucial part of the detector. 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 mul-
tiple scattering of particles, secondary particle in-
teractions 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 two consecutive
measurements.

The chambers (see Fig. 7) are built on panels
made of aramid fibres in a honeycomb structure.
These panels are sandwiched between two Kevlar-
epoxy resin skins. These skins give the mechanical
rigidity and flatness necessary over the large
(3]3 m2) surface area. Each drift chamber consists
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Fig. 7. An overview of the drift chamber layout.

of four panels. The three 8 mm gaps between the
panels are filled with an argon (40%) — ethane
(60%) mixture at atmospheric pressure. Because
the panels are not completely gas tight, the gas is
circulating permanently in a closed circuit with
a purifier section that removes oxygen and water
vapour.

The central gap is equipped with sense wires at 0°
and the outer gaps with wires at #5° and !5°
with respect to the magnetic field direction. These
senses wires are 20 lm in diameter and are made of
gold-plated tungsten. They are interleaved with
100 lm potential wires, made of Cu—Be. 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, 12 lm
thick, and separated by 1.2 mm, are printed on
mylar glued to the panels. The strip foils are glued
on the aramid panels with a precision better than
500 lm. The 3 m long wires are glued to support
rods at three points to keep them at a constant
4 mm distance from the cathode planes and de-
creases the electrostatic and gravitational displace-
ments of these wires. The gap is maintained at
8 mm using nine spacers facing melamine inserts
embedded in the honeycomb structure of the
panels. 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 used, the
ionization electrons drift with a velocity of about 50
mm/ls. In order to compensate for the Lorentz
angle and to keep a drift direction parallel to the
planes when the magnetic field is turned on, the
potentials on the strips are set at different values on
the two sides of each gap.

There are 49 chambers in the complete detector
corresponding to 147 sense wire planes and a total
of 6174 wires. The target chambers are mounted in
11 modules of four chambers each in the front part
of the detector. Five additional chambers are instal-
led individually in the TRD region and are used to
improve the lever arm for tracking and for a better
extrapolation of the tracks to the rest of the sub-
detectors.

Each chamber contributes 0.02 radiation length.
The total fiducial mass of the chambers is 2.7 tons
over an area of 2.6]2.6 m2.

The chambers are operated at a voltage 100
V above the beginning of the plateau, which was
found to be 200 V wide. Under these conditions, the
typical wire efficiency is 97%, most of the loss being
due to the supporting rods. Wire signals are fed to
a preamplifier and a fast discriminator, allowing
track separation down to 1 mm. Discriminator
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Fig. 8. Residuals for a sample of straight tracks at normal incidence on the drift chambers.

output signals are fed to Lecroy 1876 TDCs de-
scribed above.

Space resolution has been studied using straight
tracks (muons) crossing the detector during data
taking. The distribution of residuals has been ob-
tained after a careful alignment of all wires (fitted in
several segments along the wires to take mechan-
ical defects and electrostatic effects into account) as
well as a detailed description of the time-to-dis-
tance relation. The distribution (Fig. 8) has a sigma
of about 150 lm. The dependence of this quantity
on drift distance and polar angle is shown in Fig. 9.
The 5° stereo angles give a resolution along the
wires of 1.5 mm.

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

p
p

p
+

0.05

J¸

=
0.008p

J¸5
, (1)

where the momentum p is in GeV/c and the track
length ¸ in m. The first term is the contribution
from multiple scattering and the second term comes
from the single hit resolution of the chambers. For
a momentum of 10 GeV/c, multiple scattering is the
dominant contribution for track lengths larger than
1.3 m. Table 2 shows the resolution for some typi-
cal values of p and ¸.

The excellent track reconstruction obtained is
demonstrated in Section 3.1 where the observed
K0

4
signal is presented.

The tracking is more difficult for electrons as
they radiate photons via the bremsstrahlung pro-
cess as they traverse the non-zero-density tracking
system. This results in a continuously changing
curvature. In this case, the resolution is worse and
electron energies are measured by combining in-
formation from the drift chambers and the electro-
magnetic calorimeter.

Most neutrino interactions in the NOMAD ac-
tive target occur in the passive panels of the drift
chambers. Interaction vertices are reconstructed by
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Fig. 9. The dependence of the track residuals on drift distance and angle.

Table 2
Resolutions obtained in the NOMAD drift chambers, for differ-
ent track lengths and momenta

p (GeV/c) L (m) p
p
/p

1.0 1.5 4.1
3.5 2.7

10.0 1.5 5.0
3.5 2.7
50.0 1.5 15.1

3.5 3.2

extrapolating the tracks of charged secondary in-
teraction products measured in the chambers.
Fig. 10 shows the distribution of vertices in the
plane perpendicular to the beam. A fiducial cut of
!1204x, y4120 cm is imposed. The gradual
diminishing of the beam intensity with radius is
easily discernable. The nine square spots of high

intensity are caused by the melamine inserts which
are built into the chambers in order to maintain the
8 mm gap widths.

Fig. 11 shows the distribution of vertices along
the beam direction. The information from the 44
drift chambers has been overlayed to cover the
+$5 cm about the centre of each chamber. The
eight ‘spikes’ in this distribution correspond to the
kevlar skins of the drift chambers, see Fig. 7. Re-
gions in z with a low interaction rate correspond to
the three gas-filled drift gaps and the honeycomb
panels.

A much more detailed description of these cham-
bers will be given in a forthcoming publication
[16].

2.5. Trigger counters

Two trigger planes are installed in the NOMAD
detector; the first plane follows the active target and
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Fig. 10. The positions of reconstructed neutrino interaction vertices in the plane perpendicular to the beam; see text.

the second plane is positioned behind the TRD
region. Each of them covers a fiducial area of
280]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. Twenty-eight of the
counters are installed horizontally and have
a length of 124 cm. In order to increase the fiducial
area of the trigger planes, four counters of 130 cm
length are installed vertically to cover the light-
guides of the horizontal counters.

The scintillators are connected by adiabatic
lightguides to 16-dynode photo-multipliers of the
proximity mesh type [17], which are oriented par-
allel to the magnetic field. The field of 0.4 T only
reduces the response of these photo-multipliers by
30%. They have an intrinsic time resolution of 1 ns
and a noise rate of less than 50 Hz. The dis-
criminated photomultiplier signals are input into
a trigger module (LeCroy 4564) where a logical OR

is performed for each plane. A coincidence between
the two planes is required for a valid trigger. The
discriminated photomultiplier signals are also sent
to a TDC (LeCroy 1876 Module 100), which allows
the individual counter time to be determined
offline.

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

2.6. Transition radiation detector

The NOMAD transition radiation detector
(TRD) has been designed to separate electrons from
pions with a pion rejection factor greater than 103
for a 90% electron efficiency in the momentum
range from 1 to 50 GeV/c. This factor, together
with the additional rejection provided by the
preshower and electromagnetic calorimeter, is
needed in the oscillation search in q~Pe~mqmN %
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Fig. 11. The positions of reconstructed neutrino interaction vertices as measured along the beam direction; see text.

decay channel in order to eliminate neutral current
neutrino interaction events in which an isolated
pion track fakes an electron.

The large rejection factor required and the large
lateral dimensions of the detector (2.85]2.85 m2)
make the NOMAD TRD one of the largest
transition radiation detectors ever built. Its design
was optimised by detailed simulation and after
several test beam measurements [18,19]. It takes
into account two main experimental constraints:
the limited longitudinal space inside the NOMAD
magnet and the requirement that there be less than
2% of a radiation length added between two con-
secutive measurements in the drift chambers.

The TRD is located after the first trigger plane
and consists of nine identical modules. The first
eight modules are paired into four doublets. In
order to provide a precise track extrapolation from
the drift chamber target to the calorimeter, five drift

chambers are embedded in the TRD, one after each
TRD doublet and one after the last module, see
Figs. 1 and 2. Each TRD module includes a radi-
ator followed by a detection plane with the follow-
ing design (see Fig. 12):
f The radiator is a set of 315 polypropylene foils,

each 15 lm thick and 2.85]2.85m2 in area,
separated by 250 lm air gaps. The foils are
stretched on an aluminium frame and embossed
to ensure a regular spacing in spite of their large
size and of electrostatic effects.

f The detection plane consists of 176 vertical straw
tubes, each 3 m long and 16 mm in diameter,
separated by 0.2 mm. The straw tubes are fed in
parallel with a 80% xenon — 20% methane gas
mixture. They are made of two shifted 12.5 lm
thick ribbons of aluminised (115 nm of alumi-
nium) mylar rolled and glued along a 16 mm
diameter helix. The sensitive anode is a 50 lm
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Fig. 12. Schematic view of a TRD module, as seen from the straw plane side.

diameter gold-plated tungsten wire stretched
with a tension of 100 g. In order to protect the
gas mixture in the straw tubes from water and
oxygen contamination, each TRD module is
covered by two aluminised mylar skins with
a permanent flow of dry N

2
between them.

The signals from the 1584 straw tubes working in
the proportional mode are fed into preamplifiers
producing differential outputs. These signals are
transmitted via 32 twisted-pair cables to differential
drivers located outside the magnet. The charge
ADCs are read out by a VME system. A test pulse
system is used to control the stability of the entire
electronic chain.

Continuous calibration of the TRD is performed
with the help of 55Fe radioactive sources (Ec"5.89
keV) uniformly deposited on a ribbon stretched
horizontally in the middle of each detection plane.
A self-triggering system is used to record the 55Fe
signals in each straw between every neutrino spill.
The signals of the 55Fe sources reflect all of the
changes in the detector conditions (high voltage,

temperature, pressure, gas mixture composition,
etc.), thus allowing efficient monitoring and calib-
ration of the TRD. In addition, most of the working
parameters are permanently controlled by
a specially developed “slow control” system.

Electron identification in the TRD is based on
the difference in the total energies deposited in the
straw tubes by particles of different Lorentz factors
(c"E/mc2). Charged particles with c(500 deposit
energy in the straw tube predominantly by ioniz-
ation losses, whereas charged particles with c'500
(mainly electrons in NOMAD) also produce
transition radiation X-rays at the interfaces of the
foils [20]. As a result, a few photons in the keV
range are produced by an electron crossing a radi-
ator (SNT"3.1 and SET"14 keV for 10 GeV/c
e~). About 60% of the photons emitted from the
radiator are absorbed in the detection planes, due
to the large cross-section of xenon for photons of
a few keV. Transition radiation X-ray energy de-
position is added to the ionization losses of the
parent particle in the same straw tube, because the
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Fig. 13. Comparison of experimental (points with error bars) and simulated (solid lines) distributions of the energy deposited in TRD
straw tubes by 5 GeV/c muons (open circles) and 2 GeV/c electrons (closed circles).

angular distribution of emitted photons peaks
around the initial particle direction (the mean angle
of emission is about 1/c).

The algorithm developed for electron identifica-
tion [21] is based on a likelihood ratio method and
relies on test beam measurements and detector
simulation. The TRD simulation has been exten-
sively tested in situ using the muons (5 GeV/c
(p

l
(50 GeV/c) crossing the detector during the

flat top between the two neutrino spills. Fig. 13
shows a comparison between the experimental and
simulated distributions of the energy deposited in
straw tubes by 5 GeV/c muons (ionization losses
only) and by d-ray electrons with a mean mo-
mentum of about 2 GeV/c, emitted by muons (sum
of ionization losses and detected transition radi-
ation photons).

A pion rejection factor greater than 1000 is ob-
tained with the 9 TRD modules in the momentum
range from 1 to 50 GeV/c, while retaining an elec-
tron efficiency of 90% (see Section 3.4).

2.7. Preshower detector

The preshower (PRS), which is located just in
front of the electromagnetic calorimeter, is com-
posed of two planes of proportional tubes (286
horizontal and 288 vertical tubes) preceded by
a 9 mm (1.6X

0
) lead—antimony (96%—4%) conver-

ter, see Fig. 14.
The proportional tubes are made from extruded

aluminium profiles and are glued to two aluminium
end plates of 0.5 mm thickness. Each tube has
a square cross-section of 9]9 mm2 and the walls
are 1 mm thick. The 30 lm gold-plated tungsten
anode is strung with a tension of 50 g and secured
at each end in hollow copper pins. In order to avoid
wire vibrations, the anodes are also glued in the
middle of the preshower on small resofil spacers.
The proportional tubes operate at a voltage of
1500 V, with a mixture of (80 : 20) Ar : CO

2
.

Signals from each tube are fed into charge pre-
amplifiers; at the output of the preamplifier, two
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Fig. 14. An exploded view of the preshower.

pulses of opposite polarity are sent to the remote
DPSA (Delaying and Pulse Shaping Amplifier) via
twisted-pair cables. The use of symmetric drivers
and differential receivers allows low-loss transmis-
sion along the twisted-pair bundles. The twelve
preamplifier signals are sent to the ADC via a 270
ns delay line.

Large samples of straight through muons are
collected during the flat top of the SPS cycle. These
muons have been used to monitor the preshower
gains against pressure and temperature variations.
More than 300 000 such events, collected over
about a month, have been analyzed. Such high
statistics are needed to make good fits to the distri-
butions of energy deposition in each tube. Global
variations of the gain induced by pressure and
temperature fluctuations can nevertheless be cal-
culated on a run by run basis. The electronic gains
for each channel are then taken into account,
allowing the final determination of the individual

gas gain. The dispersion of these gas gains is found
to be 6% for the 574 tubes, resulting mainly from
inhomogeneity of gas flow and measurement
errors.

The fine granularity of the PRS also assists in the
understanding of signals in the calorimeter blocks
caused by adjacent particles. Once the clusters with
an associated track have been removed, the remain-
ing ones might be attributed to photons which have
converted in the PRS. The spatial resolution of the
PRS for photons has not been directly measured.
We estimate the r.m.s. resolution for a photon hit-
ting the PRS using negative pions from the test
beam interacting in the lead of the PRS. We make
the assumption that these interactions are mainly
charge exchange with one of the photons from the
p0 converting in the lead plate. The r.m.s. spatial
resolution for these events is 1 cm, a value which is
much smaller than the dimensions of a single tower
of the electromagnetic calorimeter and which
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Fig. 15. Schematic view of some lead—glass counters with
phototetrodes.

allows the use of the PRS to determine the impact
point of converting photons for the 70% of the
photons which convert in the Pb radiator. Using
the above value as spatial resolution of photons
and the energy resolution of the electromagnetic
calorimeter, a rough estimation of the p0 mass
resolution is found to be 11 MeV/c2, in good agree-
ment with the observed p0 mass distribution, see
Section 3.2.

2.8. Electromagnetic calorimeter

The search of mq events in NOMAD relies strong-
ly on electron identification as well as on a very
accurate determination of the total transverse mo-
mentum in the event.

While electron identification is performed using
the Transition Radiation Detector (TRD), the Elec-
tromagnetic Calorimeter (ECAL) is crucial to accu-
rately measure electron and gamma energies from
100 MeV up to 100 GeV and to help in the deter-
mination of the neutral component of the trans-
verse momentum. The large energy range to be
covered requires a large dynamic range in the re-
sponse of the detector and of the associated elec-
tronics. A lead-glass detector was chosen for its
excellent energy resolution and uniformity of re-
sponse. In NOMAD the Electromagnetic Calori-
meter combined with the Preshower Detector
(PRS) was also used to help improving the electron
identification provided by the TRD.

ECAL consists of 875 lead—glass C[ erenkov
counters of TF1-000 type arranged in a matrix of 35
rows and 25 columns. Each counter is a 19 radi-
ation lengths deep block with a rectangular cross
section of 79]112 mm2. The direction of
the B"0.4 T magnetic field, perpendicular to the
counter axis, imposes severe constraints on the
mechanical assembly of the light detection system
(Fig. 15) . The light detectors (two-stage photomul-
tipliers, tetrodes, with a typical gain of 40 in the
operating conditions of NOMAD) are coupled to
the back face of the lead-glass blocks. This face is
cut at 45° with respect to the block axis, in such
a way that the symmetry axis of the tetrodes forms
an angle of 45° with respect to the field direction,
thus keeping the signal reduction caused by the
magnetic field to less than 20%. This reduction was

found to be very constant and uniform. A low-noise
electronic chain, composed of a charge preamplifier
followed by a shaper and a peak sensing ADC with
a resolution of 12 bits, provides a calorimeter re-
sponse in a dynamic range larger than 4]103.

A fast analog signal from each shaper, dis-
criminated and ORed over groups of 16 adjacent
counters, is also provided for time measurements in
order to reject energy depositions not associated to
the triggered event. The obtained time resolution is
a few ns for energy depositions larger than 1 GeV.
In addition the fast analog signals, summed over
groups of 64 counters, are discriminated and ORed
over all the groups to form an ECAL trigger, as
explained in Section 2.11.

Monitoring of the lead—glass response is per-
formed using two blue Light Emitting Diodes
(LED) per counter mounted on the same face of the
block on which the tetrodes are positioned; a de-
tailed description of this monitoring system is given
elsewhere [22]. The LEDs are driven by highly
stable current pulses, generated by specially de-
signed current drivers. This system has been shown
to be very stable over periods of several months as
seen in Figs. 16(a) and 16(b) where the ratio of the
LED signals to a reference measurement and its
spread are shown.
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Before the final assembling in NOMAD, the
lead—glass blocks were individually calibrated us-
ing a 10 GeV/c electron beam having a small mo-
mentum spread (*p/p"1%). The response of each
block to the LED pulses, measured immediately
after the corresponding electron calibration, was
also recorded and used to convert to the NOMAD
operating conditions the calibration obtained at
the test beam in absence of magnetic field. The
effect of the magnetic field on the calibration was
taken into account by LED measurements per-
formed with and without magnetic field.

The linearity of the calorimeter response to elec-
trons are verified at the test beam in the energy
range 1.5—80 GeV. Deviations from linearity are
kept below 10% by applying a logarithmic correc-
tion to the cluster energy as explained in Ref. [23].

A detailed study of the energy resolution was
performed. After the deconvolution of the elec-
tronic noise from the data, a two-parameter fit of
the energy resolution *E/E"a#b/JE, where
E is in GeV, gives a"(1.04$0.01)% and
b"(3.22$0.07)%.

The ECAL response as a function of the impact
point of the incoming electrons has been measured
to be uniform within $0.5%; the response to elec-
trons entering at normal incidence in the gaps be-
tween adjacent blocks has shown that ECAL is
“hermetic” at more than 99%. A weak dependence
of the total energy release on the angle of incidence
h of the incoming electrons has been found both in
the test beam measurements and in the Monte
Carlo simulations: this dependence, which has been
empirically parametrized as E(h)"EJcos(h), can
be attributed to the small variation with angle of
the C[ erenkov light collection efficiency. In addi-
tion, the number of towers receiving contributions
from a given shower increases with angle. However
this does not affect the overall energy resolution
that remains insensitive to both shower position
and angle. The shower position has been measured
with an average resolution of about 4 mm in each
direction (6 mm at the centre of the block and 2 mm
at the edges).

The calibration and the calorimeter response to
low energy photons have been checked by measur-
ing the p0 mass both in a dedicated test beam and
during the NOMAD data taking. The following

results were found using test beam data:

m
p
"(133.7$1.2)MeV/c2, p

.
"16MeV/c2.

The analogous results obtained during the normal
NOMAD data taking are discussed in Section 3.2.

The calorimeter response to muons corresponds
to a peak value for the energy deposition of
(0.566$0.003) GeV, as shown in Fig. 17. The
muon signals were found to be stable within $1%
over a 2 year period providing an independent
check of the stability in calorimeter response; this is
complementary to the one provided by the LED
monitoring that is continuously running during
normal data taking. Fig. 16(c) shows the average
energy deposited by muons crossing ECAL as
a function of time.

Triggers based on the ECAL energy deposition
are currently being acquired, together with the
‘normal’ neutrino triggers described elsewhere. The
large mass of ECAL (+20 t) gives a trigger rate of
+2.5 interactions/neutrino spill. The large accept-
ance makes such events very useful for physics
purposes as well as for monitoring the beam condi-
tions.

A more detailed description of ECAL is given
elsewhere [23]. The performance of ECAL when
exposed to test beams of electrons, pions and
muons is reported in Ref. [24].

2.9. Hadronic calorimeter

The hadron calorimeter (HCAL) is intended to
detect neutral hadrons and to provide a measure-
ment of the energy of charged hadrons com-
plementary to that derived from momentum
measurements in the drift chambers. Knowledge of
neutral hadrons is important 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 of the
charged particles and as an aid in distinguishing
between muons and charged hadrons.

The HCAL is an iron-scintillator sampling cal-
orimeter. The NOMAD detector is suspended from
iron pillars (the ‘I’s) at the two ends of the magnet.
The downstream pillar was instrumented with scin-
tillators to construct the HCAL. The ‘I’s consist of
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Fig. 16. The signal in ECAL from LED and muon monitoring:
(a) LED stability in time over two years of data collection,
(b) spread of the ratio of the LED signals to a reference mea-
surement, (c) l peak position vs. time over two years of data
collection.

23 iron plates 4.9 cm thick separated by 1.8 cm
gaps, and six of these modules form a wall of 5.4 m
wide, 5.8 m high, and 1.5 m deep. This wall acts as
a filter for the large muon chambers downstream
and as a support for the ‘basket’ which contains
much of the NOMAD detector.

The active elements of the calorimeter are scintil-
lator paddles 3.6 m long, 1 cm thick, and (on aver-
age) 18.3 cm wide. Tapered acrylic light pipes are
glued to each end of the scintillator paddle to form
an assembly 5.52 m long. Eleven of these assemblies
are threaded horizontally through the first 11 gaps
in the iron wall to form a calorimeter module
18.3 cm high, and approximately 3.1 interaction
lengths (j

*/5
) deep. Scintillation light is directed

through adiabatic light guides to a 5 in. phototube
at each end of the module. Eighteen of these mod-
ules are stacked vertically to form a calorimeter

with an active area 3.6 m wide by 3.5 m high.
A schematic frontview of the HCAL, showing the
scintillators and tapered acrylic light pipes, is given
in Fig. 18.

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
discriminated signals can also be used, in conjunc-
tion with a majority logic circuit, to form a trigger.

The energy deposited in a given module is ob-
tained from the geometric mean of the two photo-
tube signals, and the horizontal position of the
energy deposit is determined from the attenuation
length of the scintillator and the ratio of the photo-
tube signals. Vertical positions are determined from
the pattern of energy sharing between the modules.
Fig. 19 shows the energy response to muons which
traverse the calorimeter; the peak of the minimum
ionizing distribution is at 1.5 GeV and the expected
Landau shape is clearly seen.

Fig. 20 shows the difference between the pre-
dicted horizontal position and the position meas-
ured by the hadron calorimeter for muons passing
through a single calorimeter module; typical posi-
tion resolutions are of the order of 20 cm.

There is a high probability that hadrons will
begin to shower in the approximately 2.1 j

*/5
of

material upstream of the hadron calorimeter, and
so the total hadronic energy is taken to be
a weighted sum of the energies deposited in the
hadron and electromagnetic calorimeters.

2.10. Muon chambers

The NOMAD muon detector consists of 10 drift
chambers previously used in the UA1 experiment
[25]. Each chamber has an active area of
3.75]5.55m2 with two planes of drift tubes in the
horizontal and two in the vertical directions. In
total there are 1210 drift tubes, each with a max-
imum drift distance of 7 cm.

The chambers are arranged in pairs (modules) for
track segment reconstruction. The first muon sta-
tion consists of three modules and is placed behind
the hadron calorimeter. It is followed by an 80 cm
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Fig. 17. The signal in ECAL from muons crossing the detector during normal data taking. A correction has been applied to account for
the differences in impact angle of the muons on the detector.

thick iron absorber and a second muon station of
two modules. In 1995 there was a small gap be-
tween the muon chambers in station 1. For the
1996 run this gap was closed with several small
scintillation counters, the ‘muon veto’, which are
shown in Figs. 1 and 2.

Track segments are reconstructed separately for
each station from (typically) 3 or 4 hits per projec-
tion, see Fig. 21. The measured efficiency for the
reconstruction of track segments is 97% [26].

The chambers are operated with an argon/
ethane (40%/60%) gas mixture. Their performance
is monitored continuously using high energy
muons passing through the detector. The average

position resolution for hits is in the range 350—
600 lm depending on the gas quality. Fig. 22 shows
the residuals for a typical run.

The average hit efficiency is 92.5% and the domi-
nant source of the inefficiency (6.5%) is due to the
dead areas between the drift tubes.

2.11. Triggering

The trigger logic is performed by the VME-based
MOTRINO module, which was especially designed
for NOMAD. The versatility of the module allows
one to operate it in two modes. Six modules func-
tion in the trigger-receiver or slave mode and two
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Fig. 18. A front view of the HCAL; see the text for details.

Fig. 19. Minimum ionizing peak for muons passing through the hadron calorimeter.
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Fig. 20. Horizontal position resolution for muons passing through a single hadron calorimeter module.

modules in the trigger-formation or master mode.
MOTRINO has the following functionalities [27]:
f Generation of time signals in the master module

to synchronize with the SPS neutrino beam
cycle. Two gates are generated for the neutrino
bursts and one for the flat-top.

f Logical combination of up to eight subdetector
signals for trigger formation. A maximum of six
different trigger types is possible in each of the
gates.

f Distribution of the trigger signals to the sub-
detectors using the module specific differential
bus. The gates and busy signals are also trans-
mitted via this bus.

f Treatment of the busy signals from the different
slave modules.

f Storing of the trigger time relative to the SPS
cycle in the master and slave modules. The time
stamp that each trigger receives serves as a con-
trol for data integrity.

f Recording of the status of the trigger bits. The
information is stored as soon as the first trigger

fires and again, 200 ns later, to record any addi-
tional trigger bit set.

f Determination of the livetime for the various
trigger types using an external clock which re-
flects the time structure of the neutrino beam.

f Moderation of trigger rates. This feature,
achieved by introducing deadtime in a particular
trigger, is extensively used during the flat-top
between neutrino spills in order to adjust indi-
vidual calibration and alignment trigger rates
and thus to limit the total number of events.

The following triggers were set up for the study
of neutrino interactions in NOMAD:
f »M ]¹

1
]¹

2
. This trigger allows a study of neu-

trino interactions in the drift chamber target
region. At least one hit in both trigger planes
¹

1
and ¹

2
is required. To prevent triggering on

through-going muons, no hit should have oc-
cured in the veto counters (V). The rate for this
trigger is &5.0/1013 p.o.t. and the lifetime
is (86$4%). Of these triggers, about 0.5 are
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Fig. 21. A cut through a muon chamber module illustrating the
drift tube arrangement, and the typical hit pattern left by
a throughgoing muon (continuous arrow) and the track segment
reconstructed in projection (dashed arrows).

potentially interesting candidates for neutrino
interactions in the drift chambers. The remaining
triggers consist of ‘cosmics’ (about 1), non-vetoed
muons (1.5) and neutrino interactions in the
magnet (2.0).

f »M
8
]FCA¸. Neutrino interactions in the front

calorimeter with an energy deposition of at least
4 m.i.p. fire this trigger. Through-going muons
are vetoed by the veto subset »

8
. On average 6.5

neutrino interactions occur in the FCAL for 1013
p.o.t.. The lifetime is (90$3%).

f »M
8
]¹

1
]¹

2
]FCA¸@. This trigger is set up to

study quasi-elastic like events in the FCAL. Such
events allow a relative flux measurement of the
neutrino beam as a function of the neutrino
energy. For this trigger, an energy deposition
between 1 and 3 m.i.p. in the FCAL is requested.
The rate for this trigger is &1.5/1013 p.o.t. and
the lifetime (90$3%).

f ¹
1
]¹

2
]ECA¸. The electromagnetic calori-

meter is also used as a target. Physics topics that

will be addressed using events from this trigger
include l

l
Pl

%
and l

l
Plq oscillations. An en-

ergy deposition of more than &1.0 GeV in the
ECAL enables this trigger, which has an average
rate of 2/1013p.o.t. and a lifetime of (88$3%).

f RANDOM. A random trigger which allows
a study of detector occupancy.

Approximately 15 neutrino candidate triggers
are taken in each neutrino spill.

In addition various triggers are used in the 2.6
s long flat top between the two neutrino bursts.
These are used for:
f The drift chamber alignment.
f The calibration of the different subdetectors.
f A measurement of the trigger counter efficiency.

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

2.12. 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 informa-
tion 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:
12 bit charge-integrating ADCs, 12-bit peak-sens-
ing ADCs, and 16-bit TDCs with 1 ns resolution.
Both types of ADCs were designed at CERN,
accommodating 64 channels and a 256 event
memory. The LeCroy 1876 Model 100 TDCs pro-
vide input for 96 channels with a 64 KB buffer as
well as internal zero-suppression. There are a max-
imum of 11 648 channels to read-out per event.

Five VME-based boards (FIC 8234 [28]) with
Motorola 68040 processors control the read-out of
the front-end electronics through an extended
VME Sub-system Bus (VSB) connected to slave
controllers (F68B7) in each of twelve FASTBUS
crates. Each FASTBUS controller card provides
4 MB of additional memory for event buffering.
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Fig. 22. Residuals for 4-point tracks in the muon chambers for a typical run.

The VME controllers perform block transfers of
the available data to local buffers, assemble the
data into subevents and check for consistency and
integrity. They then pass the subevents through
a VME interconnect bus (VIC) to a sixth VME
processor (the “event builder”) which assembles all
the pieces into complete events together with in-
formation about the beam extraction and writes
them to one of two nine gigabyte disks via a high-
level networking package (NIC) developed at
CERN. 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 [29] software which
provides a well-organized framework for DAQ de-
velopment including scheduling, buffer manage-
ment and event access facilities. The arrival of data
drives the stages; hence, stages must have at least

one input source along with any number of output
sources. The standard configuration for NOMAD
is showin in Fig. 23.

The event-builder stage also asynchronously
receives beam calibration data, summaries of
monitoring information, and detector status in-
formation whenever they change.

The slow control system consists of a Sun work-
station and several Apple Macintosh computers
running LabView graphical software [30]. 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.
Alarms are generated in the event of detector prob-
lems. 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 sub-
detectors as well as for beam, scaler and trigger
information connect to the stages via ethernet and
generate summary histograms. Shift personnel use

The NOMAD Collaboration/Nucl. Instr. and Meth. in Phys. Res. A 404 (1998) 96—128 119



Fig. 23. Data-acquisition software configuration.

Fig. 24. A candidate l
l

CC event see text for details.

Fig. 25. A candidate l
%

CC event; see text for details.

the resulting histograms to verify the quality of the
data. Additionally, a separate monitoring task re-
constructs all the muon events received during the
flat-top of each SPS cycle and records them in
a separate data stream.

The run-control consists of a finite-state machine
implemented in C## with an X-windows inter-
face. It uses a database both to record the current
state of all the stages and monitoring programs and
to determine rules for transitions between the vari-
ous states. Periodically, the offline software retrieves
summary information for completed runs from this
database and combines them with tape information
for use during reconstruction and analysis.

The system records over 1.5 MB of data per
minute, with a typical assembled neutrino event
containing around 2000 32-bit words before recon-
struction. Additionally, approximately six times
this quantity flows through the acquisition in the
form of calibration events which are not recorded.
In the neutrino spills, the data-acquisition has
a typical deadtime of 10% arising from digitiz-
ations. The data-taking time lost due to down-time
and inter-run transitions is less than 3%.

3. Performance

Fig. 24 shows a candidate l
l

CC event detected
in NOMAD. One energetic particle penetrates to
the muon chambers, and satisfies all other criteria
to be a muon. A hadronic jet of charged particles is

clearly visible at the primary vertex, and a photon
conversion in the drift chambers is also evident.

Fig. 25 shows a candidate l
%

CC event detected
in NOMAD. One very straight secondary track,
identified as an electron by the TRD, is seen to
deposit a large amount of energy in a few cells of
ECAL, as indicated by the large ‘bar’ in the event
display. Note that in this view a second, positive
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Fig. 26. The invariant mass distribution of (p`p~) pairs from secondary vertices.

track appears to be produced at the same space
angle as the electron, indicating that the event
might be caused by an asymmetric Dalitz decay of
a p0. However the orthogonal view, not shown,
indicates that these two tracks are well separated in
angle at the primary vertex, which is very unlikely
in a Dalitz pair.

3.1. Identification of K0
4

K0
4

mesons observed in NOMAD are used
as a quality check of the reconstruction program
and of the detector performance. Using an algo-
rithm looking for ‘»0’ vertices, K0

4
Pp`p~ and

"0Ppp~ decays and cPe`e~ conversions are
reconstructed.

Fig. 26 shows the p`p~ mass distribution, where
the following selection criteria were applied:

f A pair of oppositely charged tracks, not posi-
tively identified as electrons or muons, emerges
from a secondary vertex distinct from the
primary.

f The reconstructed momentum of the pair was
required to point to the primary vertex.

f The invariant mass of the pair, taken to be
a p`p~, was required to be greater than 300
MeV/c2.

f The invariant mass of the pair, taken to be a pp~,
was required to differ from the "0 mass by more
than 50 MeV/c2.

The K0 peak stands out clearly over a small
background. A fit gives a value for the mass of
(497.3$0.4) MeV/c2. The resolution is 11 MeV/c2
which is consistent with the measured momentum
resolution of NOMAD.
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Fig. 27. The product cq of K0
4

mesons observed in NOMAD.

Fig. 27 shows the proper distance travelled by
the K0

4
before decaying. The fit gives a lifetime of

(892$65)]10~13 s. Both the mass and lifetime of
the K0

4
given above are consistent with the values

given in Ref. [31].

3.2. Reconstruction of p0 mesons

Gamma-rays from p0 decays represent the best
electromagnetic probe available in NOMAD to
test the ECAL response. In spite of the fact that the
p0 flux from neutrino interactions is too small to
allow an individual calibration of each ECAL
block, the p0 signal can still be used to test the
overall energy response.

Fig. 28 shows the 2c invariant mass distribution
obtained for two-charged-tracks events with a ver-
tex in the DC region and two neutral clusters in

ECAL. The ECAL energy is corrected as explained
in Ref. [24]. The peak position is well centered on
the p0 mass and the width (p"11 MeV/c2) is in
good agreement with the expected resolution.

A similar distribution is obtained requiring one
neutral cluster in ECAL and a c-ray converted and
reconstructed in the DC (Fig. 29) . Again the peak
position and the width are in agreement with the
p0 mass and the experimental resolution, respec-
tively.

3.3. Muon identification and veto

The muon chambers in NOMAD are arranged
in two ‘stations’ as described in Section 2.10.
Muons are identified if they penetrate more than
eight interaction lengths (j

*/5
) of absorber material

in order to reach muon station 1, or 13 j
*/5

for
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Fig. 28. The cc invariant mass where both c energies are measured in ECAL.

muon station 2. For perpendicular incidence, the
momentum thresholds to reach the muon cham-
bers (with 50% probability) are measured to be
2.3 GeV/c for station 1, and 3.7 GeV/c for station 2.

The geometrical acceptance to hit either of the
two stations is about 98%. This number applies to
primary muons from charged current interactions,
averaged over their production point in the NO-
MAD target, and does not include muons which
‘range out’ in the absorber material.

The muon momentum is measured in the central
drift chambers with a precision of typically 3% for
momenta below 20 GeV/c, where the error is dom-
inated by multiple scattering. For larger momenta
the error slowly rises as measurement errors start
to dominate, but the muon charge can be reliably
measured for momenta up to 200 GeV/c.

A muon typically leaves a signal in the ECAL
which is equivalent to a +550 MeV electromag-
netic shower, and a signal in the HCAL equivalent
to a +1.5 GeV hadronic shower.

Tracks are reconstructed from the hits in the
muon chambers (see Section 2.1) and the extrapo-
lated central drift chamber tracks are matched to
these tracks. If this matching satisfies certain qual-
ity criteria (e.g. cuts on matching distance and s2),
which may vary for different analyses, then the
track is identified as having been made by a muon.
It is clear from Fig. 30 that the muon reconstruc-
tion efficiency is essentially momentum indepen-
dent above 5 GeV/c.

It is very important for many NOMAD analyses
to identify events which do not contain a primary
muon. Very low momentum muons can only be
eliminated using kinematic criteria, such as p

T
cuts.

For higher momentum tracks the consistency of the
ECAL and HCAL energy deposition can be
checked. For muons well above the threshold to
reach the chambers, and inside the muon chamber
geometrical acceptance, the efficiency to detect at
least 2 out of 8—16 possible hits is essentially 100%.
As an example, requiring that no muon chamber
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Fig. 29. The cc invariant mass where one c converts in the DC and a second one is measured in ECAL.

hits be associated to candidate hadrons within
a certain road, and that the energy deposition in
the ECAL and HCAL be inconsistent with a
minimum-ionizing particle, a residual muon con-
tamination of about 10~3 can be achieved for had-
rons with p'4 GeV/c with 90% efficiency.

3.4. Electron-identification

Information from the transition radiation de-
tector (TRD), preshower (PRS), and electromag-
netic calorimeter (ECAL) is combined to separate
electrons from charged p-mesons.

3.4.1. Using the transition radiation detector
The NOMAD TRD (see Section 2.6) is designed

to separate electrons from heavier charged par-
ticles, mainly pions.

A “hit” in the TRD is a straw tube with an energy
deposition above the pedestal value. A set of hits

collected along the road around a drift chamber
track is associated to this track. Energy depositions
in associated hits are then compared to the expecta-
tions for two possible hypotheses: electron (e) and
pion (p). The momentum of the particle measured
in the drift chambers is taken into account to evalu-
ate the expected energy deposition.

Two cases are considered for particle identifica-
tion:
f A set of hits is produced by a single isolated

particle.
f Several particles cross and give signals in the

same straw tubes, producing a set of “shared”
hits.

Depending upon the topology of the event, two
different identification procedures are applied.

The signature of an isolated particle is defined
from a likelihood ratio L computed from the re-
sponses of all of the straw tubes crossed by an
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Fig. 30. Typical muon reconstruction efficiency as a function of
muon momentum for l

l
CC events. This includes tracking,

vertex association, the probability for a muon to emerge from
the iron absorbers, the geometrical efficiency and the matching
efficiency (multiple scattering).

incident track:

L"

N
+
i/1

log
P(e

i
)De

P(e
i
Dp)

, (2)

where N is the number of hits assigned to a track.
P(e

i
De) and P(e

i
Dp) are the probability density func-

tions for an electron e, and a pion p with a given
momentum to deposit the energy e

i
in ith straw

tube.
The distributions of probability density P(e

i
De)

and P(e
i
Dp) that a given energy deposition e

i
belongs

to an electron or pion have been obtained from
detailed simulation, extensive test beam, and in-situ
measurements (for details see Ref. [21]). The de-
sired electron efficiency defines a threshold on the
total likelihood ratio, see Fig. 31. An electron
(pion) is associated with a likelihood ratio above
(below) this threshold. A pion rejection better than
103 at 90% electron efficiency has been achieved for
isolated particles crossing all nine TRD modules in
a wide momentum range from 1 to 50 GeV/c.

About 25% of l
%

CC interactions in NOMAD
lead to tracks having “shared” hits in TRD. An
assignment of a total deposited energy in shared
hits to each of the non-isolated tracks would lead to
particle misidentifications. For example, more than
95% of two pions with all nine hits shared would
fake an electron signal.

The identification procedure for non-isolated
particles takes into account the number of tracks
producing each hit and their momenta. While
for an isolated track a decision is made between
two hypotheses e(p), and p(p) for non-isolated
tracks one has to consider four hypotheses p(p

1
) ·

p(p
2
), e(p

1
) · p(p

2
),p(p

1
) · e(p

2
) and e(p

1
) · e(p

2
),p

1
and

p
2

being the momenta of the tracks. A detailed
description of the procedure can be found in Ref.
[20], and a summary of the identification algorithm
is presented below:
f If two tracks have at most three “shared” hits,

the particle identification procedure for isolated
tracks is appled to “non-shared” hits only.

f If two tracks have more than three “shared” hits,
four likelihood estimators are computed for the
energy depositions in “shared” hits from the cor-
responding two particle probability distribu-
tions. The decision on the nature of each of the
two particles is made by selecting the hypothesis
corresponding to the maximum likelihood value.

The main goal of the algorithm developed for the
identification of non-isolated particles is to reduce
the number of fake electrons caused by non-iso-
lated hadrons. It allows a correct identification of
84% of the non-isolated pions produced in l

%
CC

interactions in NOMAD, with 15% of pp combina-
tions being misidentified as ep and only 1% as ee.

The performance of the identification algorithms
has been studied on a sample of muons producing
energtic d-ray electrons (pd'500 MeV/c) selected
from NOMAD data (Section 2.6). Using the elec-
tron identification algorithm for isolated tracks,
(86$3)% of d-ray electrons were correctly identi-
fied at a 103 level of muon rejection, which agrees
with the expectations for the electrons in the range
from 0.5 to 2.5 GeV/c. The identification procedure
for non-isolated tracks has been tested by summing
the energy depositions of muons and their asso-
ciated d-ray electrons. About (72$3)% of the el
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Fig. 31. The likelihood ratio distributions for pions and electrons with track momenta 10 GeV/c crossing nine TRD modules
(Monte-Carlo simulation). Pion rejection is better than 1000:1 at 90% electron efficiency.

combinations were properly identified, which is in
agreement with the 75% expected.

The NOMAD TRD reaches a 103 pion rejection
factor for isolated tracks in the 1—50 GeV/c
momentum range with a 90% electron detection
efficiency. The algorithm developed for the identi-
fication of non-isolated tracks allows the number of
misidentified particles to be reduced, particularly in
large multiplicity events.

3.4.2. Using the preshower and the electromagnetic
calorimeter

A PRS prototype consisting of two layers of 10
tubes each was exposed to beams of electrons and
p mesons at the CERN PS and SPS accelerators.
Based on the data obtained, a procedure was de-
veloped for electron identification. The PRS pulse-
height (measured in m.i.p.) was required to be larger
than:

0.836#6.86 ln(E)!0.22(ln(E))2,

where E is the energy of the particle in GeV, correc-
ted for linearity and for the energy loss in the PS, as
explained in Ref. [24].

For energies greater than 4 GeV this yields an
efficiency of 90% with a residual p contamination
smaller than 10%.

The p/e separation is substantially improved
when ECAL is used in association with the PRS.
Using a test-beam setup comprising PRS and
ECAL prototypes, the response to both electrons
and pions was measured. Fig. 32 shows the scatter
plots of PRS vs ECAL pulse-height for 5 GeV
electrons and pions. The rectangular regions in the
figure correspond to events in which the energy
deposited by electrons is consistent with the beam
energy within the resolution of ECAL, and the PRS
pulse height satisfies the condition described above.
A rejection factor against pions of about 103 is
obtained in the energy range 2—10 GeV, while re-
taining an overall efficiency of 90% to detect elec-
trons. An additional rejection factor of about 2—3
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Fig. 32. Scatter plots of the PRS vs ECAL signals for 5 GeV/c incident electrons (a) and pions (b).

has been obtained using the information on energy
sharing among nearby towers in test-beam data
[24].

4. Conclusions

The NOMAD detector described in this paper
has been collecting data in 1995 and 1996 and has
accumulated about 600 000 l

l
CC events resulting

from the interactions of 2.25]1019 protons inci-
dent on the beryllium target. The data collection is
continuing in 1997 and the possibility of extending
the run in 1998 has been raised. All the detector
components have been shown to function well. The
reconstruction of individual particles produced in
neutrino interactions and the identification of
muons and electrons has been proved to be feasible.
The search for lq appearance is therefore proceed-
ing as planned. Preliminary results based on a re-
duced data sample have already been presented at
conferences. In addition the data will permit the
study, with enhanced statistics, of more conven-
tional processes in neutrino interactions previously
made in bubble chambers.
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, thèse pour obtenir le titre de Docteur de
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