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We present results on calibration runs performed with pions at the CERN SPS for different modules of the H1 liquid argon
calorimeter which consists of an electromagnetic section with lead absorbers and a hadronic section with steel absorbers. The
data cover an energy range from 3.7 to 205 GeV. Detailed comparisons of the data and simulation with GHEISHA 8 in the
framework of GEANT 3.14 are presented. The measured pion induced shower profiles are well described by the simulation.
The total signal of pions on an energy scale determined from electron measurements is reproduced to better than 3% in various
module configurations. After application of weighting functions, determined from Monte Carlo data and needed to achieve
compensation, the reconstructed measured energies agree with simulation to about 3%. The energies of hadronic showers are
reconstructed with a resolution of about 50%/vE & 2%. This result is achieved by inclusion of signals from an iron streamer
tube tail catcher behind the liquid argon stacks.
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1. Introduction

During the years 1989 and 1990 several calibration
runs with different modules of the H1 liquid argon
(LAr) calorimeter were performed at the H6 beam
at the CERN SPS. The main goals of these runs were
to provide an energy calibration for electrons [1] in
the H1 detector [2], to study electron-hadron separa-
tion [3] and to determine energy calibration functions
for hadrons and jets.

In previous papers [4,5] we reported on the perfor-
mance of prototype LAr test modules. Here we present
results achieved with final modules actually used in the
H1 experiment at HERA. The emphasis is put on the
comparison of pion signals from calibration measure-
ments with corresponding simulations. This includes
results for the fully reconstructed pion energy obtained
with the H1 standard energy reconstruction code as
used in the actual experiment, running on experimen-
tal and simulated signals from test beam events with-
out any further change.

The H1 calorimeter is non-compensating (i.e. the
signals from electrons are on average higher than those
from pions of the same energy), but its high segmen-
tation allows to distinguish electromagnetic (e.m.)
and hadronic shower components and to reconstruct
the hadronic energies by applying weighting func-
tions (as discussed first in ref. [6]) to the measured
signals. The determination of such functions mainly
from experimental data has already been studied by
the H1 Calorimeter Group [4,5,7-9]. The quality of
the Monte Carlo predictions for pion test data in the
H1 calorimeters [10-14] now allows for extensive use
of simulations for the determination of the parameters
of these functions [11]. In this paper we first compare
in various module configurations simulation and data
for the mean total signal and other quantities char-
acterizing the details of the shower development. We
then study the deviations on the total hadronic energy
reconstructed after having applied the same weighting
functions to experimental and simulated data.

The outline of the paper is as follows: In sections 2
and 3 we briefly review the main features of the H!
LAr calorimeter and the experimental setup in the test
beam including the iron streamer tube tail catcher.
The Monte Carlo simulation procedure is described
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in section 4. In section 5 we discuss the energy recon-
struction first on the e.m. scale defined by electron
calibration and then on the hadronic energy scale.
Event selection criteria are given in section 6. Experi-
mental data and simulation are compared in section 7
for several calorimeter modules in various test config-
urations. Results are presented for the total energy on
the e.m. scale and after full reconstruction of weighted
hadronic energy, the achieved energy resolutions, the
effective electron-to-pion signal ratio, the longitudinal
and lateral shower profiles and on signal distributions
in single channels.

2. H1 liquid argon calorimeter

The H1 LAr calorimeter at HERA covers an an-
gular range of 4° < 8 < 154°, where 6 is measured
with respect to the proton axis at HERA (fig. 1). The
calorimeter consists of 8 wheels which are divided in
azimuth into 8 modules (octants) in the barrel and
into 2 modules in the forward region. The modules
are divided into an inner, e.m. lead/LAr stack (EMC)
and an outer, hadronic steel/LAr stack (HAC). The
depth of the EMC varies between 30 radiation lengths
(Xo) in the forward and 20X, in the central barrel part
corresponding to 1.4 and 1.0 interaction lengths (4)
for hadrons. The total depth for hadrons including the
EMC is in the forward region of IF and FB/OF 6 and
84 respectively and near 52 in the barrel region (CB).

The calorimeter is highly segmented in both the
e.m. and hadronic sections of the modules with a total
of around 45 000 geometric cells in a quasi projective
geometry (fig. 1). The EMC has a 3 or 4 fold longi-
tudinal segmentation while the HAC has 4 to 6 longi-
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Fig. 1. Schematic view of the wheel and cell structure of the
H1 liquid argon calorimeter with inner forward (IF) and
outer forward (OF) wheels, the forward and central barrel
wheels (FB and CB respectively) and the backward barrel
e.m. wheel (BBE). The lines from the interaction point indi-
cate the directions of flight of the particles in the test beam
setup for the different calibration modules discussed here.
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tudinal segments. The lateral cell size in the forward
region corresponds to about 1 Moliére radius in the
e.m. and 14 in the hadronic sections; the cells in the
barrel region are typically twice this size.

The H1 LAr calorimeter is described in much more
detail in refs. [2,15].

3. Experimental setup

The calibration program with electrons, pions and
muons was performed in the H6 beam [16] at the
CERN SPS. A survey of the setup at the test beam
is shown in fig. 2. The good homogeneity and stabil-
ity of LAr calorimeters allows to calibrate single rep-
resentative module configurations rather than each
individual module of each calorimeter wheel.

3.1. Liquid argon calorimeter configurations

In total 8 characteristic module configurations of
the H1 LAr calorimeter (section 2) were tested in sep-
arate runs. In most cases the same modules were used
asthose later installed in the HI cryostatat HERA. The
configurations considered for this report are the inner
forward calorimeter (IF, 8 ~ 10°), parts of the for-
ward barrel and outer forward calorimeter (FB/OF,
0 ~ 25°), a section of the forward barrel alone (FB,
6 =~ 34°), and a part of the central barrel (CB, 6 ~
101°) region. The wheel BBE is of EMC type only and
it is not used for the results reported here. The mod-
ules were mounted into the cryostat such that the im-
pact angle of the beam corresponds to the angle 6 of
a particle coming from the vertex of the e-p collisions
at HERA (fig. 1). The cryostat could house two com-
plete H1 modules with the exception of IF, where an
extra module of half the transverse size, but otherwise
identical, was built for the purpose of calibration.

The purity of the LAr was constantly monitored by
probes identical to those in H1, positioned in the cryo-
stat close to the calorimeter modules and consisting of
a LAr ionisation chamber where the cathode is coated
with a 29’ Bi source. For more details see ref. [15].

3.2. Electronics and calibration

The front end electronics and calibration system
was as close as possible to the present HI1 system at
HERA (described in more detail in refs. [15,17]).
The signal lines of each calorimeter cell are fed out
of the cryostat into an analog signal processing chain
consisting of a warm charge sensitive preamplifier and
a shaping amplifier yielding a bipolar signal (peak at
2.4 us) which is strobed into a sample and hold unit
upon trigger. The signals feed the analog readout sys-
tem after multiplexing by a factor 128. Two different
gains are used to extend the dynamic range of a 12 bit
ADC o 14 bit for half of the 2048 calorimeter channels
available at the test. The ADC data were read out by
a fast CAB processor as described in ref. [4]. No zero
suppression nor data corrections were applied online.
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Fig. 2. Schematic view on the setup in the test area at the H6
beam (dimensions in ¢cm).

The charge calibration of the readout system is
performed via capacitors of 47 pF (selected to within
+1%) which are charged by voltage pulses of known
amplitude. Two systems are available: one uses cali-
bration capacitors in the liquid argon directly at the
stacks (cold calibration), the other at the preampli-
fier level (warm calibration). The latter was used as
a backup system only. The observed relation of ADC
response vs. injected charge for each channel is rep-
resented by a polynomial fit of third order which is
used in the off line data analysis. The overall precision
of the calibration was 0.5%. The stability depended
mainly on temperature variations which made it nec-
essary to calibrate at least once in 24 hours.

3.3. Iron streamer tube calorimeter

A warm iron-gascounter calorimeter (also called
“tail catcher”) with a depth of 4.54 located behind the
LAr modules allows for the measurement of hadronic
shower tails and punch through pions. It consists of
10 iron plates (area 2.7 x 2.7 m?, thickness 7.5 cm)
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interleaved with 10 streamer tube layers. In addition,
three layers are mounted in front as well as behind the
iron structure. The detector planes are equipped with
read-out pads (typical size 30 x 30 cm?) or strips. The
digital read out of the wires (pitch 1 cm) and of the
orthogonal strip electrodes (width 2 cm) serve for pat-
tern recognition. The analog read out of the pad tow-
ers (two longitudinal segments of 5 pads/front-tower
and 6 pads/back- tower, respectively) gives the energy
measurement. The calorimeter has been calibrated in
a stand-alone mode in the same beam line as the LAr
calorimeter, using incident pions and muons. It is lin-
ear up to 40 GeV, the resolution amounts to ¢/E =

100%/+/E (GeV) (for details see refs. [18,19]).

3.4. Beam

The setup of the H6 beam line [16], the trigger ele-
ments and the beam counters are practically the same
as in previous 1986-88 test runs [4]. The main beam
defining elements are two Cherenkov counters used
to select either electrons or pions and a set of muiti-
wire proportional chambers (MWPC’s) to measure
the horizontal and vertical beam positions. Typical
measured values for the horizontal and vertical beam
widths are ¢ ~ 0.8 cm for the lower beam energies
around 5-10GeV and g = 0.3 cm for 80 GeV; the mo-
mentum spread is 0.5%. The systematic uncertainty
of the beam energy scale is 15%/p (GeV) @ 0.5% *'.
The phase space of the particles is mainly defined by
two narrow scintillation counters limiting the accep-
tance for the beam to an area of 3 x 3 cm?. More de-
tailed descriptions of the setups for the discussed run
periods can be found in refs. [1,11,13,19,20]

4. Simulations

The calibration measurements have been simu-
lated in the GEANT 3.14 [21] framework generating
hadronic showers by GHEISHA 8 [22]. Electrons and
photons produced in the hadronic showers are simu-
lated with the default e.m. shower code of GEANT.

The simulation program contains a detailed de-
scription of the LAr calorimeter geometry and the gap
and absorber structure which is identical to the stan-
dard H! detector simulation. In addition it includes
elements of the beam line, the cryostat and inactive
material in front and behind the calibration mod-
ules. Also the central position of the beam, the spatial
widths perpendicular to the beam axis and the known
momentum spread (section 3.4) are simulated.

The thresholds for the tracking of particles in the
simulation were set to 1 MeV for electrons/positrons,
hadrons and to 0.2 MeV for photons.

Recombination effects were taken into account in
the calculation of the signal. The energy dE deposited

#1 N. Doble, private communication (1991).

per simulation step dx in the liquid argon is corrected
by Birks’ Law [23]:

dE/dx
T+1BE)’

where dE’ is the corrected deposited energy. A factor
kB = 0.005gMeV~! cm~? was assumed (compare
ref. [24]).

Each event is overlaid by an experimental empty
event from a random trigger to include the effects of
electronic noise (section 5.2).

For physics analyses H1 uses a faster simulation
with parametrized e.m. showers [25] and hadron
terminators [14]. The results for the simulation of
pion beam data are practically identical to those of the
detailed simulation discussed here [14,26].

dE'/dx =

5. Energy reconstruction in the liquid argon
calorimeter

The energy reconstruction in the H1 LAr calorime-
ter involves several levels of charge corrections for ex-
perimental data [1,15] and channel selection and clus-
ter finding algorithms for data and Monte Carlo. The
charges and the energies deposited in the LAr for data
and simulation respectively are first reconstructed cell
by cell on an electromagnetic (e.m.) energy scale (see
below). This procedure is independent of the particle
type and is the same for test beam electrons or pions, or
for jetsat HERA. On this energy scale the experimental
and simulated calorimeter response are directly com-
parable. In addition, all further energy corrections and
applied weighting functions are exactly the same for
measured and simulated signals.

In the following we will briefly describe the most im-
portant steps of the energy reconstruction for hadrons;
further details follow in ref. [2].

5.1. The electromagnetic energy scale
The transformation of signals in the calorimeter to
the e.m. energy scale is performed for experimental

Table 1

The electron calibration constants used for experimental
(cexp) and for simulated (cqm) signals for different wheels
of the H1 LAr calorimeter. ¢sip, is just the inverse of the sam-
pling fraction of electrons and therefore dimensionless

Calorimeter EMC HAC

wheel name  cCexp Csim Cexp Coim
[GeV/pC] [GeV/pC]

CB 3.58 12.68 7.58 27.14

FB 341 12.76  6.70 25.23

IF 3.57 12.73  7.23 26.82

OF - - 6.70 24.93
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data by applying an electron calibration constant to
the charge signal on the cell level. This constant has
been determined for the EMC sections by calibration
measurements with electrons [1]. Corrections for
dead materials in front of the calorimeter or analysis
cuts have been applied using detailed Monte Carlo
simulation. For the hadronic sections, where no direct
electron calibration measurements are yet available,
the e.m. calibration constants are derived from the
ones measured in the e.m. sections, correcting for the
differences in the sampling fractions by detailed elec-
tron shower simulation using GEANT and EGS 4 [27]
(compare ref. [28]).

In case of simulation the energies deposited in the
LAr layers are converted by multiplication with the ef-
fective inverse sampling fraction for simulated elec-
trons.

The calibration constants used are given in table 1.
The present uncertainty is £3%. The main error source
is due to impurities in the LAr and the determination
of the charge collection efficiency. For more details on
the definition of the e.m. scale and the determination
of the electron calibration constants see refs. [1,29].

5.2. Noise suppression

The typical electronic noise of a single channel is
about 3.5 x 10* electrons, equivalent to 20 (40) MeV
on the e.m. energy scale, in the EMC (HAC) sections.
A channel selection based on the energy signal on this
scale is performed to reduce the possible noise contri-
butions to the total signal. The selection is identical for
experimental and simulated events. To the latter real-
istic electronic noise was added by overlaying random
trigger events. The following cuts are also applied in
the general H1 reconstruction code [2]:

A certain channel i contributes to the signal of an
event only if its absolute energy signal | Ej| on the e.m.
scale passes the condition:

|Eg|l > 4E; or  (|Eg| > 2E; and E} > 4E}), (1)
where E., E} are the energy equivalents of the elec-
tronic noise of channels /, j, and j is a channel adja-
cent in space to channel i{. The E! are standard de-
viations of the noise distributions on the e.m. energy
scale obtained by random events. Note that £, > 0 al-
ways, while the energy signal £j might be positive or
negative, in the latter case representing a pure noise
contribution. Thus only weak thresholds are applied
around a significant signal seed and statistical compen-
sation of positive and negative noise contributions is
achieved.

5.3. Hadronic energy reconstruction

Since in the H1 LAr calorimeter the response to
hadrons is typically 30% smaller than that for elec-
trons of the same incident energy, an additional cor-

rection has to be applied to the signal obtained on the
e.m. scale.

The aim is to equalize the response to the e.m. and
pure hadronic components of a hadronic shower and,
therefore, to suppress the influence of the large fluctua-
tions in the hadronic shower composition on the recon-
structed energy. The technique exploits the fact that lo-
cal energy deposits of high density are mainly of elec-
tromagnetic origin while the hadronic component is
much more spread out. Thus, in a well segmented calo-
rimeter the amount of energy deposited in the cells can
be used for statistical separation of e.m. and hadronic
energy depositions for which different correction fac-
tors are needed.

Signal weighting techniques to get the proper
hadronic energy scale have already been studied for
single pions in test beams [4-6]. The reconstruction
of e-p events at HERA, however, requires a good en-
ergy measurement also for jets in a wide energy range.
Results of a first study of the application of weighting
to signals from simulated jets have been presented
in refs. [7,8]. In the present approach the weighting
functions are derived by simulation of jets in the full
H1 detector thereby making use in the reconstruc-
tion of clustering of cells as described below. In the
remaining part of this chapter the signals are assumed
to be already reconstructed on the e.m. energy scale
(section 5.1).

5.3.1. Clustering

All cells passing the noise suppressing step (sec-
tion 5.2) are subject to clustering which is based on
the correlation between signals in neighbouring cells.
The aim is the formation of groups of cells with signals
corresponding to particle showers. The algorithms
used are tuned such that the cells containing energy
depositions from an individual e.m. shower, initiated
by a photon or electron in the jet, are most probably
collected into one cluster. Hadronic clusters, on the
other hand, with their large spatial fluctuations are in
general split into several clusters [30].

Each cluster of cells with total energy above 1 GeV
is classified to be either of e.m. or hadronic nature.
The former are identified using characteristics like
the fraction of cluster energy deposited in EMC (con-
tainment in EMC), in the first layer of EMC (early
shower development), and in the four most energetic
cells of a cluster (compactness), see ref. [3]. Clusters
above 1 GeV which are not recognized as of e.m. type
are called hadronic. Below 1 GeV clusters with sig-
nificance \/Z(E{) /E%)? > 8 and developing deeply

inside the calorimeter are called hadronic as well.

5.3.2. Weighting function application
Electromagnetic clusters are regarded as being cal-
ibrated on the e.m. energy scale while signals in cells
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of hadronic objects have to be weighted. The latter are
formed by cells which are not included into an e.m.
cluster and located in a tube around a hadronic cluster
(r < 50 cmin HAC and » < 25 cm in EMC).

The functions used to calculate the weights applied
to signals in these cells are qualitatively the same as
introduced in refs. [7,8], the weighted energy E}. in a
cell 7 is calculated by:

El. = {ao + ayexp (—aEs/V') } Ey, (2)

where E} is the energy on the e.m. scale in this cell, V*
the volume of the cell, and ag, @, and « are the param-
eters of the weighting function.

The parameters ag, a; and « have to be determined
for each calorimeter type (EMC, HAC). Two ap-
proaches have been studied to determine the weight-
ing parameters as functions of quantities which are
directly measurable inside the calorimeter alone. One
possibility is to use simulated single pion response to
determine the weighting parameters in different calo-
rimeter wheels as functions of the signal of a hadronic
cluster [11]. The other approach is to use the response
to the hadrons in simulated jets to determine the pa-
rameters as functions of the reconstructed jet energy,
calculated iteratively inside cones of 10° opening an-
gle, as seen from the vertex. The results of the latter
approach are applied in this paper. At low energies,
below 7 GeV, the ansatz in eq. {2) is replaced by sim-
ple multiplicative factors corresponding to effective
e/n ratios in EMC and HAC. In the region 7-10 GeV
both methods contribute to the correction in order
to get a smooth transition from the simple correction
factors to the weighting according eq. (2).

We mention again, that there is no difference in
the weighted energy reconstruction for jets and single
hadrons or for simulated and experimental data, the
same functions and parameters are used in all cases.
The reconstructed energies for single pions shown in
section 7 are obtained by running the above described
standard H1 reconstruction algorithm — including the
filtering of e.m. clusters — on the experimental and
simulated signals.

6. Event selection

Pions are selected by Cherenkov counters in the
beam line (section 3). For beam energies Epeary, > 10
GeV all events are accepted if their total signal £y on
the e.m. energy scale fulfills £y 2 (2-4) GeV, depend-
ing on the depth of the actual module. This suppresses
contributions from possible beam muons in case of ex-
perimental data; the cut is, however, applied to simu-
lated data as well. No additional cut is applied against
events with longitudinal energy leakage to avoid in
the calibration at high incident energies a bias to-
wards hadronic showers with a large electromagnetic
content.

For those results where the iron streamer tube tail
catcher is included, we veto against punch through by
requiring to observe no digital hits in the last 3 layers
of the tail catcher. They are located behind its last iron
plate, i.e. behind 10.5 interaction lengths in total.

At lower energies, Eye.n < 7 GeV, the muon con-
tamination of the test beam can not be neglected either.
Here the tail catcher and parts of the veto system be-
hind the tail catcher are used to eliminate these muons.
These selections lead of course to a suppression of such
events in the data sample, where the pions are passing
the LAr calorimeter with a late or no inelastic interac-
tion.

7. Experimental results and comparisons with
simulations
7.1. Total energy signals in different calorimeter
modules

Total energies are calculated by summing over the
cells of the EMC and HAC sections of the LAr calori-
meter, where each single channel has to pass the noise
cut given in eq. (1). Electronic noise is also included
in case of simulation (section 5.2). Results on the e.m.
scale (Ey) and hadronic energy scale (Er.) are shown
in fig. 3 for experimental and simulated pions at the
lowest energies available in the IF and FB/OF calori-
meter modules. The distributions agree quite well, be-
sides somewhat larger tails towards high energies in
case of simulation. Examples for pions at higher beam
energies in various calorimeter regions are shown in
fig. 4. The tails of the distributions to lower energies
are due to pions with late or no inelastic interaction
in the calorimeter. They are already at incident ener-
gies as low as 30 GeV more enhanced in the CB mod-

1dN [ i ] [ dA { 1
NdF 025 GeV NVAE 025 GV,
0.14 F FB/OF 37 Gel' 012
012 01
Q.1
0.08
0.08
0.06
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0.04
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0 0

£ [GeV) E [GeV)

Fig. 3. Distributions of the energy on the electromagnetic

scale Ey {o simulations, histograms experiment) and of the

reconstructed energy FErec after weighting (e simulations,

shaded histograms experiment) for the lowest available pion
energies at the test beam.
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in different calorimeter modules.
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and IF only (o). Solid line: fitted Gaussian distribution.
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ule which is shorter (total depth d ~ 5/) than other
modules such as FB (d ~ 84).

based on fitted Gaussian distributions, for simu-
lated and experimental pions as function of the beam
energy is given in fig. 5. The maximal deviations are
< 3% on the e.m. and < 5% on the hadronic energy
scale. They are mainly systematic. A comparison of
the results of the different stacks shows agreement
better than +2%. If the results of the different stacks
are averaged at a given beam energy, the deviations
of simulation from experimental data are in the or-
der of 3%. The reconstruction code applied to sim-
ulated events reproduces, under the condition of re-
alistic electronic noise and analysis cuts, the energy
deposited in the calorimeter to better than +2%. Fur-
ther studies of the calibration with the full detector at
HERA are in progress [2].

The above results are based on the LAr calorimeter
only. The inclusion of the tail catcher (section 3.3) is
essential at high energies. This is visible in fig. 6 which
shows the reconstruction at pion energies of 120 and
205 GeV with the LAr calorimeter alone (64) and to-
gether with the tail catcher (10.54 in total).

7.2. Hadronic energy resolution

The energy resolution for pions is determined by
fitting a Gaussian function to the distribution of fully
reconstructed energies Er., as for example shown
in fig. 4, thereby excluding the low energy tails. The
simulated distributions generally show larger fluctu-
ations than the experimental data. This effect can be
observed in all the different calorimeter modules. Ta-
ble 2 gives the direct comparison on the e.m. scale for
the IF stack and shows that the resolution for simula-
tion is on average worse by 7% than the measured one.
These systematic effects are under study and some
improvement of GHEISHA at high energies appears

Table 2

Standard deviations of Gaussian distributions fitted to the
total energy on the e.m. scale in the IF module for data and
simulation with GHEISHA 8 (statistical errors)

Epeam Electromagnetic scale
[GeV] Oexp [GeV] Osim [GeV]
5 0.93 +£0.02 1.01 £ 0.02
10 1.39 £ 0.03 1.39 £ 0.02
30 3.25+0.04 3.46 +£ 0.04
50 5.08 +£0.07 5.48 £ 0.09
80 7.80£0.11 8.371£0.14
120 11.06 £ 0.16 11.94 £ 0.35
170 15.63 £ 0.28 17.19 £ 0.47
205 18.42 £0.23 19.73 £ 1.10
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Fig. 7. Measured energy resolution for pions in the IF module
(o) as function of the beam energy. The reconstruction at the
higher energies includes signals from the tail catcher (A).

to be possible [31].

The measured energy resolution as a function of the
beam energy is shown in fig. 7. The data are fully re-
constructed on the hadronic energy scale (section 5.3).
The signals from the tail catcher, which at HERA is in-
tegrated into the instrumented iron muon system [2],
have been included at beam energies Eyear, > 80 GeV
to recover energies leaking out of the liquid argon calo-
rimeter. The curve results from a fit to the data points,
using the resolution function

og(E) a? b? 5
E _\/E_b;;+E2_+C’ )

beam

with a stochastic term a/+/Epeam, @ noise term b/ Epeam
and a constant term c¢. This fit yields

a (50.7 £ 0.7)%v GeV,
b (945 + 32) MeV,
c = (1.6£0.1)%,

which can be regarded as typical values for the whole
calorimeter.Asc ~ (e/n—1) [32], the relatively small
constant term in eq. (3) shows the good compensation
achieved with the weighting functions.

7.3. Effective electron-to-pion signal ratio in the liquid
argon calorimeter
The energy Eq reconstructed on the e.m. scale is a
very good estimate of the energy Eg4, deposited in the
calorimeter in case of electrons, however it is on aver-
age smaller than Fye,, or Epeay in case of incident pions.
The electron-to-pion signal ratio on the e.m. scale

can be expressed by:
€ <Edep>

(4)

n o (Ep) -
As E4ep is known exactly only for Monte Carlo events,
we have calculated an effective (e/n)er for different
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Fig. 8. The effective electron-to-pion signal ratio calculated
as given in eq. (5) for experimental pions, as function of the
beam energy Eyeanm in different calorimeter regions (a). Pic-
ture (b) shows e/x corrected by Monte Carlo for the effect
of limited acceptance and longitudinal energy leakage. The
curves show results from fits, as discussed in the text.

calorimeter wheels and pion energies Fpeam:

(3).= T2 (5)

This quantity overestimates the e/n ratio, since it is
affected by energy losses due to material in front of
the calorimeters, limited lateral acceptance of the cal-
ibration modules and, especially at high beam ener-
gies, by longitudinal energy leakage. Measured val-
ues of (e/7)e are shown in fig. 8a. Simulations yield
similar results for (e/m )y on the level of agreement
observed in fig. 5. The shorter CB module shows a

1/ (Eo) dEofdt [1/A]

0.6

0.5

0.4

0.3

0.2

0.1

different dependence on E\.,; than the deeper IF and
FB/OF. This is due to longitudinal energy leakage,
which occurs in case of the CB module already signif-
icantly at beam energies around 30 GeV, leading even
to a soft rise of (e/7 ) With increasing Eyeam. The two
deeper modules, IF and FB/OF, show practically the
same absorption characteristics in terms of the energy
dependence of (/7 )es.

The quantity e/n, as given in eq. (4), has also been
calculated correcting for leakage by simulation, for
which the deposited energy is known event by event
(fig. 8b). The resulting e/n is falling with increasing
particle energy, as expected, and is very similar for all
the studied modules. The curves in fig. 8b are fits with
functions falling linearly with increasing log Epeam.
This behaviour corresponds to a rise of the intrin-
sic electromagnetic fraction fem ~ 10g Epeam Of the
hadronic shower [5,33].

7.4. Shower profiles

Longitudinal and transverse shower profiles have
been measured at different beam energies and are com-
pared with Monte Carlo simulation. The IF and CB
calorimeter modules are especially well suited for this
study because of the approximately perpendicular im-
pact direction of the beam particles into these stacks.

Fig. 9 shows the average relative energy deposit,
measured on the e.m. energy scale and normalized to
the depth of each longitudinal segment, as a function
of the calorimeter depth for pions at different beam
energies in the IF and CB modules. In general the
simulation follows quite well the experimental data.
Some discrepancies are visible in the first segments of
the hadronic stacks.

e F| | IF| | IF| CB| | CB| CB
g 5 GeV 30 GeV 80 GeV 10 GeV 30 GeV 80 GeV
b g g -@L— g
® @

L H @ - L @)
. @ 1 @ b [

3 L 1 3 I L 3 1 3 t 1 L
0 2 4 6 0 2 4 & 0 2 4 B 0 2 4 6 8

t[A] t[A] t{A t[A] t[A] t[A]

@ EMC @ HAC‘

Fig. 9. The longitudinal shower profile for experimental (e) and simulated (shaded histograms) pions at three different beam
energies in IF and CB. Shown is the average relative energy deposition dEg/ (Eg), as measured on the e.m. scale per unit
absorption length A, as a function of the calorimeter depth ¢.
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Fig. 10. The transverse shower profiles for pions at different energies in the IF module, experiment (e) and simulation (shaded
histograms). The average relative energy deposition dEq/ (Ep), measured on the e.m. scale and integrated over the whole shower
depth, is shown as function of the distance r from the shower axis.

The transverse profiles for experimental and simu-
lated pions at 5, 30 and 80 GeV in the IF module are
compared in fig. 10. The average relative energy loss,
integrated over the whole shower depth, is shown as
function of the perpendicular distance from the shower
axis, which is measured for each event by determin-
ing the impact point at the front face of the calorime-
ter and the center of gravity of the shower. The lateral
acceptance of the module is limited to about 24.

7.5. Signals in single channels

In fig. 11 we compare fluctuations of energies £}
of individual cells averaged over the FB/OF calorime-
ter modules at pion beam energies of 3.7, 30 and 80
GeV. The simulation follows very well the distribution

1 dXN 1
NdE [W_GEV]

of the energies £, over several orders of magnitude in
probability. This is important if, as in the present en-
ergy reconstruction scheme for the H1 LAr calorime-
ter, the determination of weighting functions is based
on simulation of hadrons or jets. The weights applied
in the hadronic energy reconstruction (section 5.3) to
the signal energies E§ are functions of these energies
themselves.

8. Conclusions

Detailed comparisons of signals from pions in H1
liquid argon calorimeter modules and simulation in
the GEANT/GHEISHA frame have been presented
on the electromagnetic energy scale which is deter-
mined from electron measurements. The total signal

1 F

3.7 GeV

E} [GeV]

E§ [GeV]

30 GeV

0 10 20
E¢ [GeV)

Fig. 11. The distributions of signals E6 in single cells for experimental (e) and simulated (shaded histograms) pions in the
FB/OF region, at different beam energies.
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for pions is described within an uncertainty of < 3%
for beam energies between 3.7 and 205 GeV. The lon-
gitudinal and lateral shower spreads are well repro-
duced by the simulation. The same is true for energy
fluctuations in single cells.

Full reconstruction of the energy deposited by sin-
gle pions in the calorimeter can be achieved by signal
weighting functions determined from simulated jets.
Here the deviations of experimental and simulated
energies are about 3%. An energy resolution of about
50%/+/E (GeV) with a constant term below 2% is
achieved.
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