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1 . Introduction

The detection of photons or electrons by modular
electromagnetic (e.m.) calorimeters has become a stan-
dard technique in high-energy physics experiments. A
shower induced by photons or electrons is called elec-
tromagnetic, and its development in this kind of
calorimeter differs considerably from a hadronic shower
induced by, e.g ., pions or protons [1] .

In this paper we investigate the capability of parti-
cle identification in a finely granulated lead glass array,
which is a typical representative of homogeneous elec-
tromagnetic calorimeters . Our analysis is based on the
fact that the lateral development of hadronic showers
is different from that of electromagnetic ones, which is
reflected in the dispersion of the shower . We will
introduce an improvement of this standard measure of
the shower width and discuss the following points :
(i) identification of single electromagnetic showers

and misidentification of single hadronic ones as
photons or electrons,

(ü) recognition and unfolding of two overlapping elec-
tromagnetic showers,

(iii) and recognition of ovcrlap between an electro-
magnetic and a hadronic shower .

The corresponding identification efficiencies achieved
with the proposed method have been determined. For
a planar detector configuration covering a large solid
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A method to discriminate between electromagnetic and hadronic showers in modular electromagnetic calorimeters is presented .
The algorithm is based on the analysis of the lateral dispersion of the shower distribution. Special emphasis is also given to the
problem of identifying and unfolding overlapping showers. The performance of the methods has been checked by analyzing
experimental data taken with a 7 x 7 lead glass array at an electron and a pion beam in the energy range from 3 to 40 GeV as well
as by analyzing the properties of the reconstructed -rr° peak observed in the two photon invariant mass spectra from heavy-ion
reactions .

angle the method has to be applicable also for non-per-
pendicular incidence .

In particle physics experiments with soft hadronic
interactions the first of these points is of primary
interest . The problem (ü) arises only from the two
photon decay of energetic Tr° resulting in two close by
electromagnetic showers, which may merge into one
shower . However, for high particle densities, like in
heavy-ion reactions or in particle jets, all items (i-iii)
have to be considered .

In this paper we discuss the performance of our
analysis to detect photons, electrons, hadrons, and
overlapping showers . In section 2 the experimental
setup and the tests, in which the data were obtained,
are described . In section 3 we introduce the cluster
algorithm used to classify our data. A method to sepa-
rate electromagnetic from hadronic showers is pre-
sented in sections 4 and 5 . The detection and unfolding
of overlapping showers are subjects of sections 6 and 7.
We have applied our algorithm to heavy-ion data and
discuss the results in section 8 . Section 9 gives a
summary.

A test was r. erformed with a detector consisting of
7 x 7 lead glass modules at the SPS X3 beam line in
the CERN West Area, using an electron and a nega-
tive pion beam in the energy range from 3 to 40 GeV.
The detector was placed on a movable platform so that
it could be scanned horizontally and vertically through
the beam . A rotation around two ofthogonal ax-s was
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Fig. 1 . The experimental setup at the SPS X3 beam line . The
x- and y-axis for the rotation are at the front face of the lead

glass detector.

also possible to allow non-perpendicular incidence at
the detector front face (see fig . 1) .

Each module is made of TF1 glass with a total
!ength of 40 cm and a cross section of 4 x 4 cm2. The
radiation length X, has been calculated to be 2.78 cm
and the interaction length A to be 38 cm [2], i .e . the
leng,h cof the modules corresponds to 14.4X, and 1.IA .
The lead glass blocks were coupled to FEU-84 photo-
multip~'iers read out by 11 bit charge sensitive ADCs
with automatic pedestal subtraction (LeCroy 2280 Sys-
tem) . The energy calibration has been performed by
exposing the center of each module to a 10 GeV
electron beam . The gains of the photomultipliers have
been adjusted to 30 GeV full scale (= -1000 pC) in a
single module and the ADC values have been cor-
rected for time dependent gain drifts monitored by a
laser reference system [3] .

The SPS X3 beam line is equipped with a magnetic
spectrometer, which selects particles of momentum p

Table 1
Number of measured e- evcms. 0x(0,.) are the angles with respect to the perpendicular incidence
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Table 2
Number of measured w- events. 0,r(0

	

are the angles with
respect to the perpendicular incidence

with an accuracy 0p/p

	

of about

	

1%. Two gas
Cherenkov counters allow to tag electrons and pions.
The beam trigger was defined by two scintillators and
the beam spot size was 2.5 x 1.6 CMZ Urns). The posi-
tion of the beam particle on the front face of the test
detector was measured by a delay-line wire chamber
(DWC) with a precision of better than 1 mm in x and
y directions . About 9% of the electrons were found to
produce showers in the lead glass, which give either
one cluster with two maxima or two clusters with one
maximum each (A cluster is defined in section 3.). As
the ADC sum of two cluster events gives the same
energy deposition and resolution as those electron
events giving one cluster with one maximum, these
events are interpreted as electrons accompanied by a
bremsstrahlung photon [4] . The remaining amount of
analyzed data is given in tables 1 and 2 for the differ-
ent incident energies and different angle of incidence
combinations.

The efficiency of electron and pion tagging is
demonstrated in fig . 2. Here the total energy deposited
by 20 GeV electrons and charged pions (shaded area)
is displayed . No electron peak is observed in the pion
sample and no minimum ionizing peak in the electron
sample .

Energy
[GeV]

0,
[deg]

0,.
[deg]

Events ox
[deg]

0,.
[deg]

Events

3 2 0 11050 4 4 11260

10 0 0 19501 4 4 11 156
6 0 12 836 2 2 10653
6 6 10496 2 0 10993
4 0 12181

20 0 0 15086 4 4 10248

30 0 0 18881 4 4 9777

Energy
[GeV]

BX
[deg]

0)
[deg]

Events

3 0 0 1060
0 0 4266

10 0 0 16580
20 0 0 26279
30 0 0 32 700
40 0 0 38223



154

3. Cluster algorithm

A typical single event display showing the two-di-
mensional pattern of modules with non-zero energy
deposition is depicted in fig . 3 . The data were taken
with the calorimeter SAPHIR [3] in 200A GeV ;'S +
Au reactions. In order to analyze such events it is
mandatory to use a cluster finding routine . The cluster
algorithm described in the following is applied to the
data taken by the test detector . As the rms of the
pedestal distributions is I to 2 channels, only modules
with an ADC value of 2 or more have been considered .
Groups of adjacent modules are called clusters . A
module with an ADC value of at least 3 channels
higher than all neighboring modules is defined as a
cluster maximum. The further analysis is directed ac-
cording to the number of maxima found within one
cluster. Clusters with one maximum are assumed to be
single particles whereas those with two or more max-
ima may indicate an overlap of several showers . Disen-
tangled particles and clusters with one maximum are
called hits . Fig. 4 shows the flow chart of our particle
identification algorithm. The dispersion analysis will be
described in the next section, whereas the shower
unfolding is explained in section 7 .

4. Separation of electrons and negative pions

As mentioned above, electrons and negative pions
can be distinguished by the widths of their showers [6] .
A frequently used measure of the width is the second

F. Berger et al. / Particle identification in modular e.m. calorimeters
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energy / channels

Fig. 2. Distribution of the energy response for electrons and
charged pions (shaded area) with an incident energy of 20
GeV . The insert shows the same spectrum with a logarithmic

y-axis .

5 10 15 20 25 30 35 40 45
modules

Fig . 3 . ADC pulse height distribution of the lead glass array
SAPHIR for a single 200A GeV ;2 S+Au reaction . Each
square corresponds to the logarithmic response of a single

lead glass module .
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Fig . 4 . Flow chart of the algorithm used to analyze heavy-ion
data. Ai is the difference of the first moments in module

units for two succeeding iterations.



where A i is the pulse height in the ith module and xi
the module position [7]. For simplicity only the projec-
tion of the cluster on the x-axis is considered in this
section, i .e . in all formulas x can be replaced by y . In
fig . 5 DX is displayed for elect s (solid line) and
pions (dashed line) at an incident energy of 20 GeV.
Their points of incidence are uniformly distributed
over the detector front face . The narrow electron and
the very broad pion distributions offer the possibility to
separate electrons and charged pions. :restricting the
analysis to particles hitting only the central area of a
module results in the shaded histograms in fig. 5 . For
this special case the rejection of -- is more efficient
compared with the more realistic case of uniformly
distributed hits. The shaded distributions are similar to
results given in ref. [6], where data were taken with the
same detector material and a slightly smaller module
size . The curves demonstrate also that the results of
ref. [6] are limited to particles hitting the central area
of a detector module . No cluster routine was applied in
fig . 5 in order to be comparable to the results from ref.
[6] .

In the following only clusters with one maximum
will be, analyzed and electron and negative pion clus-
ters will be compared at similar amounts of deposited
energy, i .e . the rr - contamination in an electron sam-
ple calculated by this selection has to be multiplied by
the probability That a charged pion produces a cluster
with the considered amount of energy (see fig . 2) . The
dependence of DX for electrons and charged pions on
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Fig. 5. Dispersion DX distribution for showers produced by
electrons (solid line) and negative pions (dashed line) with an
incident energy of 20 GeV. The shaded areas correspond to
those hits entering the center of the module . No cluster

algorithm is applied for this plot .
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Fig. 6. Dispersion Dx for electrons (a) and negative pions (b)
as a function of the first moment x at 10 GeV deposited
energy . The dashed line represents a parabolic cut and the

solid line a fixed cut.

the hit position relative to the module boundaries is
shown in fig. 6. Here DX is plotted as a function of the
first moment x, which depends on the position relative
to the module boundaries [5] . According to the applied
coordinate system z = 0 or 1 means the center- and
x = 0.5 the edge of a module . Clusters with only two
modules in the x-direction always fulfill the following
equation exactly :
Dmin = _ ( X -XR)(x -X L)) 2

i .e . no particle identification is possible in these cases.
Here x R and xL are the right and left edges of the
central module (x L <_ z < x R)' If the cluster consists of
more than two modules in the x-direction, Dx(x) is
always larger than Dm'°(x). This threshold leads to the
parabolic area without any entry neither for electrons
nor for pious . A very similar behaviour has been ob-
served with a BGO detector [8] underlining that the
proposed method does not depend on the detection
mechanism of the shower, which is Cherenkov light in
the case of lead glass and scintillation light in the case
of BGO. In order to reject pions two different cuts for
Dx have been compared, a fixed cut (solid line) and a
parabolic cut (dashed line, see fig . 6) . Fig. 7 shows the
respective efficiencies to discard charged pions as a
function of the electron fraction lost by applying the
two different cuts . Allowing, e.g ., a 10% electron loss
the hadron suppression can be improved from 73% to
79% . Even more critical, the fixed cut leads to a
position dcpendent identification probability for clec-
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Fig. 7. Efficiency to discard pions as a function of the fraction
of electrons lost by applying a fixed cut (triangle) and a

parabolic cut (circles) .

trons and charged pions, whereas no position depen-
dence is observed for the parabolic cut. This is illus-
trated in fig. 8 by plotting the probability to accept an
electron as a function of the position within one mod-
ule for the fixed cut (triangles) and the parabolic cut

I
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0.5 0.4 0.3 0.2 0.1 0
x/ module units

Fig. 8. The efficiency to accept electrons as a function of the
module position is plotted for the fixed cut (triangles) and the
parabolic cut (circles) . x =0 (0. .5) corresponds to the center
(edge) of the module . The average efficiency to accept elec-

trons is in both cases 99rr .
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Fig. 9. Dcorr distributions for different combinations of angles
of incidence (0,. 0,.) calculated from 10 GeV electron show
ers. For comparison the Dc"" distribution for perpendicular

incidence is plotted as a dashed histogram.

(circles). Both cuts have the same overall efficiency of
99% electron acceptance . Therefore we introduce a
corrected dispersion Dcorr in the following, which is
defined as
4Dcorr - D . -

Dmin,
.t X .s

A cut in the one-dimensional distribution D.4°" is

equivalent to a parabolic cut in the two-dimensional
distribution of D.,. versus

	

.

5. Dependence of Worr on angle and energy

The dependence of D_, .̀ °" on angle and energy has
to be analyzed to examine the limitations of this method
for various detector configurations . Fig. 9 shows D.,.̀""
distributions for different combinations of (®_,., 0,� see
fig. 1) for electrons with 10 GeV incident energy . The
D_;°" distribution does not change very much for angles
less than 6° .

In order to investigate our method for larger angles
of incidence electromagnetic showers have been simu-
lated using LEANT [2]. Fig. 10 shows D.,. as a function
of z for four different angles of incidence in the range
from 0° to 15°. The results for 0° and 5° reproduce our
experimental values of D.,. For larger angles D, in-
creases and becomes position independent and Dcorr

becomes useless. This behaviour reflects that at small
angles only two modules contribute significantly to D,,
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Fig. 10 Dispersion DX as a function of the first moment x for
different angles of incidence 0°, 5°, 10°, and 15°. The data are
simulated using GÉANT assuming TFI lead glass with the

same module dimensions as the test detector.

which is expected as the radial shower profile is mainly
exponential [9] . For increasing angles the shower
spreads over more modules .

The energy dependence of DX°" is shown in fib. 11
for two angle settings and incident energies of 3, 10,
20, and 30 GeV. Serving as a reference the DX°"
distributions of the 10 GeV data are plotted as dashed
histograms . Dx°" appears to be slightly energy depen-
dent as the shape of electromagnetic showers depends
logarithmically on the energy [10] . The energy depen-
dence of DX°" is also influenced by the ADC cutoff,
i .e . more modules above the threshold are involved in
high energy showers than in low energy ones and hence
DX°" becomes larger with increasing energy. On the
other hand, DX°" of charged pion induced clusters is
observed to become smaller for larger amounts of
deposited energy (more than 10 GeV). This behaviour
of DX°" implies that the efficiency to discard charged
pions as a function of electrons lost is energy depen-
dent .

6 . Recognition of overlapping showers

F. Berger et al. / Particle identification in modular e.m . calorimeters

In the next two sections the overlap of two showers

will be discussed . According to our cluster routine the

problem of two overlapping showers was divided into

two cases: the resulting cluster has only one maximum
or there are two or more maxima . The study this effect
an artificial overlap was generated from the experi-
mental data by adding the ADC values of different

Fig. 11 . Dx°" distributions for the energies 3 GeV (a), 20
GeV (b), and 30 GeV (c) at two angle of incidence (6,r , 8),)
settings. For 3 GeV the (2°, 0°) distribution is used because
(0°, 0°) data have not been measured . For comparison the
result from the 10 GeV data set is shown as a dashed
histogram for the angles (0',0") in the left column and for

(4°, 4°) in the right column.
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Fig. 12 . Resulting cluster type for two superimposed showers
as a function of distance of the two incident particles . The
dotted lines correspond to one cluster with one maximum, the
dashed line to one cluster with two maxima, and the solid line
to two clusters with one maximum each . (a) 10 GeV e - + < 1 .4
GeV rr - : (b) 10 GeV e - +1.8-6.3 GeV =r - ; (c) 10 GeV
e- + 10 GeV e - ; (d) 10 GeV e - +3 GeV e -. The sutra of the
disc ..-ibutions has been normalized to 2rr to reflect the phase

space density for cluster pairs.
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single-hit events. Fig. 12 illustrates for different parti-
cle combinations and for different energies that clus-
ters with one maximum occur only for small distances
of the two particles (_< 2 module units, dotted line).
Clusters with two maxima are observed at distances
from 2 to 4 module units (dashed line) and two well
separated clusters with one maximum each appear at
distances larger than 4 module units . We will first
discuss the case of one cluster with one maximum and
shall turn to the two maxima case in section 7 .

The overlap of two electromagnetic showers has
been analyzed for three different energy combinations :
(a) 10 + 10 GeV, (b) 3 + 10 GeV, and (c) 3 + 20 GeV.
Fig. 13 shows the second versus the first moment and
the efficiency to reject these clusters as a function of
the distance of the two incident particles for these
combinations . The rejection has been performed by
applying a cut on

Df` = max(Pc0", D;0R)

	

and Dry - max(D, , Ds) .

The cut for these efficiencies corresponds to 10%
electron loss. As the lateral shape of electromagnetic
showers is not very sensitive to the energy it is ex-
pected that the recognition efficiency of such an over-
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Fig . 13 . Dispersion Dx for two superimposed electromagnetic
showers as a function of the corresponding first moment is
shown (left column). The corresponding efficiencies to iden-
tify the overlap with a cut in D.,,, Washed line) and a cut inD."rr (solid line) as a function of distance of the incident
particles is displayed in the right column . From top to bottom
the following combinations are shown : (a) 10 GeV e - +10
GeV e - ; (b) 10 GeV e - +3 GeV e - ; (c) 20 GeV e - +3 GeV
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Fig. 14. The same as fig . 13, but here the following combina
tions are chosen : upper figure : 10 GeV e - + < 0.9 GeV Tr- ;

lower figure : 10 GeV e - +5-15 GeV rr- .

lap vanishes as the distance of the two showers be-
comes smaller. In the distance range from one to two
module units, where these clusters are most likely (see
fig . 12), the efficiencies to identify as overlap are in all
three cases around or above 50%. For asymmetric
energies a cut in Dxyrr is more efficient than a cut in
D.,,;. Only in the special case that the two energies are
similar a cut in D_r ,, is superior.

Fig . 14 shows the results for the superposition of a
10 GeV electron shower with a -rr - depositing (a) Less
than 0.9 GeV and (b) between 5 and 15 GeV. The
higher rejection efficiency of the cut in DX°rr compared
with the cut in D.r ,, in fig . 14a is in agreement with the
results for two superimposed electromagnetic showers
with different energies. The efficiency to reject an
overlapping energetic hadronic shower is even for very
small distances above 50%, i.e . this kind of overlap will
be recognized with a high efficiency .

7. Unfolding of electromagnetic showers

In this section a method to unfold clusters with two
maxima will be presented . The hypothesis is that each
maximum indicates an electromagnetic shower . After
unfolding each separated hit will be analyzed according
to the dispersion Dr°rr .

A necessary ingredient for this is the lateral re-
sponse function of electromagnetic showers, which has
been extracted from experimental data . The energy
deposition is shown in fig . 15 for 10 GeV electrons with
perpendicular incidence . For simplicity, only the dis-
tance between the center of a module and the first
moment of the shower is considered, which causes the
oscillations in fig . 15 and neglects the asymmetry in x
and y for non-perpendicular angle of incidence . The
following energy dependent function, which is superim-



posed in fag . 15 on the data as a solid line, provides a
rough parametrization for our data:

f(Or, E)

s=0.254+0 .013E0.7 ,
d = 1 .67 - 0.374 In(E) .

	

(5)
Here E is the energy of the electromagnetic shower in
GeV, Ar the distance from the first moment in module
units, and f a function, which has to be normalized to
the measured ADC channels by the parameter A . This
parametrization is applicable as long as the module
size is comparable to the Moli6re radius.
A flow chart of the unfolding algorithm is shown on

the right-hand side of fig . 4 . The unfolding procedure
itself needs the estimated energies and positions of the
single showers as input parameters. Start values for the
energies and the positions are given by the two mod-
ules found as maxima by the cluster finding routine,
i .e . the positions of the showers are given by the
centers of these modules and their pulse heights are
used for normalization of eq. (5). The pulse height Ai
of the ith module of the cluster is subdivided into A i
and A2 according to the following formula :

Ak

	

f(Orik, Ek)
-

f(Oril, El ) +f(Ori2, E2)
Ai

	

for k = 1, 2 .

(6)

a

0
ô
ô

=A max(exp( - Ar 2/0.33), d exp( -Or/s)),

F. Berger et al. / Particle identification in modular e.m.

Fig. 15 . Response function for 10 GeV electrons at (0°, 0°).
The radial response is calculated according to the detector
coordinates neglecting the angle of incidence . Ar is the dis-
tance between the considered module and the first moment of
the shower. The solid line represents a parametrization given

in eq . (5).
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Fig. 16. Results from the unfolding of a 3 GeV e - (circles)
and a 10 GeV e - (triangles) as a function of the distance of
the two showers. The solid fines in figs . (a) and (b) represent
the single e- resolution. (a) Energy resolution . (b) Spatial
resolution . (c) Mean change of the e - energy. The squares
correspond to the energy gain of the whole cluster . The
reason for the energy increase is the ADC threshold . The
triangles show the energy gain of the 10 GeV e -. (d) Mean
change of the distance between two first moments of the two

showers.

Here f is the normalized response function from eq .
(5). Only the relative normalization of the two showers
is needed in this algorithm. For the unfolded hits new
energies and positions are calculated, which are used
as the input parameters for the next unfolding itera-
tion . The next iteration is only performed if at least
one first moment has changed by more than 0.01
module units, otherwise the unfolding procedure is
considered to have converged. The mean number of
iterations has been found to be 2.5 . As in the previous
section, first the overlap of two electromagnetic show-
ers and then the overlap of an electromagnetic with a
hadronic shower will be discussed .

Electromagnetic showers of different energies have
been unfolded and the reconstructed position and en-
ergy have been compared with the original single
shower values . Fig. 16 shows results from the unfolding
of clusters generated by 3 and 10 GeV electrons . The
energy- and spatial-resolution are similar to the single
particle resolutions for distances of the two particles of
more than 2 module units, which is the most frequent
case (see fig . 12d) . For distances less than two module
units the energy- and spatial-resolution worsen espe-
cially of the low energetic shower .

The ADC sum of overlapping clusters is larger than
the sum of the single hits . ADC values, which arc

0
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ß
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Table 3

below the software threshold, contribute to the ADC
sum for the case of artificial overlapped showers, if
energy from the second hit is deposited in the same
module .

The average change of the distance between the
unfolded showers, measured by the first moments of
the showers, depends on the distance of the two hits
and is about -0.2 mm for the most frequent distances .
Table 3 shows results for the unfolding of other energy
combinations, which show a similar behavior to the
ones discussed above.

Electrons have been overlapped with charged pions
at an incident energy of 10 and 40 GeV, respectively.
Due to the fluctuating energy release of the charged
pions (see fig. 2) two cases are analyzed, namely one
with less than 0.9 GeV and one from 5 to 15 GeV
deposited energy. The energy- and spatial-resolution
of the electrons are only slightly influenced by pions
depositing little energy (see table 4). If the charged
pions deposit quite a large amount of energy, the
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energy- and spatial-resolution of the electrons become
worse . Energy deposited by the pion is carried to the
electron .

The effects of overlap of showers on the particle
identification are illustrated in fig . 17 . All histograms
show the fraction of particles which yield a second
moment D" larger than the threshold used for parti-
cle identification . For electron-induced showers this
corresponds to the number of electrons falling outside
the electron identification window, whereas for pions it
constitutes the fraction of showers which were success-
fully rejected .

Three different compositions of overlapping show-
ers are investigated : (a) a 3 GeV electron and a 10
GeV electron, (b) a pion, which deposits less than 0.9
GeV, and a 10 GeV electron, (c) a pion, which deposits
5-15 GeV, and a 10 GeV electron . In the first two
cases, where the 10 GeV electron shower contributes
the dominant fraction of energy to the cluster, no
significant changes of its second moment are observed .

Table 4
Energy resolution and spatial resolution of unfolded e - from an overlap between an e - and a rr - compared with single-particle
resolutions and the change of DX . AD., is the change of D, caused by the unfolding algorithm

Energy resolution and spatial resolution of unfolded e compared with single-particle resolutions and the change of DA. . AD,, is
the change of D. , caused by the unfolding algorithm

Beam energy [GeV] 3+ 10 GeV e - 3+30 GeV e - 10+30 GeV e -
3 10 3 30 10 30

Single-hit energy res . [%] 5 .9 3 .6 5 .9 2 .6 3 .6 2.6
Unfolded hits [%) 6 .6 3 .8 6 .2 2 .4 4 .2 2 .9
Energy change [MeV] 11 .5 12 .0 9 .5 17.8 23.0 16 .5

Single-hit spatial res . [mm] 4.4 2 .4 4 .4 1 .7 2 .7 1 .7
Unfolded hits [mm] 4.8 2 .6 4 .9 1 .7 2 .8 1 .7

Distance change [mm] -0.17 -0.10 -0.08

(AD,) [(module units)`] 0.0047 0.0016 0.0064 0.0002 0.0026 0.0013
o-(OD,) [(module units)`] 0.031 0.017 0.033 0.015 0.025 0.017

40 GeV r - + 10
Edep . (r- ) < 0.9
-Ir

GeV e -
geV

e

40 GeV r- + 10 GeV
5 GeV < Edep. (-rr - ) <
r -

e -
15 GeV
e -

Single-hit energy res. [%] 3.6 3 .6
Unfolded hits [%] 3.6 4 .7
Energy change [MeV] 26.9 -20.5 -205 236
Single-hit spatial res . [mm] 2.4 2 .4
Unfolded hits [mm] 2.5 2 .9
Distance change [mm] -1.47 2.25
(AD,) [(module units) z ] -0.0029 0.0322 -0.0514 0.0393
o-(®D.) [(module units) Z ] 0.013 0.050 0.084 0.054



On the other hand, the dispersion of the unfolded 3
GeV companion (case (a)) appears to be reduced com-
pared with isolated showers of the same energy, so
even less of these electrons are lost by the dispersion
analysis . The second moments of hadron-induced
showers resulting in only small energy depositions (case
(b)) also do not show any significant change by the
unfolding . Please note, however, that only 0.4% of
those hits can be discarded by their second moment.
The situation in case (c) is similar to that in (a) ; the
second moments of strongly fluctuating hadronic show-
ers tend to be reduced by the overlap with the 10 GeV
electron shower . Here, however, this leads to a worsen-
ing of the pion rejection . In addition, the electron
showers are influenced by the fluctuations of the
hadron showers, leading to increased second moments
and thereby causing also an enhanced loss of electrons.

For the first two of the above studied examples the
method described in section 4 can be applied with
comparable efficiency . These will also be the most
frequent situations in a real environment (see next
section) . Only for the last discussed case (c), the effi-
ciency for particle identification becomes worse. The
probability of finding a hadron depositing a large
amount of energy in an e.m . calorimeter, however, is
very low, so that example (c) from above is a rather
rare situation .

F. Berger et al. / Particle identification. in .modular e.m. calorimeters

1 2 3 4 5
distance / module units

0.5

0 .5

b)

S. Application to heavy-ion data

The methods described in the previous sections can
be applied to any laterally segmented e.m . calorimeter.
In order to check the performance in a realistic experi-
mental environment we have analyzed data taken at
the CERN SPS with the lead glass spectrometer
SAPHIR in 200A GeV 32 S + Au reactions [12,13] . The
detector comprises 1278 lead glass modules and is
located at a distance of 9 m from the target, where it
covers the pseudorapidity range from 2.3 to 2.9. The
method was tested by analyzing the -° --> 2y decay
observed in the two photon invariant mass spectrum.
The "rr o~ mass resolution reflects the effective energy-
and position-resolution of the detected hits [3,11,14].
In fig . 18 invariant mass spectra are shown for the case
that both Dxc~rr values are below 0.25 (solid histogram)
and for the case that at least for one hit DX'r is
between 0.25 and 0.5 (dashed histogram). Fitting the
mass spectra with a polynomial for the combinatorial
background and a Gaussian for the w° peak reveals
that the -rr o peak position B, increases from 135.1 ± 0.1
to 144.8 ± 0.4 MeV/c 2 as well as the width cr from
9.5 ± 0.2 to 11 .8 ± 0.5 MeV/c2 . The sample of hits
with larger second moments contains a considerable
fraction of clusters, which originate from two showers,
which cannot be unfolded . Such overlaps, e.g . from a
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Fig. 17 . Particle identification for unfolded showers. The fraction of particles with a second moment DXC~rr larger than the cut used

for the particle identification is plotted for three different combinations of overlapped particles. The solid lines represent the

results obtained for single insulated hits. (a) 10 GeV e - and 3 GeV e - ; (b) 10 GeV e - and <0.9 GeV r-; (c) 10 GeV e- and
5-15 GeV r-.
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Fig . 18. Two photon invariant mass spectra for 200 A GeV
;2S+Au events. For the solid histogram only those hits have
been used that have a Dfy" value below 0.25, whereas the
dashed histogram contains pairs where at least one Ds°rr

value is in the range from 0.25 to 0.5 .

photon and a minimum ionizing particle, will create
clusters, which have an energy slightly higher than the
true photon energy . Such overlap effects will therefore
result in a shift in the Tr° peak position and an in-
creased width . The combinatorial background is com-
parable in both cases, although the Tr ° peak content is
1/3 for the combinations with the higher Dry values .
A detailed analysis of the Tr o peak as a function of
Dfcorr in the interval from 0 to 0.5 (module units)2
shows that the Tr ° peak position changes from 130 to
150 MeV/C 2 and at the same time the peak content
normalized to the total number of entries in the mass
window g, ± 3v decreases by a factor 3.5 from = 0.32
to = 0.09 .

The effect of a high particle density has been ana-
lyzed by selecting central and peripheral events, i .e .
high and low multiplicity 200A GeV 32S + Au events .
Similar to fig . 18 the following cut has been applied to
the data displayed in fig . 19 : (a) both DX,rr values are
below 0.25 and (b) at least one Dsyrr value is above
0.25 . Due to the low particle density in peripheral
events the influence of overlapping showers on the
distribution of DXyrr i s negligible - these reactions can
therefore provide a test of the separation of hadrons
and electrons . The distribution (b) shows only a very
small rr O peak, i .e . nearly no photon is lost by the cut .
In central reactions, however, the higher overlap prob-
ability leads to a large number of hits, which cannot be
used for Tr°-reconstruction, but only contribute to the
combinatorial background. The cut in D. cyrr reduces
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Fig . 19. Two photon invariant mass spectra for 200A GeV
32S+Au events. On the left-hand side peripheral and on the
right-hand side central events are selected . (a) Only the hits
having a D.,,°_r, value below 0.25 . (b) At least one Dxorr value

is above 0.25 .

Fig . 20. Two photon invariant mass spectra for 200A GeV
32S+Au events in the interval 1 GeV/c S I PT(yy)I S 2
GeV/c . Three different classes of hit combinations are cho-
sen : (a) at least one photon has been unfolded from a cluster
with 3 or more maxima, (b) at least one photon has been
unfolded from a cluster with 2 maxima, and (c) all combina
tions are used regardless of whether the hit has been unfolded

or not .



the combinatorial background by a factor of 3 and at
the same time the rr o peak content is reduced by only
25% .

The unfolding of electromagnetic showers has been
investigated in the same way by analyzing the two
photon mass spectrum . In fig. 20 invariant mass spectra
are shown in the interval 1 GeV/c _< I PT(YY) I < 2
GeV/c for three different classes of hit combinations:
(a) at least one hit has been unfolded from a cluster
with 3 or more maxima, (b) at least one hit has been
unfolded from a cluster with two maxima, and (c) all
combinations are used regardless of whether the hit
has been unfolded or not . The total rr o peak content
from (a) and (b) corresponds to = 40% of that from
(c) . As the reconstruction efficiency of the 7r"s is
proportional to the square of the efficiency of the
photons, the absolute photon reconstruction efficiency
improves by about 30% for the analyzed data sample .
A special problem occurs for the detection of hits

originating from the same particle decay. According to
the Lorentz boost the two decay photons from an
energetic 7r" tend to merge into one cluster. Therefore
invariant mass spectra have been calculated in differ-
ent bins of I P T(YY) I for two classes of hit combina-
tions : (i) all combinations are used regardless of
whether the hit has been unfolded or not and (ü) both
hits have been unfolded from the same cluster. The
resulting invariant mass spectra are displayed in fig. 21
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Fig. 21 . Two photon invariant mass spectra for 200A GeV
32S+Au events in three intervals of I PT('YY)l : (a) 0.4 GeV/c
<_ I PT(YY) I < 1 GeV/c ; (b) 1 GeV/c < I PT(YY) 15 2
Ge'v'l 'c ; (c) 2 GeV/c < Py-( -yy)I < 3 GeV/c. Two different
classes of hit combinations are chosen : (i) all combinations are
used regardless of whether the hits have been unfolded or not
and (ii) both hits have been unfolded from the same cluster .

For the ratio as a function of I PT(rr ° ) I see the text .

163

Tile ?mount of T"s reconstructed by class (ü) is also
shown in fig. 21 by plotting the ratio of these -rr"s to ali
reconstructed -rr"s as a function of I PT(7r ° ) I . Due to
the high particle density of heavy-ion reactions this
ratio is not vanishing even at low I PT("r°) I values, as
the two photons may merge into one cluster by adding
one or several showers in between them.
We would like to point out that no significant effect

on the -rr ° peak position and width has been observed
for the mass spectra including unfolded hits .

9. Summary

We have presented a simple and fast but very
effective method to identify electromagnetic and
hadronic showers in modular e.m. calorimeters by ana-
lyzing the characteristic widths of the showers . The
proposed method covers previously published algo-
rithms [6,8] and is furthermore a generalization of
them. Results obtained from data taken with a test box
in electron and pion beams show that at 10 GeV
deposited energy isolated hadronic showers can be
rejected from e.m . showers with nearly 80% efficiency
when accepting at the same time a 10% loss of electron
induced showers . These figures are found to be inde-
pendent of the angle of incidence with respect to the
detector surface (0< 10°). Furthermore, the identifica-
tion (rejection) efficiency does not show any significant
position dependence over the cross section of the de-
tector modules, which constitutes an important im-
provement over former methods [6,8] .

The identification and unfolding of overlapping
showers has been investigated in great detail for vari-
ous hit combinations. For two-hit clusters with one
maximum detection efficiencies of more than 50%
have been found for very small distances of 1-2 mod-
ule units . If the second maximum appears, the original
hit positions and energies are recovered with only little
loss in position- and energy-resolution even for such
small distances .

As a final and realistic test of the overall perfor-
mance we have applied the proposed methods to data
taken with a lead glass detector in high energy heavy-ion
reactions . The contents and width of the 7r° peak in
the yY invariant mass spectra was considered a quality
scale for the reconstruction algorithm . Large improve-
ments are observed particularly in central collisions
with their associated high particle density ; a clear ;r°
peak occurs only after application of the cluster rou-
tines in the -y--y pair combinations. The absence of the
invariant mass peak in the -y-non--y pair sample
demonstrates the high photon reconstruction effi-
ciency .
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