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An algorithm for fast simulation of hadronic showers in the uranium-scintillator calorimeter is presented. The program 1s based
on an analysis of the WA78 calorimeter test data. Through fluctuations of the mean shower profile the energy deposits in the
calorimeter modules and the energy correlations between the modules are well reproduced. The program was prepared to study

effects of longitudinal energy leakage in the ZEUS experiment.

1. Introduction

In high energy accelerator experiments calorimetry
becomes more and more important. An interesting
solution for optimizing energy measurements in terms
of resolution and cost has been put forward by two
experiments ZEUS [1] and H1 [2], built to study high
energy e—p scattering at the electron—proton storage
ring HERA. The external iron yoke and muon ab-
sorber, surrounding the main components of the detec-
tor, is instrumented in such a way as to allow a comple-
mentary energy measurement for showers leaking out
of the central, high resolution hadron calorimeter.

In case of the ZEUS experiment, the main
calorimeter is a sampling calorimeter (CAL) made of
depleted uranium and scintillator, with depth of 4 to 7
interaction lengths, A, followed by an iron backing
calorimeter (BAC), made out of 8 to 11, 7.3 cm thick
iron plates interleaved with aluminium proportional
tubes. The depth of the CAL is such, that for 90% of
hadronic showers at lecast 95% energy containment is
obtained (within HERA energies) [3]. The energy reso-
lution of the CAL, obtained for fully contained
hadronic showers is about 35% /VE [4], while that of
the BAC is about 110%/\/E [5]. The test results,
obtained in an exposure of the prototype calorimeter
system to hadron beams at the CERN-SPS, show that
the BAC can be used either to select a high resolution
sample of events (fully contained in the CAL), or to
correct for leakage by adding the measured signal [6].
The advantage of the latter approach is that with only
slightly worse energy resolution all events can be used
in the analysis.

Test results, however, can not be directly applied to
predict the role of BAC for HERA physics. This can

only be done by studying Monte Carlo simulated events
passed through the detector. To study the role of BAC
in the measurement of multiparticle hadron jets in the
ZEUS detector, hundreds of thousands of events have
to be simulated over the whole kinematic range acces-
sible at HERA. This is only possible with a fast detec-
tor simulation program based on a parameterization of
hadronic showers. The program described in this note
provides a fast simulation of hadronic showers and is
based on a parameterization of the WA78 calorimeter
test data [7]. Special emphasis was put on the descrip-
tion of the shower tail to account properly for the
possible energy leakage. Only simulation of the longi-
tudinal shower profile was considered, as the WA78
calorimeter provided no information on lateral energy
distribution. The other data available are also not
detailed enough, as to allow simultaneous parametrisa-
tion of longitudinal and lateral shower development.
The parametrisation of the mean lateral shower pro-
file, for hadronic cascades in a uranium-scintillator
calorimeter, can be found in ref. [8].

2. Description of the mean hadron shower profile

The WAT78 calorimeter consisted of two sections: a
uranium section with 48 plates of depleted uranium
and 48 scintillator plates grouped into 12 modules, and
an iron part with 52 elements in 13 modules [7), as
shown in Fig. 1. The depth of one uranium module was
0.45 A,,;, and that of the iron module 0.62 A, result-
ing in the total depth of about 13.5 A,,,. The calorime-
ter was exposed to hadron beams of energy ranging
from 5 to 210 GeV.
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Fig. 1. Schematic view of the WA78 calorimeter.

Following the approach suggested by Bock [9], the
mean hadron shower profile can be used to choose the
analytical formula for the description of individual
showers. In the case of the WAT78 calorimeter the
mean energy distribution is known very well, as the
longitudinal information is very detailed (25 modules).
However, in order to fit an analytical formula to the
energy profile, the formula has to be integrated over
the modules. This turns out to be a problem if many
fits have to be performed, and the integration can not
be done analytically. The solution is to analyse the
integrated energy distribution

I(x) =fx°°s(y) dy, (1)

where: s(x)=(1/EXdE /dx) is the normalized energy
distribution profile, x is the longitudinal position in
the calorimeter, in units of A,,.

The values of I(x) are determined in discrete points
— at the module edges — and the fitted function has
only to be evaluated at this points. Fig. 2 shows the
mean integrated energy distribution for 210 GeV
hadrons. The boundary conditions for I(x), I{(0)=1
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Fig. 2. The fraction of the total shower energy, I, deposited at
the distance greater than x from the face of the calorimeter,
for 210 GeV hadron events.
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Fig. 3. The fraction of the total shower energy. /,,, deposited

at the distance greater than x from the shower vertex, for

hadron events at different energies, as indicated on the plot.

The solid lines are the fit results for the function chosen to
describe mean shower profiles.

and I(x) = 0, replace the normalization of the function
s(x).

The distribution obtained from the data is inte-
grated over the vertex position. It is possible to obtain
the actual shower profile from the measured distribu-
tion using the following two assumptions:

~ the vertices of the showers are distributed accord-
ing to an exponential dependence:

p(t)=ae ™™, (2)
— the shower shape is independent of the vertex
position, that is:

s(x) = [(so(x = 0)p(v) d. (3)

where sy(x) is the mean shower profile measured from
the vertex.

Then the integrated shower profile, as measured
from the vertex can be expressed as follows:

1 dI{x
Io(x) =1(x) + — d(x), (4)

where « is defined by Eq. (2). The value extracted
from the vertex distribution for hadron cascades in the
WA7S8 calorimeter is [10]:

a=0.84+0.01. (5)

The [,(x) profiles obtained for this value of «, for
hadron events at different energies, are shown in Fig.
3.

It was found that the tail of the integrated profile
can be very well described by the following formula:

Io(x) ~ exp(—bx?). (6)
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where b and p are energy dependent parameters.
About 30% of the energy is deposited very close to the
vertex and is taken into account by adding to Eq. (6) a
short-range contribution. As the longitudinal segmen-
tation of the detector was not sufficient to determine
this short-range component, it was assumed to be of
the form typical for integrated electromagnetic cas-
cades,

E(1) =[w;—6exp(—z/2) dz, (7)

where t (and z) is the distance from the shower vertex
in radiation lengths. The constant integer value, as-
sumed in the formula for the power of z, allows an
analytical integration.

The full formula describing the mean shower pro-
file, including both the tail and the short-range terms
can now be written as follows:

I(x) =wE(t)+ (1 —w) exp(—bx?), (8)

where w is the fraction of energy E(¢) deposited by the
short-range component of the shower. The results of
the fit for Iy (x), at different hadron energies, are
represented by the solid lines in Fig. 3. As can be seen
the shower profile is well described by Eq. (8).

3. Simulation of shower fluctuations

The approach to fast simulation of hadronic show-
ers adopted in the program is based on the assumption
that every single cascade can be described by the same
functional form (8) as the mean shower profile. The
parameters w, b and p can however fluctuate from
event to event. Also the position of the shower vertex v
varies according to Eq. (2). There are thus four param-
eters describing the shape of each individual shower.
The distribution of these parameters was determined
by fitting the shower profile of each event. In addition
to the four shape parameters, the total shower energy
E and the longitudinal leakage fraction & (important
for late starting showers) were fitted as well.

As can be seen in Fig. 4 the distribution of the
vertices obtained from the fits follows the expected
exponential dependence. Also the total energy distri-
bution has the expected gaussian shape (see Fig. 5).
The distribution of the short-range component frac-
tion, w, as shown in Fig. 6a, has a more complicated
form. In about 20% of events the fraction w is consis-
tent with zero and one term is sufficient to describe the
shower. For the remaining events, with w >0, the
—In(w) distribution can be well approximated by a
gamma distribution, as shown in Fig. 6b.

The only non-negligible correlation between the
fitted parameters is observed for parameters b and p,
as shown in Fig. 7. This correlation can be taken into
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Fig. 4. The distribution of the shower vertex position, v, as
obtained from the shower profile fit to 210 GeV hadronic
events. The dashed line is the result of the fit of an exponen-
tial function.

account by introducing two new, uncorrelated vari-
ables, both being functions of b and p. Two parame-
ters were chosen, describing the longitudinal energy
distribution in the long-range shower component: the
mean depth M and RMS/ VM, where RMS is the
dispersion of this distribution. As shown in Fig. 8,
there is no visible correlation between these parame-
ters and thus they can be used for simulation as two
independent random variables. Their respective distri-
butions happen to be well described by analytical forms.
After transformation of the generated M and
RMS/ VM variables, the correlation between b and p
is well reproduced, as shown in Fig. 9.
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Fig. 5. The distribution of the total energy E, as obtained
from the shower profile fit to 210 GeV hadronic events. The
dashed line is the result of the fit of a Gaussian distribution,
within +2¢.
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Fig. 6. The distribution of the energy fraction carried by the

short-range shower component w (a); and the distribution of

—In(w) (b), as obtained from the shower profile fit to 210

GeV hadronic events. The dashed line on (b) is the result of
the fit of a gamma distribution.

To simulate a shower initiated by a hadron of given
energy E, four parameters describing the shape have to
be generated according to their respective distribu-
tions: the vertex position v, the fraction of the short-
range component w, and the mean depth M and
RMS/ VM of the long-range shower component. From
fits performed at five different beam energies, from 20

0 1 2
Fig. 7. Correlation between the parameters p and b, describ-
ing the shape of the long-range shower component, as ob-

tained from the shower profile fit to 210 GeV hadronic
events.
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Fig. 8. Correlation between the dispersion of the long-range
shower component RMS/\/A—/I, and the mean deposit depth
M, as obtained from the shower profile fit to 210 GeV
hadronic events.

to 210 GeV, it was found that the parameters of these
distributions can be approximately described in terms
of linear functions of In(FE). This can be seen in Fig.
10, where the most probable values of variables — In(w),
M and RMS/ VM are plotted as a function of energy.
Small deviations from linearity, observed e.g. for the
most probable M value, can be neglected as much
smaller than the respective distribution widths. The
simulation of showers at different energies was based
on the parameters interpolated to 100 GeV and their
slope in In(E). The parametrisation is numerically sta-
ble for energies greater than 2 GeV.

0 1 2
Fig. 9. Correlation between the parameters p and b, describ-
ing the shape of the long-range shower component, obtained

from the independent generation of variables M and

RMS/VM .
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Fig. 10. The energy dependence of the most probable parame-

ter value p, (position of the distribution maximum), for three

selected parameters describing hadron shower development,
as indicated on the plot.

In the fast simulation program no attempt is made
to generate energy deposits in individual active layers
of the calorimeter. The response is generated for read-
out sections of the calorimeter, consisting of many
passive and active layers, and the corresponding energy
deposits are smeared to reproduce the measured en-
ergy resolution. In this analysis it was assumed that the
dispersion of the response distribution is given by

o =consty{E) , )

where ( E) is the mean calorimeter response, equal to
the deposited energy. The response E was generated
using a gamma distribution,

BP
p(E) = F(P)EP'l e BE, (10)

where: P=({E))/(c?) and B=P/{E) are the pa-
rameters of the gamma distribution. For o/{E) < 1
this is equivalent to a gaussian distribution. The advan-
tage of this approach is that for wider distributions the
response of the detector is always positive (p(E) =0
for E <0) and is applicable even for o > (E). As for
gaussian distributions, the sum of gamma-distributed
random variables has a gamma distribution with,

o’=Yo07 (E)=YE). ()

This relation is necessary if the energy resolution of
the calorimeter is not to depend on the energy sharing
between modules.

In addition, for all calorimeter modules, small
gaussian smearing of the response was included, de-
scribing an energy independent noise.

4. Comparison with data

Since not all of the showers can be well described
by the functional form appropriate for the mean pro-
file, the agreement between data and the results of the
simulation can be improved by some tuning of the final
parameters of the fit. It was found that an increase of
the generated longitudinal shower spread RMS/ VM
by 15% gives the best agreement with data. It may well
be that a fit of 6 parameters to 24 energy deposits
results in a smoothing of the shower profile and the
information on some fluctuations is lost.

The comparison between the data and the results of
simulation for some of the WA78 calorimeter modules
is shown in Fig. 11, for 20 and 210 GeV hadrons. As
can be seen the response of a single modules is fairly
well reproduced. The simulation reproduces very well
the energy distribution in the whole uranium part of
the calorimeter (5.45A,,,), as shown in Fig. 12.

The description of the hadronic showers based on
the WA78 data has been used to simulate the response
of the forward ZEUS calorimeters test setup [4,6],
consisting of the high resolution, uranium-scintillator
calorimeter (FCAL), 7.1A,,, deep, and an iron backing
calorimeter (BAC), 4.9A _, deep.
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Fig. 11. The distribution of energy E measured in selected

modules of WA78 calorimeter (solid line), compared with

simulation results (dashed line), for hadron energies 20 and
210 GeV.
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Fig. 12. The distribution of energy £ measured in the ura-
nium part of WA78 calorimeter for 210 GeV hadron events
(sohd line), compared with simulation results (dashed line).

The simulation reproduces well the energy distribu-
tion in all sections of FCAL and in the whole calorime-
ter. This is shown in Fig. 13, for 100 GeV hadron data.
Also the correlation between signals from the so called
HAC1 and HAC?2 sections of the calorimeter are de-
scribed very well, as can be seen in Fig. 14.

The assumed logarithmic energy dependence of the
simulation parameters reproduces well the evolution of
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Fig. 13. The distnbution of energy £ measured in separate
sections of the FCAL prototype (a)-(c) and in the whole

calorimeter (d), for 100 GeV hadron events (solid line), com-
pared with simulation results (dashed line).
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Fig. 14, Correlation between the energy measured n the

HAC2 section of FCAL Ey. and the energy measured in

the HAC1 section Eyacy, for 100 GeV hadron events, as
obtained from the test data (a) and from simulation (b).

the cascade development. Fig. 15 shows the mean
fraction of energy, measured in the last section of the
uranium calorimeter HAC2, as a function of energy.
Simulation describes accurately the energy leakages
into HAC2 observed in the test data.
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Fig. 15. Fraction of energy fy,c, measured in the HAC2

section of the FCAL prototype, as a function of hadron beam

energy Eg: test data (full circles) and simulation results (solid
line).
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Fig. 16. The distribution of energy E measured for 100 GeV
hadron events in the BAC prototype standing behind FCAL
(solid line), compared with simulation results (dashed line).

The program can also describe well the response of
the BAC prototype standing behind the FCAL (Fig.
16). However, the detector parameters have to be
tuned, as BAC is not a compensating calorimeter and
the response to the shower tail is lower than to the
short-range shower component. In Fig. 17 the correla-
tion of the energy measured in the FCAL prototype
and that measured in BAC is shown for test data and

100
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Eec [GeV]
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09 50

100
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Fig. 17. Correlation between the energy measured in the BAC
calorimeter Eg,c and the energy measured in the FCAL
calorimeter Egcup, for 100 GeV hadron events, as obtained
from the test data (a) and from simulation (b).

for simulation. After tuning of the unknown detector
parameters good agreement is obtained.

5. Conclusions

The WA78 data have been used to describe in
detail the longitudinal profiles of hadronic showers in a
large energy range. The results have been used to
simulate the hadronic showers expected in the ZEUS
calorimeter. Good agreement was found with the test
data, both for the energy distributions in single
calorimeter modules and for the energy correlations
between modules. The program reproduces properly
the FCAL-BAC correlation as well. The program is
very fast, in one second of IBM-9000 CPU time about
4000 showers of 100 GeV hadrons can be generated,
whereas full simulation of a 100 GeV hadron shower
within the GEANT package [11] takes about 30 s. The
program was successfully used for simulating the influ-
ence of the longitudinal energy leakage on the perfor-
mance of the ZEUS detector [12].
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