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Abstract

A description of the response of the NOMAD electromagnetic calorimeter to elec-
trons and photons is discussed. In particular the dependence of the two-dimensional
shower shape on the angle and energy of the incident particle is parametrized by

analytical functions. Some applications to the neutrino event reconstruction are also
reported.
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1 Introduction

The main goal of the WA96 experiment (NOMAD) is to search for the appearance of 7
neutrinos in the CERN SPS wide band neutrino beam [1]. The v,’s are observed through
their charged current interactions producing 7’s. These in turn are measured in the leptonic
decay channels ev.v,, uv,v, and in the hadronic channels 77 v,, p~v, and 777 7 v,.

To distinguish 7 decays from v, and v, charged and neutral current interactions NOMAD
strongly relies on a technique which makes use of a series of cuts on kinematical variables,
based on the momentum balance of the events.

In order to be sensitive to a large fraction of 7 decay modes and to minimize the back-
ground contamination the NOMAD detector has been designed to:

— measure the charged tracks in the drift chamber target with high precision;
— identify and measure electrons and -;

— identify and measure muons;

— achieve a high level of rejection against tracks faking electrons and muons.

A detailed description of the NOMAD detector and its performance has been given else-
where [2]. In particular, the choice of a lead-glass calorimeter having a good intrinsic resolu-
tion, was found to be adequate to provide the required accuracy in measuring electron and
energies. The combined information coming from the calorimeter and a preshower detector
located in front improves the e identification and the separation of particles overlapping in
the calorimeter.

The electromagnetic calorimeter of NOMAD consists of a matrix of 35 rows and 25
columns of lead-glass blocks (TF1-000), 19 radiation lengths deep (~ 500 mm) and with a
rectangular cross section of 79 x 112 mm?. The Cerenkov light produced within the lead-
glass is detected by two stage photomultipliers (tetrodes) designed to operate in intense
magnetic fields and placed at 45° with respect to both the block axis and the magnetic field
direction. The design, the performances and the calorimeter response to different particles
are described in references [3] [4].

The particles produced in neutrino interactions in NOMAD have broad distributions
both for the energy and for the impact angles on the calorimeter due to the kinematical
conditions and to the presence of a magnetic field of 0.4 7' [1] [2]. On the other hand,
since the electromagnetic showers generated in the lead-glass are rather compact a strong
dependence of the measured profile on the impact angle and on the energy of the particles
is expected.

A detailed e and v shower parametrization taking into account such dependences can
provide a very accurate estimate of particle energy and position. In fact a three-dimensional
description of the local behaviour of the shower (differential approach) includes the angular
dependence and is very efficient for fast Monte Carlo (MC) simulations. Unfortunately the
method is not compatible with a cluster reconstruction algorithm since the integration over
the block dimensions introduces a further approximation and increases the time required for
calculations. To this purpose, a model that can directly estimate the integral response as a
function of the incidence angle and the energy of the particle should be chosen.

In the following an integral approach and its application to particle identification will
be described. Section 2 provides details on the experimental and simulated samples used



throughout. After a short discussion of the local properties of the showers inside the lead-
glass blocks of the NOMAD calorimeter (section 3), a full parameterization of the integral
response, based on both test-beam measurements and MC simulations, is then presented
in section 4. A quantitative check of the model reliability is discussed in the section 5.
Finally, the algorithm is applied to the reconstruction of the neutrino interactions inside
the NOMAD detector (section 6). All the results presented in the following come from MC
simulation unless otherwise declared.

2 Data sample

2.1 Test-beam data

Extensive measurements were performed with electron beams at the CERN PS and SPS
using a lead-glass matrix of 16 x 4 blocks equipped with the same readout electronic chain
as in the NOMAD experiment [3]. The module was placed on a movable platform in order to
perform horizontal and vertical scans with the beam. In addition it was also rotated around
two orthogonal axes to change the impact angles. A region covering about 2 x 2 lead-glass
blocks was scanned uniformly at different impact angles ranging from 0° to to 20° to fully
measure shower shapes at two different energies £ = 5 GeV and E = 10 GeV. A detailed
description of the experimental set up can be found in reference [4].

The particle coordinates in the transverse plane were measured by means of two delay
wire chambers (DWC) with 200 pm resolution and the beam divergence was kept below 10
mrad. The estimated momentum bite was Ap/p ~ 1%. High statistics samples were taken
throughout in order to reduce the statistical uncertainty and to have a reliable estimate of
the intrinsic fluctuations in the energy deposition.

The overall alignment between the DWCs and the lead-glass module was calculated
from the measured response to electrons impinging normally on the boundaries between two
adjacent blocks. The corresponding systematic uncertainty in the impact position at the
lead-glass front face was estimated to be less than 0.5 mm.

Special runs were taken to simulate the NOMAD experimental conditions: the module
was placed inside a magnet, providing a field with the same intensity and direction as inside
NOMAD, and a prototype of the NOMAD preshower detector was also placed in front of
the calorimeter.

2.2 Monte Carlo simulation

A full GEANT (version 3.15) simulation [5] of the calorimeter was performed, taking into
account the Cerenkov light propagation within the lead-glass blocks. This was intended both
to have access to configurations not directly available in the real data and to understand the
local behaviour of the electromagnetic shower inside the lead-glass.

High statistics electron samples (> 50k events) were generated at Ey = 5 GeV for impact
angles ranging from 0° to 25° in one degree steps. The particle coordinates at the calorimeter
front face were uniformly distributed within a 2 x 2 block matrix. The energy dependence
at different angles was also investigated in the range 0.1 <+ 80 GeV. In order to optimize the
computation time, the number of events generated at each energy was fixed proportional to
the fluctuations expected from the nominal energy resolution [4]. The comparison between
test-beam results and MC predictions is discussed in detail in section 5.1.



Figure 1: General reference frame.

The effects of the NOMAD magnetic field and preshower on shower shapes were individ-
ually studied with MC, in particular in the low energy region and for large impact angles.
The presence of the lead converter in front of the calorimeter was found particularly relevant
for photon initiated showers as expected. Actually a MC simulation was the only method to
obtain a clean v sample at different impact angles and energy. The results are described in
section 4.3. The magnetic field could, in principle, affect the measured response by changing
the size of the sensitive area of the tetrode photocatode [3]. It was verified with special Monte
Carlo simulations that the shower shapes were not sensitive to this effect, as expected, due
to the large number of the particles in the shower which randomize the light collection at
the photocatode.

3 Shower development

A brief description of the shower behaviour inside the NOMAD lead-glass counters (X, ~ 2.5
cm) is presented in this section. Although most general features of the local response can be
found in literature, the description given here is useful to understand the actual response to
electromagnetic particles of the NOMAD calorimeter and to introduce the integral approach.

In the following a cylindrical coordinate system will be adopted throughout. The global
reference frame (figure 1) is such that the calorimeter front face lies in the XY plane, the
longest block size being along X axis and the origin being at the impact point.

If no other specification is given, the transverse X (Y') profile is defined as the local
density of the signal as a function of X (Y) coordinate, integrated over the longitudinal
direction z. Similarly, the longitudinal profile will describe the shower development along z
integrated over the transverse plane.
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Figure 2: Transverse profile p for Ey =5 GeV'. The two curves are normalized to 1 at r = 0.
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Figure 4: Angular dependence of the transverse profile p(y) for E =10 GeV. All curves are
normalized to unit area.

3.1 Differential profiles

For a particle impinging normally to the XY™ plane, the transverse profile p(x,y) is charac-
terized by an exponential decay [6] [7] [8]:

ploy) = Pae M r=yfa+y? (1)

where the sum extends to all the shower components (in the following i = 1,3 will be taken),
a; is the weight of each component and b; its characteristic attenuation length. The main
contribution arises from the first term which describes the sharply collimated central core
of the shower while the remaining terms (which sometimes are neglected as an acceptable
approximation for pattern recognition) take into account the long tail of the shower.

The asymmetry in the block dimensions of the NOMAD calorimeter introduces differences
in the light collection efficiency along the two coordinates inside the block. This fact modifies
the physical distribution p(z,y) which has no longer a cylindrical symmetry, as shown in
figure 2.

The longitudinal development of the electromagnetic cascade can be parametrized by the
distribution [9]:

£(z) = Az%e /A (2)

where A is a normalization factor, A is a parameter which varies very slowly with the energy
of the incident particle E and « is a linear function of log(E).

3.2 Angular effects and energy dependence

The transverse differential profile p(z,y), integrated along the longitudinal direction z, has a
weak dependence on the energy of the particle at # = 0° (figure 3a). Actually, on the average,



only about 10 % of the energy lies outside a cylinder with a Moliere radius Ry ( Ry ~ 4
cm in NOMAD).

On the other hand, the longitudinal distribution £(z) is rather sensitive to the energy of
the particle, resulting in a shift of the peak for the observed energy distribution (figure 3b)
which generates a variation in the position of the longitudinal centre of gravity of the shower.
This energy dependence can be described by the well known logarithmic shape [9] [10].

When the impact angle @ is different from 0° the longitudinal and radial shapes get
mixed together. In such a situation an asymmetric shape of the transverse profile is then
clearly visible and produces a shift in the position of the peak (figure 4). As a consequence,
the longitudinal component induces a strong energy dependence also in the radial profile

pz,y) .

4 Integral response

To evaluate the average response of the calorimeter it is necessary to know the integral
response of a lead-glass block:

dy' p(',y', E) (3)

z+Axo/2 y+Ayo/2
F(z,y,0,6,E) = N/ dx’/
T y

—Azo/2 —Ayo/2

that is the integral over the block of the differential profile p. The overall normalization
factor N is defined by the total energy released in the calorimeter by the particle:

+o0 400
I/N = > > F(z+kAzg,y+mAy,0,0,E) (4)

k=—00 m=—00

From now on the normalization factor will be omitted.
The integral response F'(x,y, 0, ¢, E') is an estimate of the average energy fraction released
in the block itself.

4.1 Response parameterization

Even in the approximation of a cylindrical symmetry for p(z,y, F), the integral response
cannot be easily factorized in single one-dimensional projections due to the finite integrals
appearing in equation (3). Moreover the asymmetry in the block sizes introduces a further ef-
fect in the distribution itself in addition to the simple geometrical one as previously discussed
in equation (3).

Nevertheless, under the hypothesis of small lateral leakage (when the energy released at
a distance d > \/(Ax0)2 + (Ayp)? from the impact point is negligible), it is still possible to
obtain a good approximation by extending the domain of integration along the projecting
direction:

F(z,y,0,0,E) ~ Fy(z,0,¢,E) X Fy(y,0, ¢, E) (5)

LIn the following the energy dependence will be explicitely written as p(z,y, E), while the angular depen-
dence will be considered as part of the rotation of the reference frame.
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Figure 6: Angular dependence of the integral shower profile F,.(x,0,, Ey = 5 GeV'): the fitted
curves are the corresponding functions parametrized according to equation (10).

where
z+Axzo/2 400
Fulw,0,0,8) = [ [ dy o',y B) (6)
r—Axzo/2 —00
A similar expression can be written for Fy,(y, 0, ¢, E).

The condition of small lateral leakage is met in the NOMAD calorimeter [4] and the
integral response expected for a single block can be factorized with good approximation by
the product of the corresponding row and column. Figures 5a-b show the actual integral
profile F'(x,y, 6, ¢, E) and its relative difference from the factorized profile for electrons in a
particular kinematical configuration (6 = 10°, ¢9 = 90°): the small differences observed in
figure 5b (< 4%) support the factorization hypotesis.

For an incidence angle § = 0°, an analytical expression of F} (or equivalently F}) can be
obtained from equations (1) and (6) assuming, as a first approximation, a perfect cylindrical
symmetry:

Fo(2,0 =0,E) = Za / AR [ " dy exp [_./(x/)a e /b,} (7)

—Axo/2 00

This equation can be integrated numerically with the Kelvin function K; [11]:

2
dr' 'K "| /b; 8
K (|| /) )

The above analytical solution can be approximated by the expression:
1
F.(z,0 =0,E) = =) a; x arctan (z/b;) 9)
T

Equation (9) provides a phenomenological function which can be directly superimposed to
the experimental data even when the differential profile p(z,y, E) has no symmetry.

8
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In order to take into account the contribution from the longitudinal profile for 6 # 0°, a
new term is added in the expression (9):

1
Fy(z,0,0,E) = =Y a; x arctan (z/b;) +
T
1

MR Dy -

exp [~ (x — d;)* /2¢}] (10)

where a;, b;, ¢j, d; are parameters depending on the kinematical variables. The analytical ex-
pression of the second term of equation 10 is due to the fact that the longitudinal profile £(z)
for § = 0° can also be approximated by a superposition of gaussians. The above assumption
results in a linear combination of the transverse and longitudinal contributions which are
considered as independent in this approximation.

4.1.1 Angular factorization

As expected, the integral response is very sensitive to the impact angle. Actually, the angular
dependence increases the transverse radius of the shower which is then shared among several
blocks along the direction of the incoming particle. The shower profiles begin to show an
asymmetric shape and a systematic shift in the position of the maximum (figure 6). A
shower profile analysis based on F'(z,y, 0, ¢, E) can correctly describe the energy distribution
between the cells of a cluster when a global normalization factor is provided 2 (equation (4)).

2Since the sum of the F(z,y,0,¢,E) function over the full calorimeter is fized to one by definition, this
approach is not sensitive to angular effects on the total measured energy. Actually, a small dependence is
observed, mainly related to a variation of the light collection efficiency with the impact angles inside the
lead-glass counters. This correction should then be taken into account for the final energy reconstruction [4].
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In general the impact angle of a track can be described as the effect of a simple rotation
of the reference frame and, in turn, of the domain of integration. This rotation is also the
product of two different rotations along each of the two cartesian axis (X and Y). It is thus
possible to operate a full factorization of the angular dependence in the integral profiles
using the angles 6, and 6, defined as:

{ tanf, = tanf X cos ¢ (11)
tanf, = tanf X sin¢

The integral profiles along each of the two axis depend only on the corresponding angle.
Figure 7a shows this behaviour for electrons of 5 GeV energy and 6, = 10°: the F, function
does not depend on the 6, angle (the same is true for F, and 6,).

Assuming that the transverse systematic shift (@, E') is essentially related to the corre-
sponding centre of gravity coordinates inside the lead-glass block, it is possible to get such
a shift using only simple geometrical considerations:

{ he(0,, E = Ey) =
h,y(gy,E = Eo) =

220 gin (k,0,)

210 gin (ky,0,)

(12)

where a fixed energy FEj is assumed for simplicity and k, and &, are constant parameters.
Equation (12) is in good agreement with the observed behaviour as shown in figure 7b.
Due to the finite cell size, the maximum shift is achieved for half of the cell width. Since
the observed shift is related to the position D of the longitudinal centre of gravity, in the
small-angle approximation such parameters are defined as: k, X Azy/2 =k, x Ayy/2 = D.

10



-

— 5 —_
Q t g -
P b L
;5); 4L a) A b) +<__-"”+
° | £ __I
— L = 05
s * a s
g 2 ; g | )
£ T + @ 0
o 1L =S
; F * 8 i )
30 s 4
5 . ﬁ ot
¥ + [ 4
27+ 14
ad
_‘q ash
b E He E
& 0 [T 0
I T T T S S R T
energy [ GeV ] energy [ GeV ]

Figure 9: FEnergy scaling in shower shape parameterization: a) the angular correction
f(0,,E,Ey = 5 GeV) at 0, = 15° and b) the position shift go(0., E,Ey = 5 GeV) at
6, = 20° (see text).

4.1.2 Energy scaling

Since the integration is merely a geometrical step the integral distributions and the dif-
ferential profiles (section 3.2) have the same behaviour: this means that a strong energy
dependence can be measured only for 6 # 0° (figure 8a-b).

The same type of function can describe both the longitudinal profile £(z), integrated
along the radial size, and the longitudinal distributions of the energy released at a fixed radial
distance. We can then imagine dividing the electromagnetic shower in several longitudinal
slices and to assign to each of them its energy content. This energy will be higher and higher
as the shower centre (r = 0) approaches and its longitudinal distribution will be described
by the same function used for the global longitudinal profile.

Assuming that the energy dependence in the radial profile for § # 0° is due only to
the contribution of the longitudinal component, it is possible to find a relationship between
impact angle and visible energy. The number of slices which contribute to the radial profile
(and to the energy as a consequence) at a fixed radial distance will increase with the impact
angle #. The same configuration for the integral profile can then be associated to different
values of the kinematical variables.

Due to the logarithmic dependence in the longitudinal component and to the linearity of
the rotation, a logarithmic relationship f(0, E, Ey) between the resulting ‘effective’ angles ¢’
and the energy is expected. An example of this simple scaling law (for 6, = 15°) is shown
in figure 9a, where the integral radial profile for £y = 5 GeV is assumed as a reference.
For E > Ej the visible energy will be higher: the same configuration can be obtained from
the profile Fy by simply increasing the effective angle 6’ in the reference profile (the angular
corrections are positive). The reverse applies for £ < Fj.

The coordinates in the integral distributions Fy(z,0,, E') and F(y, 6,, E') are function of
the actual kinematical parameters (6,, E') and (6,, E) at the impact point respectively. In

11
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corrected and b) energy corrections have been taken into account.

order to reintroduce such a dependence, the position of the reference profile should be rescaled
taking into account the transverse shift in the maximum energy deposition (equation (12)).
A correction shift ¢;(6', 0, Ey) is thus applied at the fixed energy E = Ej. Moreover another
correction go(@, E, Ey) is needed to get the final position in the profile at the impact energy
E since the coordinate of the longitudinal centre of gravity is a logarithmic function of the
particle energy E (section 3.2). Figure 9b shows this correction: its meaning is similar to
that of the previous angular correction.

A general scaling law is obtained in this way and, as a consequence, the resulting param-
eterization can describe the integral profiles in terms of just one reference energy Fjy:

Fd(d,Gd,E) = Fd(d,,GZi,Eo)
@ = 0a+ f(0a, E, Ey) (13)
dl = d+gl(0:179d7E0)+92(9daEaE0) d:x,y

where ¢1(6),04, Ey) = [ha(04, Eo) — ha(0), Eo)] and f and g, are linear functions in log(FE)
for a fixed impact angle 6, (figure 9a-b). The corresponding position of the maximum energy
deposition is:

hd(Hd, E) = hfj(gda E, E()) = hd(gd, E()) + 92(9,1, E, E()) (14)

The reference energy Ej, of course, can be fixed arbitrarily. The choice of Ey = 5 GeV in
figure 9a-b is motivated by the need to optimize the parameterization in the lowest energy
spectrum region, where the energy dependence becomes more important. On the other hand,
this value is similar to the energies of the electrons expected from 7 decay [1]. The effect of
the full set of energy corrections on the integral distributions is reported in figure 10a-b.

12



o
-
o

a)

b)

o [GeV]
o
(-2}
T
energy fraction

e
o
T

0.4

profile tails
{
0.05
0.2
/ .= profile maximum
_‘-n“f\”‘/r‘H\HH\HH\HH 2
% 0.5 1 1.5 2 25 0
VE [ GeV'?] distance from beam axis [ cm ]

Figure 11: a) Fluctuations (rms) as a function of the square root of the average energy
deposited in a row of the main nonet for electrons impinging at 6, = 10° with a fized energy
Ey =5 GeV. The dotted line is the predicted behaviour from the overall energy resolution
of the calorimeter (see text). b) Shower fluctuations o,(y,0,, By = 5 GeV') at 6, = 10°:
the dotted line is the parametrized function and the hatched area is a calculation based on
the calorimeter nominal resolution. The corresponding average shower profile F,,(y, 0, Eo) is
also shown as solid line for comparison (multiplied by a factor 0.1).

4.2 Shower fluctuations

The knowledge of the fluctuations associated to the energy deposition is a crucial point
in order to compare the predicted average shower profile F' with the actual energy measured
in the calorimeter. For electromagnetic showers in lead-glass the overall shower fluctuations
are small and mainly related to the photostatistics [4]. This is true for the total energy
deposited by well contained particles. On the other hand, the local fluctuations induced in a
single cell of the cluster are dominated by the charged tracks escaping the boundaries of the
block itself. As a result of the incomplete containment of the shower, the energy deposition
inside the cells fluctuates as a function of the distance between the impact point and the
centre of the cells.

In figure 11a the relationship between the average and rms of the energy distribution
measured in a single block is shown for E =5 GeV and 6, = 10°. The distance of the impact
point from the block centre was changed in 1 mm step to fully explore the shower shape.
The curve describing the calorimeter nominal energy resolution for a single cell [4], based on
data collected at normal incidence, is well below the observed fluctuations except the point
corresponding to the profile maximum (where by definition they coincide since most of the
shower is contained in the block itself).

Due to the normalization condition (equation (4)) the integral functions F, F, and F,
define only the relative energy deposition inside the cells of the cluster. The corresponding
rms o, 0, and o, are then equivalent to the fluctuations associated to the pure containment of
the shower. This can be seen from figure 11b, where at the shower maximum such fluctuations
are smaller than expected from the overall energy resolution. Actually, referring to the same

13
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unconverted v and electrons. b) Position shift h.(0,, E = Ey) as a function of the impact
angle 0.

figure, o, would be exactly zero for an infinite cell size because F;, = 1 in this case. The
additional fluctuations on the total energy measured in the calorimeter (i.e. photostatistics
and energy deposition), which are cancelled out in the ratio to build F' and o functions, are
reintroduced when the normalization of the shower profile calculation is performed * (see
also section 5).

Function o can then be related to the integral profile itself since this gives the best
estimation of the containment factor:

04(d,04, F) = s(VE) x o(d,,, F) d=uz,y (15)

where s(\/E) is a general scaling function depending only on the particle energy. The actual
containement term o’,(d, 04, E) is defined * as:

0i(d, 04, E) = Fyld,04,F) x [ 1~ Fy(d,0,E)] @ o (16)

where « is a constant which takes into account systematic effects like calibration errors,
digitization 5 etc.

3 In principle this normalization can be obtained by using even a single cell of the cluster. This is useful in
order to limit overlap problems in case of close clusters and provides an acceptable estimation of the cluster
energy. On the other hand, the procedure can bias the rms calculation since the influence of the containment
factor on the estimated energy increases by reducing the number of cells considered. It is then important to
mazximize the actual energy deposit used to normalize the shower profile.

4Some deviations from equation (16) are observed when the particle energy is not fully contained in the
considered nonet (e.g. for large angles). This is related to the definition of the adopted F functions and could
be corrected by extending the shower calculation outside the main nonet.

5The best way to correct for digitization is to add a fized term to the final normalized rms. Actually,
the normalization process produce an energy-dependent oy and the same is true for the a contribution. To
compensate for this effect the constant term is introduced before the scaling function s(vVE) is applied.
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The corresponding rms for the two-dimensional profile is defined as:
U($,y,9$,9y,E) = O—flf(x79$7E) EB Uy(yagyaE) (17)

The expression (17) does not take into account the correlations between the projected
shapes. As a consequence the resulting fluctuations are slightly overestimated and this fact
partially compensates the error introduced on the factorization of the F'(z,y, 0,, 6,, E) profile.

4.3 Photon initiated showers

No difference between e and v shower shapes is found in the case of photons which have
converted in the preshower placed in front of the NOMAD calorimeter.

On the other hand, when the photon does not convert in the preshower, its electromag-
netic shower will develop later inside the lead-glass because of the larger interaction length
for photons (X, ~ 9/7X,) and of the distance between the preshower converter and the
calorimeter front face. As a consequence of the increase in the longitudinal development
the position in the integral distributions F' will be shifted for # # 0° (figure 12a). Shower
fluctuations are also expected to slightly increase due to the additional uncertainty on the
starting point of the shower. However this latter effect is small and will be neglected in the
following.

The correct shower profile functions for unconverted photons can then be obtained by
simply replacing d and hg into equations (12) and (13) with the corresponding d” and h)
values defined as:

& = d+h (04, E = Ey)
hj(04, E = Ey) = hy(04, E = Ey) + hy (b4, E = Ep) (18)
hy(0q, E = Ey) = A, sin (k,6,) d=ux,y

where A, and k., are parameters describing the systematic shift. The fitted function h. (6, Ey)
is shown in figure 12b for Ey = 5 GeV'.

The presence of the preshower converter (1.6X,) reduces the total energy deposited in the
calorimeter by the converted showers, but does not modify their cluster shape (figure 12a).
The parameterization is calculated in the real experimental conditions and only a correction
on the final clusterized energy is needed to take into account the energy loss within the lead
plate [4]. The profile shapes are also found to be insensitive to the 0.4 7" magnetic field.

5 Cluster reconstruction

The above parameterization of the integral response can predict both the average energy
fraction deposited in a single cell of the cluster and the corresponding fluctuations (rms)
from the given kinematical conditions. It is then possible to test the hypothesis for the
incoming particle to be either an electron or a photon or, alternatively, to resolve close
overlapping particles on the basis of their cluster shape. To this purpose a x?-based fitting
procedure is adopted in XY two-dimensional space after building a 3 x 3 cell matrix (nonet)
around the local maximum.

The shower description in terms of projected shapes, in spite of the approximation intro-
duced using the factorization (see figure 5b), is rather flexible since the cluster projections
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along X (or Y') can be analyzed independently. In particular this property is useful for com-
plex overlaps such as in the NOMAD experimental conditions, where the cluster shape of
electrons can be distorted along Y direction by close bremsstrahlung photons due to the
bending magnetic field. A separate x2 can then be defined using the energy released in the
three columns of the nonet:

3 er, 2
N 23: [ =1 Eijp — Fy(2i,0,, E) X E, ]
T i—1 [Uw(SCZ', em,E) x FE, ]2

(19)

where E;;” is the measured energy of the block in the i-th column and j-th row and z;
is the distance between the impact point and the ¢-th column. The energy E, provides
the overall normalization factor for the energy deposition predicted by the shower profile
parameterization. The corresponding X; is defined in a similar way for the three rows placed
at distances y; from the impact point.

In addition, a global x? referring to the full shower shape in the XY plane can be
evaluated: )

, 23:23: | ES” — F(2i,95,00, 0y, E) x B, |

X i=1j=1 [O—(xiayjaewaeyaE) X En ]2
with the same notation as in the previous equation. In order to minimize the correlations
between x2 or X; and x?, this latter is calculated comparing the energy measured in each cell
of the nonet to the corresponding predicted value. Since the error on factorization is neglected
in the described model for F(z,y,0,,0,, E) (section 4), this procedure will introduce in
principle a small bias on x? values. This effect is partially compensated in the o (z, y, 0,6y, E)
calculation.

The shower parameterization can predict only the energy sharing between the different
cells of a cluster. An appropriate choice of the overall normalization factor E,, is then needed
to compare such relative ratios to the energy distribution measured in the calorimeter. The
value of F, should not be necessarily equivalent to the total energy E used to evaluate
energy corrections in the shower profile. This will provide a further parameter for the cluster
analysis, to be fixed according with the required physical results. Actually, it is more crucial
to fully estimate the particle energy in the evaluation of F, while a variable normalization
through a x? minimization can be adopted for E,,, using only part - even a single cell - of
the nonet. The procedure is particularly relevant in order to unfold overlapping clusters and
to extract the predicted cluster energy from the calorimeter.

The statistical significance of the x? calculation improves by extending the number of
blocks considered for the shower shape analysis. On the other hand in order to minimize
overlapping problems it is more convenient to define compact showers, even in the presence
of large energy deposits. The nonet size (r ~ 3R),) was found to be a good compromise for
the cluster reconstruction, providing at the same time the containment of most of the particle
energy up to large angles of incidence. The energy distributions for single particle used to
extract the parameters of the shower description were then obtained considering the most
energetic nonet only. Since the final parameterization consists of analytical functions this
fact does not exclude the possibility to extend the evaluation of the shower shape outside
the nonet. It is also possible to take into account all the tails of the shower if a precise
clusterization is needed. In addition the normalization condition inside the nonet imposed to
build the F, and o, (F, and o,) functions provides correlations between different columns
(rows) in x? calculation.

(20)
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Figure 15: Comparison with test-beam data: a)-b) average behaviour of the integral profile
Fy(z,0, = 0° E = 10 GeV) and its x> distribution evaluated from parameterization; c)-d)
the same as previous for F,(y,0, = 10°, E = 10 GeV); e)-f) F,(y,0, = 20°, E = 5 GeV)
and the corresponding Xz distribution.

18



A detailed description of shower fluctuations as a function of the kinematical parameters
is introduced for y? calculation in order to correctly take into account the containment factor
(see section 4.2). On the other hand, due to this effect, the energy distribution observed for a
fixed impact point is not exactly gaussian over the full cell size. In particular, large deviations
are present in a small region close to the block boundaries. As a consequence the calculated
x> values (equations (19) and (20)) are not expected to be in perfect agreement with the
theoretical x? distributions.

5.1 Parameterization reliability

The x2-based algorithm allows a description of the individual electromagnetic showers from
the average behaviour predicted by the parameterization. The resulting x? distributions
can then also give an estimate of the fluctuations associated to the energy deposition. A
quantitative test of the described shower model and a full comparison between real test-
beam data and MC simulations is thus possible.

Due to the cell size which is of the order of the Moliere radius, the integral shower shape is
very sensitive to the angle and the energy of the incoming particle. The corrections provided
by the parameterization are then needed in order to get an unbiased clusterization proce-
dure. In figures 13 and 14 the effect of such corrections on x? distributions is individually
shown. In spite of the large variations originally introduced on the shower shape, the final
distributions are essentially independent from both angle and energy in the full set of kine-
matical configurations studied 6. No significant difference is observed in the x? distributions
calculated for converted and unconverted photons and electrons.

The shower parameterization can correctly describe MC and real data, as shown in
figure 15. In particular, the x? distributions (figure 15b-d-f) show a good agreement from
the point of view of the shower fluctuations almost independently from the kinematical
parameters. This is an indication that longitudinal and lateral shower development are well
reproduced in the shower model.

5.2 Particle identification

The most natural application of the shower shape calculation is the identification of the
electromagnetic showers. The x? calculation described above is independent from both angle
and energy of the particle and this allows to fix the criteria (x? cuts) for particle identification
on the basis of the required rejection factor only.

A cut on the global x? which takes into account the full shower shape in the XY plane
or, alternatively, combined cuts on x2 and ng, will produce the highest rejection. On the
other hand the presence of three different x? can reduce overlap problems since the three y?
cuts can be separately optimized.

In figure 16 the e/7 separation curves are shown for Ey = 5 GeV and 0, =0, = 10°. For
a 0.90 efficiency in the electron identification a residual 7 contamination less than 0.02 can
be achieved on single-particle clusters with a global x? cut 7.

6 The x? distributions before corrections do not show long tails for high energy particles (figure 14a) because
of an overestimation of the o functions which are energy-dependent (equation (16)). This would result in an
increase of the pion contamination.

"This is a conservative result since the global x? is affected by the errors on XY factorization and cor-
relations are neglected in the global o evaluation. It can be improved by considering for instance a linear
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Figure 16: Efficiency for e/m separation as a function of the x* cut at 6, = 10°, 6, = 10°
and Eyg =5 GeV. The statistical errors are negligible.

The results for e/7 separation are almost independent from the impact angle. The rejec-
tion efficiency is expected to decrease by reducing the impact energy. This reduction for low
energies is due on one side to the larger shower fluctuations of electromagnetic showers and
on the other to the fact that hadronic and electromagnetic showers are closer to each other.

5.3 Coordinate measurement

From the parameterization of the shower shape the momenta of the integral energy
distribution can be calculated as a function of the kinematical parameters 6,, 6, and E:

1
M}, 05, E) = 3 Fy(d+ kAdy, 04, F) x [d+kAdy " d =,y (21)

k=-1

where the sum extends over the three rows (columns) of the nonet. In the above expression
only a nonet is considered for simplicity.

Due to the hodoscopic structure of the calorimeter, the reconstructed centre of gravity
position inside the nonet (M}, Myl) is related to the true position by a non-linear relation-
ship [8]. On the other hand the strong dependence from the impact angle and energy of the
particle can introduce a large bias in the estimation of the position through the energy depo-
sition measured in the calorimeter. In particular, the systematic shift hy(6y, E) is responsible

for the offset observed in the reconstructed position, which increases with the impact angle
(figure 17a).

combination X°> = (x2 + wxi)/(l + w) where w is a fized weight. On the other hand such parameter should
be optimized according to the physical analysis.
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Figure 18: Coordinate reconstruction obtained from the shower parameterization for v at
E =5 GeV: a) difference between the real and reconstructed Y position at different 6, and
b) overall space resolution as a function of the angle 0,,.
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A similar behaviour can be seen in the momenta evaluated with respect to the centre of
gravity M :

1
Did, 0, E) = Y Fu(d+kAdy, 04, ) x

k=-1

x [ (d+kAdy) — My(d,0,,F)]" d=uzy (22)

with the same notation as in the previous equation.

On the average the cluster radius D3 is larger and also less position dependent for § # 0°
then § = 0° (figure 17b) since in the former case the shower extends radially on several
blocks.

The expressions (21) and (22) can predict the true impact position directly from the
shower parameterization. The advantage is that angular and energy effects are already taken
into account in the shape calculation. The results obtained for a particular angle 69 are
equivalent to the direct fit to the non-linear relationship between the reconstructed centre
of gravity and the true position [4].

An alternative procedure uses a x? minimization as a function of the estimated impact
point. This algorithm can be applied within the tracking errors for electrons or within the
full cell size for photons. It is more powerful then the previous procedure since it relates
the calculated position not only to the average profile, but also to the expected shower
fluctuations. On the other hand the computation time required is longer than in the previous
case where only analytical functions are evaluated and the method is in principle sensitive
to the starting point of the fitting procedure.

The distributions of the difference between the true Y position and the one reconstructed
from My1 are reported in figure 18a for converted photons. An overall space resolution o, ~
0.4 ¢cm can be obtained at # = 0° for particles randomly distributed over the full cell size.
Actually the space resolution is a function of the impact coordinate on the cell front face and
a variation as high as a factor of three can be found between the centre and the boundaries
of the block [4]. Since for # # 0° the additional contributions coming from the longitudinal
component of the shower increase the fluctuations associated to the integral radial profile
(equation (16)), the overall space resolution is also expected to be sligthly worse as a function
of the impact angle. The effect is shown in figure 18b.

5.4 Energy reconstruction

The prediction of the energy deposited in the cells of the cluster and of the corresponding
fluctuations allows to extract from the calorimeter the full energy associated to the incoming
particle. This is important in order to resolve close overlaps and to build neutral clusters. The
procedure is partially independent from a pure x? evaluation as defined in section 5, since for
hard overlaps the y?’s calculated on the full nonet are higher. On the other hand it is possible
to clusterize the energy according to the shower profile predictions in the electromagnetic
hypotesis, regardeless of the y? values previously found.

The energy of the particle can be estimated from the comparison between the predicted
energy and the one measured in the calorimeter. The errors are computed by summing in

th

quadrature the shower fluctuations o3} and the electronic noise from pedestal fluctuations

Obab
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Figure 19: Effect of the angular and energy corrections in shower shape parameterization on
the e~ reconstructed energy.

The reconstructed energy fraction with respect to the original Monte Carlo energy is
shown in figure 19 for single particle clusters. It is clear from the displayed distributions
that the above procedure cannot be applied without taking into account angular and energy
corrections in the shower profile calculation since this would result in a significant energy
loss. On the other hand the measured energy deposition is well described by the shower
model for a large set of kinematical configurations. The overall energy resolution obtained
is 0.016 (0.5 < E < 15 GeV, 0° < 0,,6, < 25°).

6 Application to neutrino events

As already discussed in section 1, the NOMAD experiment strongly relies on a good
reconstruction of the kinematical variables (momenta and energies) and on the identification
of the charged particles produced in neutrino interactions. This is particularly relevant for
the e"7,v, channel where, due to the bremsstrahlung radiation in the magnetic field, a
calorimetric measurement is required to improve the momentum resolution of the fitted
electron track. On the other hand, the kinematical criteria applied for the 7 search require
isolation conditions on the leading electron. The shower shape fitting procedure described
in the previous section can provide at the same time a powerful tool in helping electron
identification against pions and a way to study electron isolation conditions since it is very
sensitive to close overlaps. To this purpose, the factorization of the shower shapes in X and
Y projections is particularly relevant, since the bremsstrahlung radiation associated to the
electron in the magnetic field can produce a stream of close v clusters only along the bending
(Y) direction. Moreover this is a purely calorimetric technique, almost decoupled from the
track fitting procedure.

In order ot test the previously defined algorithm for real neutrino interactions, a sample of
ve induced Charged Current events (v,C'C') was fully simulated into the NOMAD apparatus
using the GEANT package [5]. Figure 20a-b shows the x2 and XZ distributions respectively
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Figure 20: a) x2 and b) X;Z, distributions of a sample of prompt electrons in v,CC" simulated
events. The distributions are integrated over all the electron energies and all the incidence
angles on the front face of the electromagnetic calorimeter.

for prompt electrons in v,CC events. While the x? distribution is in good agreement with
those calculated for test-beam electrons (see figure 15), the X;Z, distribution has a broader
shape due to the presence of bremsstrahlung photons overlapping the electron cluster along
the magnetic field direction. The corresponding efficiency for e/7 separation as a function
of a x2 cut is presented in figure 21 for an electron energy E > 2 GeV. In spite of the good
agreement observed for the x2 distributions between single particle (data and MonteCarlo)
and v,CC simulated events, figure 21 shows a deterioration of the e/m separation. This effect
is due both to the presence of low energy electrons with wide angular distribution and to
the lower average energy of the hadrons produced in jet fragmentation, with respect to the
prompt electron component.

The correct measurement of the electron energy released in the electromagnetic calorime-
ter is an additional requirement which is very important to determine the neutral component
of the transverse momentum. This implies knowledge of the electromagnetic shower shapes
to clusterize both the electron and the photons emitted by bremmstrahlung radiation. Since
overlaps strongly affect the energy calculation, a recursive procedure based on a x? mini-
mization with respect to the impact point, is applied as discussed in section 5. In figure 22
the resolution of the electron cluster built according to the shower profile predictions is
shown for prompt electrons having £ > 2 GeV. In spite of the large variation of the kine-
matical parameters (E,0,,0,) of the incident electrons most of the shower energy is properly
reconstructed, with an overall energy resolution of AE/E ~ 0.015 (E > 2 GeV).

7 Conclusions

A method to parameterize the integral electromagnetic shower shape in the NOMAD lead-
glass calorimeter as a function of the angle and energy of the impact particle was discussed
for 0.1 < E < 80 GeV and 0° < # < 25° Both the average shower profiles and the
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fluctuations were studied for electrons and photons. The developed model was applied to
particle identification through a x? based fitting procedure. The algorithm allows one to
obtain a residual 7 contamination around 0.02 for an electron identification efficiency of 0.9
in the case of isolated clusters at E = 5 GeV. The shower parameterization was also used
to reconstruct the coordinates and energy of the impact particles at the calorimeter front
face. An overall space resolution of 0.6 cm (at § = 10° and E = 5 GeV) was obtained
for converted photons. The corresponding overall energy resolution was AE/E ~ 0.016
(0.5 < E <15 GeV, 0° < 0 < 25%). The described algorithms were eventually applied to a
simulated sample of v,C'C' events, in the real NOMAD experimental conditions. The results
are in good agreement with those expected from test beam data when taking into account
the bremsstrahlung radiation of real electrons in the presence of the NOMAD magnetic field.
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