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We report on the time evolution of particle showers, as measured in modules of the uranium-—scintillator barrel calorimeter of
the ZEUS detector. The time development of hadronic showers differs significantly from that of electromagnetic showers, with
about 40% of the response to hadronic showers arising from energy depositions which occur late in the shower development. The
degree of compensation and the hadronic energy resolution were measured as a function of integration time, giving a value of
e/m=1.02+0.01 for a gate width of 100 ns. The possibilities for electron—hadron separation based on the time structure of the
shower were studied, with pion rejection factors in excess of 100 being achieved for electron efficiencies greater than 60%. The
custom electronics used to perform these measurements samples the calorimeter signal at close to 60 MHz, stores all samples for a
period of over 4 ps using analog switched capacitor pipelines, and digitizes the samples for triggered events with 12-bit ADCs.

1. Introduction

The calorimeter of the ZEUS detector was designed
for optimal hadronic energy resolution. Depleted ura-
nium was chosen as the absorber material, with organic
scintillator as the sampling medium, in order to achieve
equal responses to electromagnetic and hadronic show-
ers. One of the consequences of this choice is the
presence in hadronic showers of energy depositions on
long time scales. We report in this paper on detailed
measurements of the time evolution of showers in
ZEUS calorimeter modules. The results shed light on
the mechanism of compensation, the influence of the
degree of compensation on the hadronic energy resolu-
tion, possibilities to perform electron—pion separation
based on timing information, and implications of the
long time components for pile-up noise in a high rate
environment.

This paper is organized as follows: Section 2 reviews
the arguments for designing a compensating calorime-
ter, and describes the expected sources of long time
components in a uranium-scintillator sampling cal-
orimeter. A brief description of the structure of the
ZEUS calorimeter modules used in this study is pre-
sented in section 3. The custom electronics designed
and constructed for this test are described in detail in
section 4, followed in section 5 by a description of the
testbeam setup at FNAL. We then report in section 6
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on the measurements performed, including results on
the time response for laser pulses, electron showers,
and hadron showers. The measured hadron shower
time spectra are deconvoluted in order to extract the
deposited energy time profile, which is compared to
Monte Carlo predictions. The ratio of electron to
hadron response is measured as a function of integra-
tion time, as is the hadronic energy resolution. Finally,
the different time structures of electromagnetic and
hadronic showers are used as a tool for electron—pion
separation. Section 7 summarizes the conclusions of
the study.

2. Background

The role of calorimetry has become increasingly
prominent in high energy physics experiments as the
energies of the particles to be detected has increased.
This results from the fact that the relative resolution
obtainable with calorimetric techniques improves with
energy, and that the depth of the calorimeter required
to contain particle showers increases only logarithmi-
cally with the incident particles’ energy. The increasing
importance of jet physics, and the subsequent need to
measure not only charged but also neutral particles,
has contributed as well to strengthening the role of
calorimetry.

While the physics of electromagnetic calorimetry is
well understood, hadronic showers are considerably
more complicated. It is known that when a hadron
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interacts in a calorimeter, some of its energy is de- processes. Some or all of the energy absorbed in these
posited in an electromagnetic component of the shower, processes does not contribute to the signal, and is thus
predominantly through the production of w° mesons. “invisible”; as a result, the ratio of the electromagnetic
Additional energy is lost through dE/dx processes. to purely hadronic responses is typically greater than
The remaining, purely hadronic, energy loss mecha- unity (e/h > 1).

nisms include not only the production of a cascade of The value of e/h has important consequences for
charged pions and other particles, but also energy the behavior of a hadron calorimeter. The fractional
which is lost to nuclear binding energy, nuclear recoil contribution of the electromagnetic component of a
energy, the production of neutrons, and other nuclear hadron shower depends strongly on the nature of the
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Fig. 1. (a) Lethargy plot showing the predicted time spectrum of the late components of a hadron shower for a calorimeter simuilar
to that of the ZEUS detector. (b) Integrated late response using the predictions of (a). Both plots are from ref. [4].
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first few interactions, and therefore exhibits large non-
Gaussian fluctuations. For a calorimeter with a value
of e/h differing from unity, these fluctuations con-
tribute significantly to, and can easily dominate, the
hadronic resolution, resulting in it being substantially
worse than the electromagnetic energy resolution. In
addition, they produce a deviation of the energy reso-
lution from the 1/ VE behavior, limiting the resolution
at high hadron energies. The fact that the fractional
contribution of the electromagnetic component rises
with energy also implies that a calorimeter with a value
of e/h differing from unity will exhibit a nonlinearity
in the hadron response.

These issues led to the proposal [1] to convert some
of the invisible hadronic energy to a measurable signal
to achieve an equal response to the electromagnetic
and hadronic components (e /h = 1), a condition known
as “compensation”. A compensating calorimeter could
exhibit a linear hadron response as well as a hadronic
energy resolution which scales with 1/ VE . In addition,
having removed the contribution from the fluctuations
in w% production results in a significantly improved
hadronic energy resolution.

In recent years, there has been considerable progress
in the understanding of hadronic showers. Indeed,
extensive test programs [2], combined with detailed
Monte Carlo (MC) simulations [3-5], have made possi-
ble the design and construction of very large compen-
sating calorimeters, such as that of the ZEUS detector
[6]. For the uranium-scintillator ZEUS calorimeter,
the response to a hadronic shower is expected to
comprise several contributions. These include the elec-
tromagnetic component, ionization losses, and several
mechanisms which are initiated by the many neutrons
with kinetic energy in the few MeV range which are
released in the hadronic shower. Measuring the time
evolution of the response to hadronic showers provides
a sensitive method for deconvoluting the various en-
ergy loss mechanisms, as their signals are expected to
be collected on very different time scales. The dE /dx
and electromagnetic shower components should be
prompt (= 0 ns). Delayed components include signals
from “free” protons in the scintillator recoiling after a
collision with a neutron, as well as from photons from
secondary fission (both = 0-100 ns). In addition, a late
contribution (= 10-1000 ns) due to photons resulting
from de-excitation of heavy nuclei after thermal neu-
tron capture is expected.

Fig. 1a shows a MC prediction [4] of the time
spectrum of the delayed hadronic energy depositions
for a calorimeter very similar to that of the ZEUS
detector. The prediction for 10 GeV pions is shown on
a “lethargy plot”, where the product of the energy and
the time, Et, is plotted versus log(¢). In such a plot,
equal areas correspond to equal energy depositions. In
fig. 1b, the integrated response is shown as a function

of integration time. The figures indicate that the largest
component of the hadron response is expected from
proton recoil in the scintillator, with photons from
secondary fission contributing relatively little. The
component due to photons produced in the de-excita-
tion of nuclei following thermal neutron capture is also
predicted to be quite large, contributing most signifi-
cantly at times greater than 100 ns.

While the existence of late energy deposits in
hadronic showers has been verified by several groups
[7], no precise measurements are available. This paper
reports the results of a detailed experimental study of
the time development of particle showers in ZEUS
barrel calorimeter modules, updating and extending
preliminary results which have been previously re-
ported [8].

3. Calorimeter

The measurements described here were performed
during the 1991 fixed target running period at FNAL,
using 4 ZEUS barrel calorimeter (BCAL) modules [9]
stacked together. The complete BCAL, providing full
azimuthal coverage, comprises 32 identical wedge-
shaped modules; our setup thus corresponds to one
octant of the ZEUS BCAL. Each module (see fig. 2) is
constructed of interleaved plates of scintillator (SCI)
and stainless-steel clad depleted uranium (DU), with
the SCI light transmitted via wavelength-shifter (WLS)
material to photomultiplier tubes (PMT) for conver-
sion to an electrical signal. The SCI material is SCSN-38
while the WLS is Y-7 doped PMMA. Refs. [6,10]
should be consulted for more details on the optical
components.

EMC WLS

HAC1 WLS

Fig. 2. Isometric view of a single ZEUS BCAL module.
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Each BCAL module is segmented into three longi-
tudinal sections. The front section, forming the electro-
magnetic calorimeter (EMC), is approximately one in-
teraction length (1A) in depth, corresponding to about
22 radiation lengths. It is followed by the two separate
hadronic sections (HAC1 and HAC2), each of which
contains an additional 2A. A BCAL module is divided
transversely into 14 towers. A single tower, measuring
approximately 20 cm X 20 cm at the front face, con-
tains four EMC cells, one HAC1 cell, and one HAC2
cell. Each cell of the calorimeter is read out by two
PMTs, one on each side of the stack.

For this measurement, 192 channels of custom elec-
tronics were built, sufficient to instrument almost six
full towers of each of the four BCAL modules. The
transverse dimensions of the instrumented region were
approximately 1 m X 1 m at the front face, increasing
to about 1.8 m X 1.4 m at the back, with a depth
slightly in excess of five interaction lengths. The trans-

(a)
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verse size was more than adequate to contain the
showers, while longitudinal leakage was monitored by
reading out a tail-catcher behind the BCAL modules.

4. Electronic readout

In order to study in detail the time development of
hadronic showers, both on average and event-by-event,
we designed and constructed electronics [11] which: 1)
performs a dc integration of the PMT signal; 2) sam-
ples the integrated signal every 18 ns; 3) stores the
samples in a 4 s long analog pipeline; and 4) digitizes
the samples for triggered events with 12-bit ADCs.
Table 1 summarizes some of the properties of the
electronics.

A schematic of a single channel of the analog elec-
tronics is shown in fig. 3a. The signal from the PMT is
dc-coupled to an integrator. The integrator output is
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Fig. 3. (a) Schematic of one channel of the analog electronics. (b) Timing diagram for the clocks of the four analog pipelines, where
the edges which result in the pipelines sampling the signal voltage are marked with arrows. The clock for PLn is denoted by ¢,,.
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Table 1

Summary of properties of the electronics.

Parameter Value
Number of channels 192
Dynamic range = 11 bits
Nonlinearity <0.5%
Sampling frequency 55.6 MHz
Variations in sampling time <1ns
Integration time constant =6 ns

Max. number of samples digitized /trigger 224

inverted by a second op-amp, which also enables the
introduction of a dc voltage or test pulse for calibration
purposes. The output voitage of the op-amp is then
sampled by four switched capacitor analog pipelines
(PLO through PL3) operating out of phase, as de-
scribed below. Once a trigger has been received, the
pipelines are stopped, and the samples read out through
a multiplexer chip (MUX). Each MUX reads 16 differ-
ent pipelines, corresponding to four PMTs. The output
of each MUX is then digitized by a 1 MHz 12-bit
ADC, located on a VME-based “Digital Card” of the
ZEUS calorimeter readout [12].

Fig. 4 shows the circuit layout of the analog pipeline
[13], designed for the ZEUS calorimeter readout and
realized in 2.5 pm + 5V CMOS technology. One chip
contains four such pipelines, each 58 cells in length.
Each of the 58 storage cells comprises a 1 pF capacitor,
a common input bus for connecting one side of the
capacitors to either the input or to ground, a CMOS
switch for connecting the other side of the capacitors
to ground while writing or to an output amplifier for
reading, and a digital shift register for commutating
the switches. Extensive tests performed on the pipelines
[12,14] have shown that the dc and pulse nonlinearities
are <0.05% and < 0.2% respectively, over the input
signal range of 0 - —2 V. The random noise with
respect to the input is less than 0.3 mV rms. The
cell-to-cell switching jitter is 0.1 ns, the input time
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Fig. 4. Schematic of the ZEUS switched capacitor pipeline.

constant is 6 ns, and the maximum writing frequency is
about 18 MHz.

Three NIM-based modules were constructed to pro-
vide the interface to the trigger system, control the
number of samples per pipeline to be read out, gener-
ate the read and write clocks to the pipelines and
MUX, handle the resetting of the integrators, and
perform other control and calibration tasks. One con-
trol module digitally generates the four clocks (¢,
through ¢;) which determine the times at which each
pipeline samples the integrated signal voltage. By gen-
erating these clocks such that each comes 90° out of
phase with the previous one, as depicted in fig. 3b, a
four-fold increase in the sampling frequency is ob-
tained. Thus, writing to each pipeline at 13.9 MHz
yields an effective sampling frequency of 55.6 MHz.
Reading 56 of the 58 samples in each of the four
pipelines then yields 224 measurements of the inte-
grated input signal, each separated by 18 ns, corre-
sponding to a period of greater than 4 ps.

4.1. Calibration of the readout

The natural uranium radioactivity provides an im-
portant calibration source for the readout. Test beam
measurements by the ZEUS collaboration [15, 16] have
shown that cell-to-cell uniformities at the 1% level can
be achieved by normalizing channel gains using the
measured current through the PMTs (when no beam is
present). The uranium activity is visible primarily as
single photoelectrons with a rate of 2-10 MHz depend-
ing on the calorimeter section (EMC, HAC1, HAC2).
The light collection efficiency is such that one photo-
electron per PMT corresponds to approximately 10
MeV of deposited energy. The energy depositions due
to individual uranium decays can be seen in fig. 5, an
example of a sampled integrated PMT signal. For this
figure, the PMT gain was increased by a factor of
approximately 15 in order to make the depositions
more clearly visible.

We used the integrated uranium current in order to
normalize the individual channel gains. Due to the
different thicknesses of the DU cladding, it is neces-
sary to intercalibrate the EMC and HAC sections. The
intercalibration was taken from the ZEUS BCAL test-
beam results [16], where it was obtained by minimizing
the hadronic energy resolution as a function of the
intercalibration scale factor. This factor, which was
determined to be independent of hadron energy, is
known to better than 1%.

Several types of calibrations were applied to the
data in the analysis stage. These included corrections
for 1) individual pipeline cell gains and offsets; 2)
overall channel gains; 3) integrated uranium activity;
and 4) event-by-event baseline motion. The first three
sets of corrections were derived from special runs with
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Fig. 5. Integrated PMT response to the signal produced by the

natural radioactivity of the depleted uranium. Successive sam-

ples are separated by 18 ns. With the PMT gain set 15 times

higher than the nominal setting, 1 ADC count corresponds to
an energy deposit of approximately 0.7 MeV.

no input to the electronics beyond the uranium ra-
dioactivity, which was integrated with varying gate
lengths. The linearity of the response was checked in
this way to be within 0.5% over the full dynamic range.
The fourth correction made use of samples arriving
before the pulse and was calculated event-by-event.
For the beam measurements, the gain scale was set
such that the readout electronics saturated for an
energy deposition of approximately 40 GeV in a single
cell. The noise level after all calibrations were applied
had components due to electronic noise and to ura-
nium activity. The noise was calculated as the rms of
the corrected samples after baseline subtraction, for
random triggers without beam. Typical noise levels as a
function of integration time are summarized in table 2,
where the integration time refers to the interval be-
tween the baseline samples and those used for the
noise measurement. The noise can be parametrized as
ol=0l+c?t(ns),
with ¢ being the integration time, o, =20 MeV, and
0,=0.9, 2.0, 2.2 MeV for the EMC, HAC1 and HAC2
sections respectively. The o, contributions for the vari-

Table 2
Noise per BCAL cell, in the different calorimeter sections, as
a function of integration time.

Integration Noise /cell [MeV]

time (ns) EMC HACI HAC2
160 2 8 2
520 3 56 63
970 37 70 79

1510 83 84 90

3310 55 104 117

ous calorimeter sections are consistent with the ura-
nium noise measured with the standard ZEUS readout
electronics [17]. Their relative sizes are as expected
from the dimensions of the cells and the thicker ura-
nium plate cladding in the HAC sections. The value of
o, implies a dynamic range of the readout of approxi-
mately 11 bits.

5. Beamline

The elements in the Fermilab NTE beamline at Lab
E/F, which were installed and calibrated by the ZEUS
collaboration for tests of the BCAL modules [16], are
shown schematically in fig. 6.

The four BCAL modules were stacked on a com-
puter-controlled fixture capable of independent rota-
tion about the (ZEUS) 6 and ¢ directions such that
the beam particles entered the middle two calorimeter
modules as if originating from the HERA mean inter-
action point. In these tests, the modules were posi-
tioned such that the showers were centered in the
readout region. We also took data with the beam
positioned near a corner of the instrumented region in
order to study transverse leakage. To identify leakage
energy from the rear of the BCAL modules, part of the
CCFR neutrino experiment target [18] was used as a
backing calorimeter (BAC).

The secondary beam, created from extracted 800
GeV protons hitting a Be target, comprised negatively
charged pions, kaons, electrons, antiprotons, and
muons. An array of scintillation counters provided the
beam trigger, with a large veto counter rejecting beam
halo events. A muon trigger was formed by requiring

Fig. 6. Schematic of the E790 beamline elements at FNAL.
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several elements downstream of the BAC in coinci-
dence with the beam trigger. Electrons were selected
using six TRD modules. Reference should be made to
[16] for a more detailed description of the beamline.

The beamline elements were not read out for this
study. Rather, the results from the ZEUS testbeam
were used to set magnet currents and other parame-
ters. As a result, event-by-event particle momentum
corrections could not be made. The width of the mo-
mentum distributions was about 1% for pions and
muons and, due to energy losses in the material of the
beamline, several percent in the case of electrons.

The purity of the electron trigger was estimated
from the ratio of energy deposited in the EMC section
to the total energy. From these distributions, we find
electron purities in excess of 99.5%. A similar proce-
dure revealed that the clectron contamination of the
data sets for the 20, 50, and 100 GeV /¢ pion settings
was at the level of 4%, 1%, and less than 0.1%,
respectively.

The particle arrival time was asynchronous with the
pipeline clock in order to provide continuous sampling
on the rising edge of the calorimeter pulse. Channel-
to-channel timing differences were kept to the order of
1 ns, and the particle arrival time was measured rela-
tive to the sampling clock with a TDC with 0.5 ns bin
size.

6. Data analysis and results

The data sets taken during the short running period
allocated to this study are listed in table 3, along with
the number of events recorded. The labels in the table
will be used in the following text to refer to the various
data sets. The special calibration runs are not listed in
the table.

Data quality cuts rejected between 10 and 15% of
the events of the various data sets. The criteria in-
cluded a minimum energy deposited in the BCAL
modules by electron and pion candidates, and an event
timing consistent with the RF structure of the beam. A

Table 3
The different sets of data recorded.
Label Data Mean momentum Number
Type [GeV/c] of events
L laser - 1000
M100 T 100.0 10000
El6 e 15.6 20000
E41 e~ 40.8 20000
P20 ™ 19.6 40000
P50 T 49.8 20000
P100 T 100.0 40000
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Fig. 7. Typical integrated response for a 41 GeV /¢ electron.

Successive samples are separated by 18 ns. The vertical scale

is in units of ADC counts, where 1 count corresponds to an

energy deposit of 8.5 MeV.

further 26% of the 100 GeV /c pion data was rejected
since one or more of the readout channels was satu-
rated.

A sample event from data set E41 is shown in fig. 7.
The integrated pulseheight is shown versus time, with
consecutive samples separated by 18 ns. The baseline
has been adjusted using the presamples. Note that,
since we read out many presamples, the pulse begins at
a time of about 650 ns.

In analyses which examined the response averaged
over many events, an event-by-event normalization was
applied to remove fluctuations in the amount of energy
deposited as well as beam momentum spread, as we
were primarily concerned with the shape of the re-
sponse versus time. The value near the end of the
readout time was used to perform the normalization.
In addition, the integration time was redefined to
begin when the particle entered the calorimeter. Al-
though the TDC time was used to measure the arrival
time with a granularity of 0.5 ns, most results are
presented in somewhat coarser time bins.

6.1. Response to laser pulses

The response to laser pulses was used to set a
benchmark for the performance of the readout system.
This test used the ZEUS laser calibration system [6],
whereby 337 nm light pulses, shifted to 420 nm by a
dye module, were sent via optic fiber to each PMT
channel. The light was incident on a 10 cm long cylin-
der, composed of WLS material, placed directly in
front of the PMT. This setup was chosen in order to
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produce a spectral distribution at the PMT similar to
that from particles. It was assumed that the time de-
pendence of the light pulse arriving at the PMT would
be very similar to that from prompt showers since the
WLS time constants are present in both cases. As
explained in the next section, this turned out not to be
the case.

The integrated response for laser pulses is shown in
fig. 8. All instrumented channels were summed to
produce this plot (the typical channel received an
amount of light comparable to that produced by a 2
GeV /c electron). The integral response is shown for a
3 ws period in fig. 8a, while the first 250 ns are shown
expanded in fig. 8b. The integral of the pulse is flat
after 100 ns, indicating that there are no long time
constants introduced by the WLS. The laser light was
transmitted to the WLS down a 60 m optic fiber; the
=~ (0.2% increase in the integrated response after about
600 ns likely results from light reflections in the optical
transmission.

It is possible to recover the input pulse shape by
“differentiating” the integral with respect to time by
taking successive differences. The result is shown in
fig. 8c. The laser pulse shape is not perfectly smooth
due to the small number of events in data set L. The
rising edge is somewhat slower than that measured
with a fast oscilloscope. This is primarily due to the
integration time of the switched capacitor pipeline
chips, which have an input time constant of 6 ns [14].
Variations in the sampling times of the different

pipeline chips also produce a smearing of the order of
1 ns.

6.2. Response to electromagnetic showers

The average response versus time for data set E41
is shown in fig. 9. The response for set E16 was found
to be very similar, indicating that the time development
of electromagnetic showers is independent of the elec-
tron momentum in the measured range of approxi-
mately 15-40 GeV /c.

From fig. 9, it is clear that, unlike for the laser, the
electron response is not fully saturated after 100 ns.
Using the laser data to parametrize the prompt re-
sponse, a fitting procedure was used to extract the
electron shower time constants. Three extra exponen-
tial terms were needed to get a good fit to the data.
The fitted time constants were (24.9 + 0.5), (171 + 20),
and (1718 + 100) ns. They contributed (6.4 +0.9), (3.2
+0.5), and (3.6 + 0.2)% of the total electron signal
respectively, with (86.8 + 1.0)% of the energy being
prompt. Thus, a substantial fraction of the electron
response arrives after the first 100 ns, including a
contribution of 3.6% which is collected with a time
constant of 1.7 ps.

The long time constants in the electron response,
and the lack of such an effect in the case of the laser
(where the light goes only through the WLS), suggest a
long decay time component in the scintillator response.
Indeed, 100 GeV /c muons passing through the BCAL
modules were seen to produce the same time response
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the signal time dependence, from “differentiating” the inte-
grated response, is shown.
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as electrons. Long time constants in the scintillator
were searched for in separate measurements at Nevis
Labs where, after reproducing the laser measurements
from FNAL with laser light directed into the WLS, a
single scintillator layer of a test stand which mimics an
EMC cell was exposed to UV light (337 nm). No long
time constants were seen. However, measurements us-
ing cosmic muons did show the late energy component.
The possibility that the effect is introduced due to the
presence of the depleted uranium was ruled out by the
fact that, even with the DU plates removed from the
stack, the late energy component was still present. In
conclusion, the long time constants are introduced by
the scintillator response, and arise only from energy
depositions from particles.

6.3. Response to hadronic showers

The integrated response of the BCAL to pions of
different energies is shown in fig. 10, superimposed on
the laser and electron responses. The results are sum-
marized in table 4. Comparing the pion response to
that of electrons, it is apparent that a substantial
fraction of the pion signal is deposited late in the
shower development. While the long time component
seen for the electron response explains some of the
delayed energy in the pion signal, there is a large
excess of late energy above this contribution, which
must come from energy depositions peculiar to hadron
showers. As discussed previously, such depositions are
expected due to relatively slow nuclear processes initi-
ated by the hadron shower, such as the emission of
photons from nuclei which have become excited after
absorbing a thermalized neutron.

A comparison of the data for 20, 50 and 100 GeV /c
pions shows that the higher energy showers exhibit a
lower fractional increase at later times. This result is
consistent with the expectation that the contribution of
the electromagnetic component of the hadronic shower,

Table 4
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Fig. 10. Average integrated response for data sets
L, E41, P20, P50, P100 vs time. The integrals are normalized
to unity for an integration time of 100 ns. Note the suppressed
zero on the vertical axis.

which results from w° production, should rise logarith-
mically with energy.

The measured time profile for a hadronic shower is
the convolution of the time profile of the hadronic
energy deposition with the response of the optical
components and readout electronics. These must be
deconvoluted in order to compare our measurements
with the predictions from MC calculations. We have
assumed that the signal for electromagnetic showers
measures the response of the entire system, including
optical components and read-out electronics, to prompt
energy deposits in the scintillator. This assumption is
supported by the very similar integrated responses
measured for muons and for electrons.

Integrated signals versus integration time for the various data sets. The integrated signals are normalized to unity for an integration
time of 100 ns. The errors are dominated on the rising edge by timing uncertainties, and by systematic uncertainties in the uranium
current subtraction for longer integration times. The errors for the laser are larger than for the beam data due to statistics.

Time Normalized value of integrated signal
[ns) Laser E4 P20 P50 P100
20 0.180+0.010 0.185 +0.010 0.145 +0.010 0.160 +0.010 0.161 +£0.010
50 0.837 +0.005 0.819 +0.005 0.762 +0.005 0.777 +0.005 0.777 +0.005
100 1 1 1 1 1
200 1.002 +0.001 1.0190 +0.0001 1.0316+0.0002 1.0307 +0.0001 1.0299 + 0.0001
500 1.001 +0.001 1.0359 1+ 0.0001 1.0661 £+ 0.0003 1.0619 +0.0001 1.0593 + 0.0001
1000 1.003 +0.001 1.0465 £+ 0.0001 1.0938 1+ 0.0005 1.0849 + 0.0002 1.0816 1 0.0001
2000 1.003 4+ 0.001 1.0563 + 0.0002 1.1168 +0.0010 1.1073 + 0.0004 1.1030 £ 0.0002
3000 1.003 +0.001 1.0620 + 0.0002 1.1321+0.0015 1.1187 + 0.0006 1.1139+0.0003
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Table 5

Result of the fits of the pion response. The parameters are defined in eq. (2). The values for the amplitudes are quoted as

percentages of their sum.

Pion Fitted value of parameter

set Ay (%) A, [%] 7, [ns] A, [%] 7, [ns] A5 [%] 75 [ns]
P20 49.6+3.0 429+3.0 - 19403 136 +30 56+0.2 1316 + 200
P50 59.3+3.0 344+3.0 - 1.7+0.3 102+25 46402 1129 + 150
P100 58.4+3.0 36.0+3.0 88+1.0 1.6+0.3 128 +20 4.0+0.2 1166 + 100

Different methods were attempted to extract the
hadronic shower time profile, including numerically
deconvoluting analytic functions which had been fitted
to the pion and electron signals. The most stable
method resulted from using the measured electron
signal from fig. 9 to parametrize the prompt response,
and folding it with test functions to represent the
hadronic shower time profile., The measured normal-
ized time response of the pion showers, p(t), was thus
modelled as a convolution of the electron response
with a function, A(¢), describing the time spectrum of
the deposited energy:

p(1) =f0’e(z—t')h(t') de’, (1)
where

3 4
h() =4 8(1) + L ~em(~1/7,). @)

=1 "

The first term in A(z), where 3(¢) is the Dirac delta
function, was included to describe the fraction of the
pion energy deposition which is similar to an electro-
magnetic shower or minimum ionizing particle and,
therefore, prompt. A minimum of three exponential
terms in A(¢) was necessary to achieve a good descrip-
tion of the data and to get flat residual distributions.
Including additional terms did not significantly im-
prove the quality of the fits.

Due to the sensitivity of the fitting on the fast rising
edge of the pulse, a large correlation was found be-
tween parameters A,, A,, and 7,. Parameter 7, was
fit for set P100 where the data errors are smallest,
yielding a fitted value of (8.8 + 1.0) ns. For the other

Table 6

Result of the fits of the pion response with fixed time con-
stants 7, =9 ns, 7, = 120 ns, 73 = 1160 ns. The parameters are
defined in eq. (2).

Pion Fitted value of parameter

set Ag (%) A, (%) A, 1% As(%]
P20 50.0+2.0 42.8+2.0 1.4+0.2 58+0.1
P50 575120 36.4+2.0 1.6+0.2 45401
P100 59.6+2.0 347420 1.6+0.2 41+40.1

two data sets, 7, was fixed at 9 ns. The results of the
fits are given in table 5.

Within the energy regime under study here, the
physical processes contributing to hadronic showers
are expected to be the same at all energies, and should
therefore produce characteristic time constants. As can
be seen from table 5, the fitted values of the longer
time constants, 7, and 75, are indeed consistent for the
three data sets. The results were combined to yield the
final values 7, = (9 + D ns, r, = (120 + 20) ns and 7, =
(1160 + 100) ns, after taking into consideration the
estimated fitting errors for the different data sets.

To extract the contributions of the different compo-
nents of the signal, the data were fitted with the time
constants fixed to their central values. The results are
given in table 6. The errors were estimated from the
stability of the fit parameters and by comparing the
results from fits using different distributions (e.g. using
electron set E16 rather than E41).
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Fig. 11. The result of the fit described in the text of the 50
GeV /c pion data. The “differentiated” signal is presented to
show the quality of the fit on the rising edge of the integrated
pulse. The data points are the 50 GeV /¢ pion data, while the
curve is the result of the fit.
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Fig. 12. (a) Lethargy plot from the fitted time spectrum for 50

GeV/c pions, and (b) the integrated fractional energy vs

time. The solid line shows the sum of the three exponential

terms described in the text, while the others represent their

individual contributions. The prompt component is not shown
in the figure.

The quality of the fit can be judged from fig. 11. In
this figure, the derivative of the measured hadron
response is shown along with the fit. The data are well
described by the fitted curve, and the fit improves
further for longer times where the slope of the inte-
grated signal is small.

The contribution of the delayed signal is the sum of
terms A, A,, and A5, and contributes 40 to 50% of
the total. This value is in good agreement with ref. [4]
which predicts that 40% of the signal is delayed for 10
GeV pions. The contribution from the prompt compo-
nent, given by A, indeed shows the expected trend of
increasing with pion energy. The fractional contribu-
tion of the long time constant, A, has the smallest
error, and its decrease with energy shows the trend in a
clear way.

Given the fit parameters, it is possible to plot the
time spectrum of the hadronic energy deposition. The
results for data set P50 are shown in a lethargy plot in
fig. 12a, while the integrated late component is shown
in fig. 12b. These results are to be compared to the MC
predictions from ref. [4] which were shown in figs. la
and 1b. The short time constant has the expected value
of about 9 ns, but the other two time constants are
longer than expected. In fact, the longest time constant
is considerably larger, and contributes less to the total

signal, than predicted. The parameters A; and 7, are
well measured and relatively uncorrelated with other
parameters, so the disagreement is not due to fitting
uncertainties. Thus, while the total contribution from
late energy deposits agrees with the prediction, the
increase of the measured signal after 100 ns is weaker
than expected and proceeds with longer time con-
stants.

6.4. Development of the hadronic shower profile

The longitudinal and transverse segmentation of the
BCAL enables the study of the time development of
the shower profile for hadronic showers. The shower
depth can be studied using the signals in the three
longitudinal sections of the BCAL. The transverse
granularity is much finer; a total of 64 EMC cells (each
of dimensions of about 5 cm X 20 cm, with an effective
Moliére radius on order of 2 cm) were instrumented,
along with 24 cells (approximately 23 ¢m X 30 c¢m) of
each of the HAC1 and HAC2 sections.

For 50 GeV /c pions, the fractional contributions of
the individual sections to the total signal were 22%,
54%, and 24% for EMC, HACI1, and HAC2 respec-
tively. Fig. 13a shows the response vs time for the three
sections separately, where the three curves have been
normalized to unity for an integration time of 100 ns.
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Fig. 13. (a) Normalized response vs integration time, for 50
GeV /¢ pions, for the contributions to the total signal seen (a)
in the EMC, HAC1, and HAC?2 sections, and (b) in the lateral
“rings” defined in the text. For both plots, the integrals are
normalized to unity for an integration time of 100 ns, and

successive time bins are separated by 18 ns.
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Clearly, the energies deposited at greater depths in the
shower reveal larger fractional contributions from the
late components. While the EMC energy increases by
about 12% between 100 ns and 3 ps, the corresponding
increases for HAC1 and HAC2 are 14% and 16%,
respectively.

To investigate the lateral spread of 50 GeV /c pion
showers, the instrumented cells were divided into four
lateral “‘rings”, according to their mean fractional con-
tribution to the total signal. The first ring, or shower
core, contained those cells which contained, on aver-
age, at least 10% of the total deposited energy; it
comprised one EMC cell, two HACI1 cells, and one
HAC2 cell. The second ring contained all cells (two
EMC, two HACI, and three HAC2) which contained,
on average, less than 10% but more than 1% of the
total energy. The third ring contained the 8 EMC, 7
HACI, and 7 HAC2 cells whose average contributions
were less than 1% but greater than 0.1%. Finally, the
fourth ring comprised the remaining 53 EMC, 13
HACI, and 13 HAC2 cells, each of which contributed
less than 0.1% to the total signal. The contributions of
the individual rings to the total energy were, proceed-
ing from ring 1 through ring 4, 79%, 13%, 5%, and 3%
respectively.

Fig. 13b shows the normalized contributions to the
integrated response vs time as measured in the four
lateral rings separately. Clearly, those rings which are
farther from the shower core display larger fractional
contributions from the late components of the shower.
The fractional increases between 100 ns and 3 ps were
about 11%, 19%, 34%, and 44% for rings 1 through 4,
respectively.

In conclusion, the late components of hadronic
showers diffuse more uniformly through the calorime-
ter than does the more well collimated shower core.

Table 7

Thus, calorimeter cells which are situated at a larger
distance from the shower centroid receive a larger
fraction of their energy from the late depositions.

6.5. Compensation and energy resolution vs integration
time

The differences in the time distributions of the
electron and pion responses imply that the ratio of the
electron signal to the hadron signal, and therefore the
degree of compensation, is a function of the time over
which the signal is integrated. This effect is expected,
in turn, to cause an integration time dependence of the
hadronic energy resolution.

To make a direct comparison of the electron re-
sponse with the pion response, we fitted a Gaussian to
the peak of the deposited energy distributions for
pions and electrons, and used the conversion from
magnet current setting to particle momentum to derive
a scale factor for the normalized integral plots. This
normalization procedure removes to a large extent the
effect of energy leakage in the pion events.

The uncertainty in the normalization procedure was
estimated from the consistency of the measured signals
for the different particle types and momenta. The
three pion data sets yielded, to within +0.5%, the
same conversion from ADC counts of measured signal
to GeV /c of incident momentum. The agreement be-
tween the two electron data sets was at the +0.8%
level. From this data, we estimate the systematic error
in the scale factor derived for comparing the pion and
electron signals to be 1%.

With this scale factor, the ratio of electron to pion
response (e /) was measured to have a value of 1.02
+ 0.01 for an integration time of 100 ns and for parti-
cles of 20 GeV /c momentum. The results for all three

Values of e/ as a function of integration time for the various pion data sets, using set E41 for the electrons. The errors quoted
are those due to the timing precision of +0.25 ns as well as systematic uncertainties in the uranium current subtraction. There is an
additional systematic uncertainty of +0.01 in the overall scale at each energy.

Integration Ratio of electron to pion signal
time [ns} P20 P50 P100
20 1.30 +0.11 1.18 +0.08 1.16 +0.08
40 1.145 +0.015 1.101 +0.013 1.088 +0.013
60 1.066 +0.010 1.049 +0.008 1.037 +0.008
80 1.032 +0.008 1.025 +0.006 1.014 +0.006
100 1.0184 +0.0040 1.0157 £0.0025 1.0048 +0.0025
200 1.0060 + 0.0002 1.0042 +0.0001 0.9942 4+ 0.0001
500 0.9896 + 0.0004 0.9909 + 0.0001 0.9826 +0.0001
1000 0.9744 4+ 0.0005 0.9798 4+ 0.0002 0.9722 +0.0002
2000 0.9632 4+ 0.0009 0.9689 + 0.0005 0.9623 4-0.0003
3000 0.9554 +0.0013 0.9643 + 0.0006 0.9580 + 0.0003
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pion data sets are summarized in table 7. The mea-
sured values of e /m are shown vs integration time in
fig. 14a for 20 GeV /¢ pions.

The dependence of the energy resolution on inte-
gration time was examined for the 20 GeV/c pion
data. After removing leakage by placing a 300 MeV cut
on the BAC energy, Gaussian fits to the pulse height
spectra were performed for different integration times.
The results are shown in fig. 14b. The solid data points
represent the raw resolution taken directly from the
fits. In order to isolate the contributions to the resolu-
tion from fluctuations in the hadronic showers, the
data were corrected for electronic and uranium in-
duced noise. The corrected data are shown by the open
circles in fig. 14b. As can be seen, the resolution
degrades rapidly for integration times below 60 ns.
This is due primarily to the smaller fraction of the
pulse which arrives within the gate. For integration
times ranging from 100 ns to 1 ps, the resolution
remains relatively constant at the level of 35% / VE, a
value consistent with that achieved by the ZEUS col-
laboration with readout electronics having a effective
gate width of 130 ns [15,16]. For longer integration
times, the resolution degrades even after removing the
uranium noise. This behavior is expected from the
deviation of e /% from unity.

*
0.36 - . 4

0.32-

Integrotio1n Time (ns)

Fig. 14. (a) The ratio of electron to pion response vs integra-
tion time for 20 GeV/c pions. In addition to the errors
shown, there is a systematic uncertamnty of +0.01 in the
overall scale. (b) The energy resolution, o(E)/VE, vs integra-
tion time for 20 GeV/c pions. The solid points are for
uncorrected data, while the open circles have electronic and

uranium noise subtracted.
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GeV /c electrons (empty) and 100 GeV/c pions (hashed).

The ratios used are (a) 200 ns /100 ns, (b) 400 ns /100 ns, (c) 1
ps/100 ns, (d) 3 s /100 ns.

6.6. Electron—pion separation

The differences in the time distributions of the
electron and pion responses allow for some particle
discrimination based on timing information [19]. Only
cells with a signal at least three times the noise were
used in this analysis. Electron candidates were selected
by requiring that the fractional energy deposited in the
EMC be at least 95%, while pions have less than 95%
of the energy deposited in the EMC. Events with large
amounts of energy leakage were rejected by placing a
cut on the minimum visible energy in the BCAL mod-
ules of 70 GeV for set P100 and 30 GeV for sets E41
and P50.

Fig. 15a shows, for sets E41 and P100, the distribu-
tion of events according to the ratio of the signal after
an integration time of 200 ns relative to that after 100
ns. The distributions obtained for the ratio of the
signal after 400 ns, 1 ws, and 3 ws relative to 100 ns are
shown in figs. 15b, 15¢, and 15d, respectively. Clearly,
placing a cut on such ratios can be used to discriminate
between electrons and pions. The purity and efficiency
which can be attained are shown in fig. 16, where the
efficiency for electrons passing a cut on the ratio is
displayed vs the efficiency for pions to pass the same
cut. A rejection factor of greater than 100 can be
achieved for pions, while maintaining good electron
efficiency. The results for 3 pus are summarized in table
8. The separation power degrades for lower pion ener-
gies despite the fact that these pions have a larger late
energy component. For example, with an electron effi-
ciency of 77.5%, the rejection factors for 100, 50, and
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Fig. 16. The efficiency for 50 GeV /c electrons to pass a cut

on the energy ratio vs the efficiency for 100 GeV /¢ pions to

pass the same cut, for different integration times relative to
100 ns.

20 GeV /c pions are approximately 110, 25, and 5,
respectively. This is due to the fractionally larger noise
contribution at low energy, and to the rather low light
yield of the ZEUS calorimeter. Calorimeters with
higher light yields would have smaller fluctuations of

the late signal, and should therefore gain in rejection
power.

As can be seen in fig. 16, the separation between
electrons and pions improves for longer integration
times. The rejection power using ratios at different
times, and for fixed clectron efficiencies, are given for
pions from set P100 in table 9. For example, with an
electron efficiency of 60%, pion rejection factors of
250, 160, 52, and 10 are achieved using integration
times of 3 ws, 1 us, 400 ns, or 200 ns, respectively.
Thus, although the noise increases for longer integra-
tion times, this is more than compensated by the in-
creasing separation between the electron and pion
signal levels.

6.7. Implications for fast readout schemes

In the high rate environments of present and future
hadron colliders, the large flux of particles striking the
calorimeter leads to a level of pile-up which con-
tributes to the noise in the energy measurements. To
reduce the sensitivity to pile-up, it is usual to employ a
fast readout scheme, where only the first 100 ns or less
of the deposited energy is used in the reconstruction of
the incident particle’s energy and arrival time.

The late components observed in hadronic showers
will contribute to the levels of pile-up noise. However,
the time constants involved are long compared to typi-

Table 8

Fraction of electrons and pions passing a cut on the ratio of the integrated energy after 3 ps compared to that after 100 ns.
Value Fraction of particles passing cut

of cut 41 GeV /¢ electrons 20 GeV /¢ pions 50 GeV /¢ pions 100 GeV /¢ pions
1.058 0.987 +0.001 0.459+0.004 0.106 +0.004 0.038 +0.0024
1.056 0.969 +0.002 0.386 +0.004 0.087 +0.004 0.026 +0.0020
1.054 0.937+0.003 0.321+0.004 0.067 +0.003 0.019 +0.0017
1.052 0.870+0.004 0.256 + 0.004 0.052 +0.003 0.013  +0.0015
1.050 0.775+0.005 0.197 +0.003 0.040 +0.003 0.0090 +0.0012
1.048 0.642 +0.006 0.148 +0.003 0.027 +0.002 0.0051 +0.0009
1.046 0.493 + 0.006 (0.108 +0.003 0.019 +0.002 0.0026 +0.0006
1.044 0.346 + 0.006 0.076 +0.002 0.014 +0.002 0.0019 +0.0006
1.042 0.216 +0.005 0.050 +0.002 0.0092 4+ 0.0013 0.00032 £+ 0.00023
1.040 0.123+0.004 0.032+0.002 0.0064 +0.0011 0.00032 £+ 0.00023
Table 9

For fixed electron identification efficiencies, the fraction of 100 GeV /¢ pions passing the cut on the ratio of integrated energies.

Integration times

Fraction of 100 GeV /¢ pions passing cut on energy ratio

used 1n energy ratio

Electron efficiency = 60%

Electron efficiency = 80%

200 ns /100 ns 0.096 +0.004
400 ns /100 ns 0.019 +0.002
1.0 s /100 ns 0.0062 + 0.0009
3.0 ps/100 ns 0.0040 + 0.0008

0.226 +0.004
0.039+0.003
0.016 +0.0016
0.010 +0.0013
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cal bunch crossing times, so the effect will be to pro-
duce shifts in the baseline. These shifts can be easily
subtracted with an appropriate readout scheme. How-
ever, there are also effects at short times, as can be
seen in fig. 14. The value of e/m and the resolution
depend very strongly on the integration time for times
less than 60 ns. The differences in pulse shape for
electrons and hadrons can also result in shifts in the
time which would be reconstructed.

As an example of the magnitude of these effects, we
consider the ZEUS rcadout scheme [12], where the
PMT pulse is shaped by a four stage shaping circuit
with an impulse response function

3

(1) = —ew(—1/7), 3

with 7 =33 ns. The shaped pulse is sampled every 96
ns by switched capacitor pipelines. This circuit, in
conjunction with the energy reconstruction algorithm,
yields an effective integration gate width of 130 ns. The
data in fig. 14 would then predict a value of e/ of
1.02 +£ 0.01 and a hadronic energy resolution of
35%/ VE . Due to the differences in the time evolution
of the signals from electrons and hadrons, the time of
the peak of the shaped pulse depends on particle type.
Convoluting the measured pulse shapes (see fig. 10)
with the form of Z(¢) above shows that the peak for
electrons is shifted by 1 ns relative to a laser pulse,
while that for 20 GeV pions is shifted an additional 3
ns. For a hadronic shower, the time of the peak of the
pulse also depends on the location within the shower.
Convoluting the measured time spectra of fig. 13a with
the ZEUS shaping function reveals that, compared to
the signal in the EMC, the peaks in HAC1 and HAC2
cells are shifted by an average of 0.8 ns and 1.2 ns
respectively. The effect is more dramatic in terms of
transverse distance from the shower center. For the
lateral rings defined in section 6.4, the peak times in
rings 2, 3, and 4 are shifted by 2.9 ns, 9.4 ns, and 9.7 ns
relative to the central ring. The resulting shaped pulses
for rings 1 and 4 are shown in fig. 17.

For the ZEUS readout scheme, the effect of the
late energies on the energy resolution is negligible
given the rather long effective integration gatc. How-
ever, distinct time shifts are indeed observed. Schemes
with much shorter integration times would show smaller
time shifts, but would have degraded energy resolu-
tions.

The long time components observed both in the
response to hadrons and electrons depend on several
factors. The time constants in the optical readout af-
fect all particle types, while the late energy deposits
arising from the choice of ***U as absorber material
predominantly affect hadronic showers. The late en-
ergy deposits also depend strongly on the sampling
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Fig. 17 The resulting pulse shape with the ZEUS readout

electronics for cells in ring 1 (solid curve) and for cells 1n ting

4 (dashed curve). The late energy deposits produce a 10 ns

shift in the position of the peak of the pulse. For a definition
of the rings, see section 6.4,

layers, with hydrogenous materials being more sensi-
tive to neutron energies. The readout electronics can
also introduce time constants; in our case, an effective
integration time constant of 6 ns was present from the
electronics. The importance of the late time compo-
nents for energy and time reconstruction therefore
depend strongly on the calorimeter properties and
readout scheme chosen.

7. Conclusions

We have measured the time evolution of particle
showers in ZEUS barrel calorimeter modules. As ex-
pected, the response to hadronic showers includes sub-
stantial contributions from energy depositions which
occur late in the shower development. The prediction
that showers of hadrons of higher energy would more
closely resemble electromagnetic showers was also veri-
fied.

An unexpected feature of the measured pulse shapes
was the long time component present in electron show-
ers. Tests showed that this component is not present
when light pulses are used to excite the wavelength
shifter or scintillator, but is present when muons tra-
verse the scintillator. We conclude that charged parti-
cles produce long lived states in the scintillator, result-
ing in a significant fraction of the signal (on the order
of 7%) arriving after 100 ns. Several time constants are

involved; the longest measured component contains
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approximately 3.6% of the signal and has a time con-
stant of about 1.7 ps.

The different components of the time spectrum for
hadron energy depositions were extracted using a fit-
ting procedure. A value of about 40% was measured
for the total fractional contribution from the late en-
ergy deposits, including over 5% which is deposited
with time constants greater than 100 ns. While the
overall level is consistent with expectations, a more
detailed examination of the results reveals only qualita-
tive agreement with Monte Carlo predictions. The time
profile for hadron showers was measured as a function
of longitudinal and lateral depth. Cells which are far-
ther away from the shower maximum contain a higher
fraction of late energy, illustrating that the sources of
the late depositions diffuse with a higher effective
mean free path through the calorimeter.

The ratio of the response to electrons to that of
hadrons was determined to be 1.02 + 0.01 for an inte-
gration time of 100 ns, in agreement with previous
measurements. The resolution for hadronic showers
was found to depend strongly on the integration time
for integration times of less than 60 ns. The resolution
was flat within our measurement error at a level of
35%/\/E for integration times between 100 ns and 1
LS.
The difference in the time spectrum for electromag-
netic and hadronic showers can be exploited to identify
the particle type. Cutting on the ratio of the signal at
late times to that at early times can give pion rejection
factors in excess of 100 with electron efficiencies greater
than 60%. This technique was limited in these mea-
surements by the rather large contribution from elec-
tronic noise, and the relatively small light collection
efficiency of the ZEUS calorimeter modules.
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