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Abstract

The ZEUS T60 uranium/scintillator calorimeter was the main detector in
the NUMASS test run, which took place at CERN at the SPS facility in Septem-
ber 1991. Additional scintillators were embedded in the calorimeter for high
precision measurement of the arrival time for hadronic panicle. High energy
pion beams were used to test the performance of the calorimeter and to measure
the arrival time distribution for hadrons.

The segmentation of the calorimeter makes it possible to measure different
shower profiles in tha detector which is then used to identify and discriminate
against contamination in the pion beam of electrons and muons.

This particle identification is described in this note.



1 Introduction

In the development of the proposed NUMASS experiment at CERN [1], a test run
was performed in the XI beam-line of the CERN Super Proton Synchrotron (SPS).
The aim of the proposed experiment was to search for long-lived massive neutral
particles which could be produced in ultra-relativistic heavy ion collisions1.

One such form of matter, the so-called "strangelets" can exist in charged and
neutral forms, where neutral strangelets would have an equal number of u, d and s
quarks. On the basis of the Pauli exclusion principle, such multiquark states may
become stable owing to the additional degree of freedom, strangeness, which leads
to lower Fermi energy levels of the nuclei. The possible observation of strangelets
also presents a promising experimental signature for the formation of a quark gluon
plasma in ultra relativistic heavy ion collisions [3].

The mass of the neutral particles can be determined from the measurement of
their energies and their times of flight from the production target to the calorimeter.
The compensating uranium/scintillator calorimeter built by the ZEUS-collaboration
were used in the test.

1.1 The purpose of particle identification

The motivation of this test was to investigate the performance of the ZEUS calorime-
ter and to evaluate the time resolution with which the arrival time of a hadronic
particle can be measured with additional scintillators, which have been embedded
in the calorimeter volume for this purpose [4].

To obtain a proper understanding of the time resolution for hadronic particles,
and to dete-mine correct cut efficiencies, it is necessary to filter out non-hadronic
beam par'.v es (i.e. electrons and muons) in the first step of data analysis. For
instance •, I >w number of hits (compared to shower events in the calorimeter)
in the f ' scintillators is very much correlated with muon events. Also events
initiat» i an electron are expected to develop a shower in the very first module
which * / ,ive few or no hits in the following TOF planes. The aim here is to
use tl e gr. nularity of the calorimeter to remove the contamination of muon and
electioi ir ents in the experimental sample.

1.2 General properties ox the calorimeter

In e \ -rimental high energy physics, a calorimeter is a device which is used to
meas^ --3 the energy of subatomic particles, i.e. a calorimeter is a block of matter
which :s of sufficient thickness to absorb a cascade of progressively lower-energy
partir -s, called a shower. Eventually most of the incident energy is deposited and
a cerf m fraction of the energy is transformed into a measurable signal which is
propoi'Jonal to the initial energy. The development and size of the shower, and the
precision of the energy measurement, depend on the type of the particle that was
intercepted by the calorimeter. Some properties of calorimeter are:

'Since then, the NUMASS proposal was withdrawn and replaced with a new proposal [2]. The
NUMASS collaboration was reorganized and renamed to NEWMASS in 1992. The new experi-
ment has been approved (June 1992) and will start data taking in 1994 at the CERN/SPS Pb-beam
facility, to look for charged strangelets.
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• With the exception of neutrinos, they are sensitive to all charged and neu:; i!
particles.

• The length required to fully absorb the energy of the shower increases IOIM

rithmically with the particle energy E.

• Segmentation allows measurement of the position and angle of impact of t lie
incident particle.

• The differences of the shower profile of electrons, muons and hadrons can be
exploited for particle identification.

The ZEUS high resolution uranium/scintillator calorimeter used in the test is an
example of a so called compensating sampling calorimeter. It consists of alternating
passive absorbers (uranium) and active detector layers (plastic scintillator). Only
the fraction of the energy deposited in the active layers is 'visible'. This fraction
depends not only on the calorimeter geometry and applied materials, but also on
the type of the incident particle. The calorimeter is said to be 'compensating' if the
mean energy response is independent of the ratio between the electromagnetic and
tlie hadronic components in a shower.

1.3 The test calorimeter

The experimental setup for the test consists of two main parts. One part (Fig. la)
contains the start counters and the beam defining counters. The other part consists
of a uranium/scintillator calorimeter, with scintillator layers (stop counters) inserted
in and between the calorimeter modules (Fig. lb).

The beam defining counters Bl, B2 were used in coincidence with the start
counter SI and in anti-coincidence with the veto counters VI and V2, to define a
beam trigger. The beam was tuned for negative particles. Data were taken with
electron beams of 30 and 50 GeV/c momentum (for calibration), and with pion
beams of 30 and 70 GeV/c momentum.

The calorimeter setup consists of five separate modules. Each of the first four
modules consists of 45 depleted uranium (DU) absorber plates, 3.2 mm thick, and
45 scintillator (Sc) planes, 3.0 mm thick (see Fig. 2). Between scintillator and
absorber plates, 0.2 mm thick stainless steel foils were inserted in order to reduce the
scintillator signal due to the uranium radioactivity. With this amount of material
each module is roughly 1.5 interaction length deep.

The absorber plates have lateral dimensions of 600 mm x 600 mm. The scin-
tillator planes are 600 mm high and 625 mm wide. Each layer of scintillator is
further segmented into twelve independent horizontal strips with lateral dimensions
of 50 mm x 625 mm. The strips are read out via wavelength shifter (WLS), light
guides and phototubes at each end. In addition a fifth module was used as a clos-
ing calorimeter, to absorb the longitudinal energy leakage. It has 30 layers of 3.'.
mm thick DU plates interlaced with 5 mm thick Sc planes, with a total depth of 1
interaction length. The strip segmentation is identical to the first 4 modules and
the total number of channels thus adds up to 120 for the 5 calorimeter modules
(the geometric mean of the signals from two PM's in each module strips is used [5]
which results in 12 output channels for each module).



Since the calorimeter offers the possibility of longitudinal and transverse seg-
menlntion of the read out, the following two quantities are introduced [6] to help to
distinguish electrons, muons and pions entering the calorimeter:

1. FLAT is a measure of the lateral shower profile; it is equal to the sum of
the largest deposited energy (ej*"1) and its largest neighbour (e™"3) m t n e

j-th module divided by the total deposited energy in the same module. It is
expressed as:

tnaxl m
FT AT — C j CJ (1)

i = 1, .., 12, numbers the horizontal scintillator strips in each module, and
j = 1, .., 5, is the module number.

2. FLONG is a measure of the longitudinal shower profile; it is equal to the de-
posited energy in the j-th module divided by the deposited energy in all
modules, thus:

FLONG) = (2)

with £j = £,-i1e i j .

The distributions of the two variables FLATj and FLONG! are shown for two pion
data samples in Fig. 3. The peak at FLATi = 1 is due to muons and non-interacting
pions in the first module. These events also give a peak close to 0 in the FLONGi
distributions. The peak close to FLONGi = 1 is due to the electron contamination
of the pion beam. The structure around 0.2 is due to muons as will be shown later.

With the help of these quantities, which explore the longitudinal and transverse
segmentation of the shower, it is possible to identify electrons and muons from pions
as will be described in the following.

1.4 T h e test da t a samples

In this paper three data sets are used. The number of triggered events in the three
samples are displayed in table 1 below:

Beam particle Momentum [GeV/c] Number of Events

50
30
70

20 698
334 655
470 650

Table 1. Beam type and number of events for three data samples.



2 The identification of electrons

Two types of showers can be distinguished in a calorimeter, the electromagnetic
and the hadronic. The hadronic showering process is dominated by a succession of
inelastic hadronic interactions with secondaries of mostly pions and nucleons. The
hadronic multiplication process is characterized by the nuclear interaction length,
which is essentially energy-independent. The energy deposition in a calorimeter by
a hadronic shower suffers from fluctuations due to excitation and break up of nuclei,
leakage due to /x, u or slow neutrons etc.

The electromagnetic (EM) shower is dealt with in detail below.

2.1 The characteristics of electron showers

The interaction of photons and electrons in matter at high energy is dominated
by the creation of electron-positron pairs and by bremsstrahlung. These processes
play the most important role in the multiplication of the number of the particles in
the EM shower. A sequence of interactions of these two types lead to a shower of
electrons, positrons and photons, which in turn create new particles with progres-
sively lower energies. The shower maximum, with the largest number of particles, is
reached when the average energy per particle approaches the 'critical energy' (the
energy loss of electrons by ionization equals the one by bremsstrahlung). Below
this energy, energy loss by ionization or by Compton scattering, which produce the
measurable signal become dominant.

Since particle multiplication takes place only in the high energy part of the
shower and since the processes in the low energy part of the shower are relatively
localized, it is possible to describe the shower development and dimensions in terms
of the radiation length Xo, which is defined as the distance over which the energy
of a high energy electron (E > 100 MeV) on average drops by a factor of 1/e.

<Jx>=~Ta (3)

with

X = thickness of the material
E = energy of the electron

The Xo can be estimated in terms of A and Z by [7]

A'o * A 180 [g/cm2] (4)



Table 2 below shows the radiation length for scintillator and uranium material in
different units.

Material

Scintillator
Uranium

X0[cm]

5.6 11.2 1.032 43 8 42.4
92 238.0 18.95 6.00 0.32

Table 2. Xo values for Scintillator and Uranium

The radiation lengths are A"lr ,4 = 46.8Ao for the first four modules, and A"5 =
30.7Ao for the last module used in the test run. The total radiation length A'caio
is 218X0 for the whole calorimeter.

The longitudinal shower dimension scales with In(E), a property cf EM showers.
The length needed to contain 98% of the incident energy, denoted L98 is approxi-
mately equal to 3Xmed, where Xmci is the median depth of the shower in Xo units,
i.e. the depth at which half of the incident energy is deposited [8]:

L98 ~ 3Xmed = 3 x pn - + o] [Xo] (5)

with a = 0.4 for electrons, and tc ss 10.6 MeV for the uranium/scintillator material2.
From this formula, the L9S for 30 GeV/c, 50 GeV/c and 70 GeV/c electrons are
»25.0X0 26.6X0 and 27.6X0 respectively, The corresponding uranium material are
approximately 8 cm, 8.5 cm and 8.8 cm from table 2.

The transverse shower dimension is mainly determined by electrons that move
away from the shower axis through multiple scattering, and scales with RM, which
is called the Moliére radius. For a simplified calculation, RM « {A/Z) 7 [g/cm2].
95% of the total energy of the shower is contained in a radius of:

Ä95 m 2RM

For uranium 2RM « 6X0 = 1.9 cm so the deposited electron energy is concentrated
in a single scintillator strip, or shared between two if the point of impact is close to
the boundary between two strips [4, 8].

2.2 The electron FLATi and FLONGi distributions

In order to understand the behaviour of the EM shower in the calorimeter, a data
sample from one of the electron beam runs has been used. The Figs. 4a and 4b
show the FLATi and the FLONGj distributions respectively in the 50 GeV/c electron
sample. The FLAT, distribution peaks at 0.95 and the FLONGi distribution peaks
at 1. The isolated bin at FLATi = 1 in Fig. 4a and the uniform distribution in
Fig. 4b are due to the contamination of muons and pions in the electron beam.
Fig. 4c shows the FL0NGt distribution of the 200 events in the FLAT, = 1 bin. The

2The critical energy tc can be parameterized as ec a 550M£v • tc as 80 MeV for scintillator,
tc as 6 MeV for uranium [4].
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peak around 0 conies from pions which go through Ml without interacting and the
second peak, around 0.2, is due to muons (as will be explained in the next chapter).
There are also 3 electron events (FLONG, = 1) in Fig. 4c. Fig. 4d shows the FLONG!
distribution when the pions and the muons are cut away (with the condition FLAT2

> 0.92 and FLATi < 1). We conclude that electrons are characterized by a FLONG!
value larger than 0.96, which means the electrons deposit more than 96% of their
energy in the first module.

The energy distributions for the individual modules and the whole calorimeter
using the selection criteria for the electrons (0.92 < FLATi < 1 and FLONG i > 0.96 in
order to remove the pion contamination), are seen in Fig. 5 for the 50 GeV/c electron
sample (the first 6 plots). The energy spectra show all events with the electron part
shaded. The shaded distributions are shown again (the lower 6 plots), but with
stretched energy scale for M2 - M5. We observe that for a 50 GeV/c electron beam,
about 0.8% (on average) of the total energy is deposited in the second calorimeter
module (M2), 80% of all electrons still deposit on average about 0.4% of their total
energy in M3, and about 30% of all electrons give even rise to a measurable signal in
M4. Similar qualitative observations were made in a Monte Carlo simulation3 based
on G'"!ANT. The most likely explanation seems to be the leakage of the numerous
low energy (a 1 MeV) photons and uranium fission: photons with 5 ~ 10 MeV
may produce uranium fission leading to neutrons which can travel through one or
more calorimeter modules without absorption. On the way, some energy may be
transferred to protons in elastic scattering processes, which gives rise to the signal
observed in the later modules.

Figs. 6 and 7 show similar distributions for 2 different pion beam data sets (30
GeV/c for the first and 70 GeV/c for the second one) where the electron defining cuts
have been used. The energy spectrum show all events and the shaded parts show
the candidates of the electron events. These electrons exhibit the same behaviour
as those of Fig. 5.

Looking at the FLONGi distribution, one can estimate the rate of contaminating
electrons in the pion beams. The electron events appear in the FLONGi distribution
close to FLONGi = 1. By estimating the background from the pions in the region
FLONGi > 0.96 the excess of events in the peak is taken as electrons. Fig. 8 shows
the FL0NG, distributions for the 2 sets of data with the cut 0.92 < FLATi < 1 i"
order to reduce the pion events (the two lower figure lines with an expanded scale).
The number of events above FLONGi > 0.96 are 9100 (1420) for the two energies.
The fraction of electrons are estimated as (2.6 ±0.1) x 10~2 and (0.24 ±0.06) x 10"2

for 30 GeV/c and 70 GeV/c pion beams respectively.

3 The identification of muons

3.1 The characteristics of muon

At moderate energies the muon loses its energy by ionization in its passage through
matter. Only at energies much larger than 10 GeV other processes become signi-
ficant, as e.g. bremsstrahlung and nuclear interactions. Like a minimum ioniza-

'E . Hugentobler. private communications



tion particle it deposits small ai on average) equal amounts of energy (around
0.7 GeV) in every calorimeter m<>,i ile. The deposited energies are concentrated in
one strip, rarely in two. The FLAT listribution is then expected to peak near the
value of I4.

From the radiation length distribution in the calorimeter, the following FLONG
values are expected for penetrating inuons:

FLONG, = y - ^ = 0.215 (6)

= 1, .., 4) and

FLONGh = - ^ - = 0.141 (7)
A Colo

for the last module.
Fig. 9 shows FL0NG_, plots, with the cut condition FLATj = 1, the visible peaks

agree with the estimations (6) and (7).

3.2 The muon identification

The muon deposit on average the same amount of energy in every calorimeter mod-
ule and therefore it is useful to replace the five FLAT, and FLOMGj distributions with
two new variables which are based on the original ones:

1 5

FLAT' = (- x £ FLAT,2)1'2 (8)
5 >=i

Figure 10a shows the distribution of this variable5. There is sharp peak at
FLAT = 1 due to muons. A second narrow peak nearby the muon peak is partly
produced by pions and partly by muons as will be described later. The main
distribution is produced by the pions.

The other variable is:

i 4

FLONG' = {- x [^{FLONGj - 0.215)2+ (FLONG5 - 0.141)2]}1/2 (9)
5 ; = i

Note that electrons have been removed in calculating these parameters by the
cuts Efax > 0.1 GeV6. The muon events should appear close to 0 in the FLONG'
plot (see Fig. 10b). The broad distribution around 0.2 comes from the pion events.
There is also a small peak around 0.4 which is due to pions which start their show-
ering in the last module.

4 In fact, FLAT = 1 for most muons due to an energy threshold cut as will be described later.
5In Fig. 10, only one fifth of the 70 GeV/c »ample has been used.
6Since the cut EJ"" > 0.1 GeV is applied for all modules in the same event, the electrons are

cut away. The cut also introduces a detection efficiency for muons which is less than 1.



Fig. 10c shows the correlation between these variables in a two dimensional plot.
The plot is dominated by the pion distribution and the sharp muon distribution at
the FLAT' = 1 edge. The events distributed between 0.96 < FLAT < 1 constitute
a small group of events with pions and muons mixed (the gap between the muon
events at FLAT = 1 and the rest is an effect of the energy threshold in the calorimeter
strips [4]).

The mixed pion and the muon group has been investigated in detail by con-
sidering three slices in the FLOMC' distribution. For FLONG' < 0.15 (1900 events)
the energy and the FLONG, distributions for the individual modules are all alike.
The energy deposition is less than 5 GeV in each module and the FLONGj distri-
butions peak at 0.15 identifying muons which have lost some energy due to e.g.
bremsstrahlung. Here it is also assumed that a gamma shower hits more than two
calorimeter strips while a muon hits at most two. For FLONG' > 0.38 (565 events)
the energy and the FLONGj distributions for the individual calorimeter modules are
compatible with those of a pion penetrating all modules but showering only in the
last one. The number of such events are found to be in agreement with the expected
number, calculated from the distribution of interaction lengths in the calorimeter.

For 0.15 < FLONG' < 0.38 (4490 events) the energy and the FLONGj distributions
for the individual calorimeter modules are characterized by broad distributions in
both energy and FLONGj. By requiring only one module to contain an energy above
ssl.2 GeV (and that the fifth module should always contains a MIP signal) this data
set can be separated into a muon part (»2/3 of the events) and a pion part. The
muons are here characterized by a long energy tail extending 50 GeV, an effect of the
emission of high energy gammas. The pions have a decreasing energy distribution
down to 3-4 GeV. The cross section [10] for a muon emitting high energy photons
(bremsstrahlung) has been used to compare with our result. The long tails are well
reproduced by the data (the low energy part is dominated by dE/dx) at both the
30 and the 70 GeV/c pion data samples (see Fig. 13).

The energy spectrum for the individual calorimeter modules as well as the total
energy in the detector is shown in Figs. 11 and 12 (30 GeV/c and 70 GeV/c pion
data respectively) for the clean muon events selected by the cut FLAT = 1. Notable
is the tails originating from radiative energy losses of the muon energy.

3.3 The number of muons

The total energy distribution is seen in Fig. 13 for the two data samples. The lower
energy region is completely dominated by the muon events. There are also much
more muons in the 70 GeV/c data compare with the 30 GeV/c data. In the two
lower figure lines the pions and the muons have been separated as described above.

The number of muons is estimated from the separation method described above,
corrected for non-interacting pions (which constitute an irreducible background).
The fraction of muons in the two data samples are (1.81 ±0.05) x 10"2 and (10.2 ±
0.1) x 10~2 for 30 and 70 GeV/c pion beams respectively.

The number of muons can also be estimated from the total energy distribution
alone by a cut at 17 GeV (8 GeV) for the 70 GeV (30 GeV) data sample. Assuming
a constant background of pions and correcting for the lost muons in the tail this give
similar results but with approximately twice the errors (mainly due to systematic



errors).

4 Summary

The segmentation of the ZEUS calorimeter makes it possible to distinguish different
shower profiles in the detector which can be used to identify and remove electrons
and muons from the pion test beam data.

Electron deposit almost all of their energy in the first calorimeter module and
have a narrow lateral shower profile as measured by the FLAT] variable. By the help
of the FLONGi variable, which is a measure of the longitudinal energy deposition
in the calorimeter, the contamination of electrons in the pion beam data sets is
(2.6 ± 0.1) x 10-2 and (0.24 ± 0.06) x 10~2 for 30 GeV/c and 70 GeV/c beam
momentum respectively.

The muon contamination in the data is signaled by a small energy deposition
in every calorimeter module. Global variables FLAT' and FLONG are defined as
a combination of the local variables FLAT, and FLONGj pertaining to individual
modules. The FLAT and FLONG variables are used to separate the muons from the
sample with only a small fraction of unresolved pions left.

The total energy measured in the calorimeter exhibit a low energy peak with
a background from non-interacting and late interacting pious. It is found that the
pion beam contains (1.81 ±0.05) x i0"2 and (10.2 ±0.1) x 10"2 muons at 30 GeV/c
and 70 GeV/c respectively. In addition the energy deposited by the muons in the
calorimeter is found to extend 50 GeV and 15 GeV for the two data sets respectively
in agreement with the bremsstrahlung cross section.

In conclusion, the pion test beam data can be cleaned from electrons and muons
and non-interacting pions which is of importance for obtaining optimal results in
time of flight measurements of neutral hadron particles, using TOF scintillator
planes embedded in the calorimeter.
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the total energy in the calorimeter for the 70 GcV/c pion data. The six lower plots
show details of the selected electrons.
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