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We report on an experimental study of longitudinal leakage phenomena in hadronic shower development . Pions in the energy
range of 10-150 GeV were sent into a lead/scintillating-fiber calorimeter with a thickness of 9.6 nuclear interaction lengths. The
average fraction of the energy leaking out at the back of this calorimeter ranges from 0.04% at 10 GeV to 0.4% at 150 GeV. This
leakage has a very small effect on the hadronic energy resolution. We measured the probability of the creation of escaping muons
in the shower development process. This probability ranges from 0.2% at 10 GeV to 2.1% at 150 GeV. Assuming that these muons
are produced from -rr- or K-decay, we find an exponentially decaying muon spectrum with a typical momentum of 2.8 GeV/c, at 80
GeV incident energy. Also the rates at which hadrons and soft neutrons escape from the calorimeter are measured . Within the
acceptance of the leakage calorimeter, neutrons are observed about 10 times as often as muons. Escaping hadrons dominate muons
for shower energies above 20 GeV. The experiments were performed at CERN in the framework of the LAA project.

1. Introduction

The new generation of multi-TeV high-luminosity
pp colliders (LHC, SSC) is an enormous challenge for
detector development. The detectors in experiments at
these machines will have to be able to handle event
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rates up to (and maybe larger than) 1 GHz, to extract
the interesting physics at trigger levels of 10 -s and
below, and to survive a considerable radiation load .

Crucial in any of these experiments will be the
calorimeter system . Apart from its role in providing the
first-level trigger information and in detecting the pro-
duction of jets, electrons and neutrinos (missing en-
ergy), the calorimeter serves as a muon filter . One of
the important questions that needs to be answered
when designing an experiment concerns the thickness
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of the calorimeter. The choice of this parameter will
have repercussions for:

- The quality of the calorimeter information itself .
Increased shower leakage will for example deteriorate
the energy resolution .

- The muon detectors . Shower leakage will cause
hits in these detectors, which will make it more diffi-
cult to trigger on the particles for which they are
designed (e .g . muons from the process H - ZZ
wl.Ll'W) .

- The cost of the experiment, which for many com-
ponents scales as r Z -r 3 , r being the distance to the
interaction point. For example, the instrumented vol-
ume of a calorimeter with an effective nuclear interac-
tion length (A,) of 20 cm, starting at 1 m from the
vertex, increases by a factor 1 .5 when its thickness is
increased from 10A, to 12A í . And the volume of a
muon detector covering O r = 2 m increases by a similar
factor when a 10A, deep calorimeter with A, = 30 cm is
used instead of A, = 20 cm (both starting at r = 1 m) .

The Spaghetti Calorimeter was developed, in the
framework of the LAA project at CERN, as a dedi-
cated calorimeter for LHC/SSC experiments . It is an
(almost) compensating lead/scintillating-fiber calorim-
eter with monolythic towers, i.e . without longitudinal
segmentation into an electromagnetic (e.m .) and an
hadronic section. Among its many remarkable proper-
ties, which are described elsewhere [1-6], we mention
one that is particularly relevant in view of what was
said before, namely its very compact construction . Be-
cause of the large fraction of high-Z absorber material
(78% in volume, sampling fraction for showers only
2.3%), needed in order to achieve compensation [7],
the effective radiation length (X �) amounts to 7.2 mm,
the effective Moli6re radius (R,,) to 20 mm, the effec-
tive nuclear interaction length [8] A, to 21 cm and the
average density to 9.0 g/cm3. These numbers are al-
most the same as for the ZEUS calorimeter [9], which
contains the much denser 238U as absorber material .

In this article, we report on the results of an experi-
mental study of longitudinal shower leakage effects for
pion absorption in the 200 cm (9 .6 A,) deep Spaghetti
Calorimeter . Since the shower leakage was measured
with a fine-grained calorimeter as well, we were able to
distinguish between several types of shower leakage.
Most frequently, the signals in the leakage detector
were caused by escaping neutrons . Charged particle
leakage from showers caused by pions that undergo
their first interaction very deep inside the main
calorimeter (punch-thru) was observed as well, espe-
cially at the highest energies .
A particularly interesting category of leakage events

are the ones in which a muon is generated in the
hadronic shower development. This phenomenon,
which is mainly caused by secondary and higher order
pions and kaons that decay before they (strongly) inter-
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act, is of course important for the muon detectors
located downstream in an experiment . We were able to
identify such muons, determine their probability of
being created in hadronic showers and measure their
energy spectrum . Also the rates at which other types of
particles escape the calorimeter were measured .

In section 2, the detectors used for these studies,
their calibration and the experimental setup are de-
scribed. Section 3 deals with the experimental data and
with the event selection . Section 4 gives results on the
shower leakage as a function of energy and angle, and
on the effects of leakage on the calorimeter perfor-
mance. In section 5, the signal from muons generated
in the hadronic shower development is analyzed, and
the rates at which muons, hadrons and soft neutrons
escape the detector are determined . A summary and
conclusions arc presented in section 6.

2. Experimental setup

2.1 . The detector

The measurements were performed with two
calorimeters consisting of longitudinally unsegmented
towers . Each tower contains 1141 plastic scintillating
fibers #1 , each with a diameter of 1 mm and a length of
2.20 m. These fibers form the active part of the sam-
pling calorimeters. They are embedded in a lead matrix
in such a way that each fiber is equidistant to its six
neighbors (fig . la). The fiber spacing is 2.22 mm (center
to center), such as to achieve a volume ratio lead : fiber
of about 4 : 1, needed in order to make the calorimeter
(approximately) compensating [7,10] .

The fibers were grouped to form towers . Each tower
has an hexagonal cross section (86 mm apex to apex).
The depth of the lead structure is 200 cm . The fibers
sticking out at one end of the tower were bunched
together in an hexagonal structure, machined and pol-
ished and coupled through an hexagonal light guide (79
mm long, 42 mm apex to apex) to a photomultiplier
(PM) #2 . The other end of each fiber was polished and
made reflective by aluminium sputtering, such as to
make the response more uniform as a function of the
position along the fiber. More detailed information
about the structure of the calorimeters is given in ref.
[2] .

The main calorimeter, to be called SPACAL in the
following, consists of 155 towers . A central tower is
surrounded by seven concentric hexagonal rings (see
fig . Ib); with the outer ring incomplete, the detector

#~ SCSF-38, produced by Kyowa Gas, now Kuraray Co . Ltd,
Tokyo, Japan.

#2 Philips XP 2282, 8-stage .



has roughly a cylindrical shape with a diameter of 1
meter. In the tests described in this article, this detec-
tor was installed as intended in experiments for which
it was developed, namely with the fibers running in
(almost) the same direction as the beam particles and
the readout located at the back end of the detector .
Therefore, its dimensions amounted to 9.6 A, in depth
and 4.7 A, across .

The second detector, to be called LC (leakage
calorimeter) in the following, has the same structure
but is smaller. It consists of 20 hexagonal towers with
exactly the same characteristics as the towers in the big
detector. They were grouped as indicated in fig . lc : a
central tower surrounded by two hexagonal rings plus
one extra tower further outside. This detector served
as a leakage calorimeter in the tests described here . It
was installed behind the SPACAL detector, with the
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fibers running perpendicular to the beam. In this way,
the leakage calorimeter provided an extra 30-35 cm
(1.5-1 .7A1) of longitudinally subdivided calorimetry . It
covered 35% of the back plane of the SPACAL detec-
tor and stuck out laterally by 50 cm on each side (see
fig . 2) .

The PM signals were handled as follows. The anode
signal from each SPACAL tower was split into two
equal parts by means of a passive splitter inside the
base . One part went to the counting room where it was
further fed into an active splitter, one output of which
was sent unchanged into a 12 bit charge ADC, the
other output was amplified by a factor - 10 before
being fed into an ADC. The other half of the anode
signal went into a linear adder, where it was combined
with tower signals from the same hexagonal ring . The
resulting ring sum signals were treated in the same way

c)

145

Fig . 1 . Detail of the front face of the calorimeter (a) and the lateral structure of the SPACAL (b) and leakage (c) detectors. The
arrows indicate the direction of the particles leaking into the backing calorimeter.
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as the signals that were directly sent to the counting
room. The signals of the leakage calorimeter were only
split at the ADC level, but not inside the PM base .

The gain in the PM tubes was set to deliver - 4
pC/GeV in the central detector region, gradually go-
ing up to - 20 pC/GeV in the outer rings of the
SPACAL detector, for the unamplified channels . For
the channels of the leakage calorimeter, the gain was

10 pC/GeV for particles hitting it in the middle
(because of light attenuation in the fibers, the signal is
position dependent in this geometry). The ADC gain
was four counts/pC. This procedure was chosen to
circumvent the insufficient dynamic range of our
PM/ADC system and to be sensitive to small energy
deposits far away from the shower axis .

The data discussed in this article were taken at an
ADC gate width of 400 ns . Sparse data readout was
enabled: signals smaller than four counts above the
pedestal value were not recorded . This corresponds to
a cutoff of 5 MeV energy deposits in the amplified
channels of the outer SPACAL rings and of 10 MeV
for the amplified channels of the leakage detector .

2.2 . The beam line

The measurements were performed in the H2 beam
line of the SPS at CERN. The SPACAL detector was
mounted on a platform that could move horizontally
and vertically with respect to the beam line, with a
precision of about 1 mm. Moreover, the detector could
be rotated around its vertical axis, so that the particles
could be sent into the detector at a chosen angle 0,
(usually a few degrees) with respect to the fiber axis .
The precision of the angular movement was better
than 0.1 mrad. On the other hand, the actual value of
the angle was only known to within
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following, the mentioned values of 0, are nominal
ones . There are indications that the real angles be-
tween the particle direction and the fiber axis were
about 1/2 ° smaller than the nominal ones (see section
4.2) .

The leakage calorimeter was installed on a fixed
platform behind the SPACAL detector as described in
section 2.1 . The distance between the sensitive volumes
of SPACAL and the leakage calorimeter amounted to
80 cm . The beam line passed - 3 cm below the geo-
metrical center of the leakage calorimeter.

About 12 cm upstream of the SPACAL calorimeter,
a preshower detector was mounted. This preshower
detector (PSD) consisted of an absorber sheet (1 .14X,[
tungsten + 0.53X,1 lead), followed by a scintillation
counter (S6) . The signal in this scintillator provided a
clean (at energies above 40 GeV about a factor 10)
separation between electron and pion events [3] . Fur-
ther upstream of the calorimeters, a trigger counter
telescope was installed. It consisted of 5 scintillation
counters (SI-S5) and two drift chambers with x, y
readout (BCI, BC2). The layout is shown in fig . 2.

Beams of negative pions of 5, 10, 20,40, 80 and 150
GeV were sent into the detector at a small angle 0,
with respect to the fiber axis . The beam particle rates
were 10 2_103 events per spill . The spills lasted for 2.6 s
and were repeated every 14 s. At high energies (>_ 40
GeV) the beams were very clean, the contamination of
electrons in the pion beam being below the 1% level.
At lower energies this was different. The contaminat-
ing electrons could be efficiently removed with the
help of the PSD data . At 5 and 10 GeV, where the
beams were heavily contaminated, the PSD signal was
part of the trigger . For pions, the S6 signal was re-
quired to be below a threshold, set at - 7 times the
minimimum ionizing value. Since the PSD covered only

Fig . 2 . Layout of the beam line . See text for details .

Beam Line



an area of 15 x 15 cm2 in the central region of the
calorimeter, it was removed during scans in which a
larger SPACAL area was investigated .

The pion beams also contained some fraction of
muons, which were very important for the present
analysis . This fraction varied from - 2% at 150 GeV
to - 80% at 5 GeV. The Tr/~t separation will be
described in detail in the sections 3 and 5.

Off-line event selection required a single track, by
cutting on the pulse height of the scintillation counters
S1, S2, S3 between 0.5 and 1.7 times the minimum
ionizing particle (mip) value. The S6 signal was re-
quired to be smaller than 2 mip. The x and y coordi-
nates measured in the two beam chambers had to
agree within 1 cm . Beam halo particles were removed
by cuts on x and y in the beam chambers .

2.3. Calibration of the detectors

The SPACAL calorimeter was calibrated with 40
GeV electrons . About 1500 electrons were sent into
the central region of each of the 155 individual towers,
at an angle 0, of 3 ° to the fiber axis . In this way, on
average - 95% of the electromagnetic shower energy
was deposited in the tower concerned. Off-line, the
calibration constants (the relation between pico-
coulombs and GeVs for each individual tower) could
be determined with a statistical precision of - 0.3%
from this data . Because of systematic effects, due to
fiber-to-fiber response fluctuations, high-voltage insta-
bilities, etc. the tower-to-tower calibration is much less
precisely known, to about 3% [6].

For the leakage calorimeter, the calibration proce-
dure was different . First, the gain factors of the 20
individual towers were equalized using muons contami-
nating the 5 GeV pion beam . Because of the large
width of this muon beam and because of multiple
scattering in the 266XO of lead preceding the leakage
detector, each tower was traversed by a sufficiently
large number of particles, ranging from - 800 in the
ten towers close to the beam line down to - 100 for
the towers located farthest away from this line (see fig .
lc) . The 5 GeV muons lost a substantial fraction of
their energy (on average about half) when traversing
the 9.6A, deep SPACAL detector and, therefore, the
muons used to calibrate the leakage calorimeter car-
ried typically only 2-3 GeV. Fig. 3a shows the signal
distribution for these muons traversing one of the
towers (no. 11, see fig . le) of the leakage calorimeter .
The energy deposit is very small, typically - 80 MeV,
which is three orders of magnitude less than the energy
of the particles normally used for calibration purposes .
The distribution of the total leakage calorimeter signal
from these muons is shown in fig . 3b . The statistical
precision of the calibration constants obtained in this
way ranged from - 2% in the central region (near the
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Fig . 3 . Signal distributions for the muons that were used to
calibrate the leakage calorimeter . These muons carried on
average an energy of - 3 GeV. Shown are the signal distribu
tions for one of the towers (no. 11, see fig . lc) traversed by

such muons (a) and for the total leakage calorimeter (b) .

beam line) of the leakage calorimeter to - 6% in the
towers located farthest away from the beam line .

After equalizing the gains, the overall scale factor
was determined from a run in which a broad beam of
40 GeV electrons was sent directly into the leakage
detector, with the SPACAL calorimeter moved out of
the way. The fact that the 40 GeV electron signals, the
sum of largely fluctuating contributions from several
towers, were reconstructed with a reasonable energy
resolution (- 6%, vs 3.5% for electrons contained in
one tower, the method used for calibrating SPACAL)
illustrates that this calibration method, based on parti-
cles that deposited on average only 80 MeV in the
detector cells, worked in principle well enough for our
purpose.

The results described in the following sections were
obtained by analyzing the following sets of data :

- Pions of 10, 20, 40, 80 and 150 GeV entering the
SPACAL calorimeter at an angle 0. = 0 ° or 3 ° to the
fiber axis. Typically, - 5000 events were accumulated
per run. Similar data at 5 GeV were not used for this

50 - a)
a

40 - 5 GeV
mod 11

Z 30

ó 20-

10

Z
U- `IIIAF14P, r~,

01 02 03

140
b)



148

analysis because of the large contamination by muons
and electrons and because of the resulting difficulty of
creating a sufficiently large and clean sample of pion
events . As shown in the previous section, the contami-
nating 5 GeV muons were used to calibrate the leak-
age calorimeter.

- Pions of 40 GeV entering the SPACAL detector
at angles 0. ranging from 0 ° to 5 °, in steps of I' .
Also here, - 5000 events were recorded at each angle.

- A large statistics run for 80 GeV pions at 0. = 2 ° ,
entering the SPACAL detector at different impact
points, in contrast to the other mentioned data, where
the pions always hit the SPACAL detector in the
center . Another difference with the other data sets was
the absence of the preshower detector . In total, _ 105
events were accumulated .

In order to produce clean pion samples, the con-
taminating electron and muon events had to be re-
moved. This was easiest at the highest energies ( >_ 40
GeV), where the beams were very clean to start with,
and where the contaminating particles produced very
different signals in the various detectors . The few
electrons were efficiently removed on the basis of the
signal in the preshower detector (see section 2.1) . The
muons were removed with a cut on the total energy
deposited in the SPACAL calorimeter . The muon sig-
nal in SPACAL was well-described by a Landau distri-
bution with a most probable value of 4-5 GeV, de-
pending on the muon energy and could, therefore, be
very easily distinguished from the high-energy pion
signals . This is illustrated in fig. 4, which shows a
scatter plot of the signals for 80 GeV particles. The
signal in the leakage detector is shown vs the signal in
the main calorimeter . Clearly, a cut on the signal in the
latter is a very efficient means of separating pions from
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Fig. 4 . Scatter plot of the signals in the leakage calorimeter vs
the signals in the SPACAL calorimeter, for 80 GeV particles .
The pions and muons can be very clearly separated by a cut

on the SPACAL signal .
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Fig. 5 . The total SPACAL signal vs the fraction f3 of the
signal recorded in the three hottest SPACAL towers, for 10
GeV particles. A cut at f3 =95% yields a very clean separa-

tion between pions and muons.

muons. Fig. 4 also shows that all muons produce a
non-zero signal in the leakage calorimeter, clustering
around 400 MeV (see also fig . 3b), while a large
majority of the pions are fully contained in the
SPACAL detector (zero in the leakage calorimeter) .
However, since the analysis of the signals from the
leakage calorimeter is the subject of this study, these
signals could obviously not be used for defining a clean
sample of pions.

The complete elimination of muons from the event
samples became gradually more difficult at lower ener-
gies, where the pion signals in SPACAL were corre-
spondingly smaller. The signals from the muons re-
mained essentially the same and the fraction of muons
increased sharply. Therefore, an additional criterion
was developed, based on the energy deposit pattern in
the SPACAL calorimeter. The criterion exploits the
fact that muons, which predominantly lose their energy
through ionization, only produce signals in a very lim-
ited number of towers, contrary to showering pions.
This is illustrated in fig . 5, where the fraction (f3) of
the total signal recorded in the three SPACAL towers
that gave the largest contribution to it is plotted against
the total signal in the SPACAL calorimeter, for the
particles from the 10 GeV beam . It can be seen that,
for example, a cut fs < 95% removes practically all the
muons, while almost all pions pass such a cut. Using
this criterion, it was possible to define very clean pion
event samples, also at low energies . Even at 5 GeV,
where pions and muons produce on average almost the
same signal in the SPACAL calorimeter, the particles
could be efficiently separated through cuts exploiting
the differences in the energy deposit pattern.

The numbers of pion events that were used for the
present analysis are listed in tables la and lb, for
0z = 0 ° and 3', respectively . The numbers of pions at
5 GeV were considered too small for a meaningful
analysis . The numbers of 40 GeV pion events from the
angular scan are given in table 2.



4. Experimental results on shower leakage

In this section, we present results of the analysis of
the signals observed in the leakage calorimeter for the
samples of pions that were obtained as described in
section 3 . We concentrate on the following issues :

- The fraction of the energy leaking out as a func-
tion of the energy of the incident pion .

- The fraction of the energy leaking out as a func-
tion of the angle of incidence of the showering pion .

- The effect of longitudinal shower leakage on the
energy resolution for pion detection in the SPACAL
calorimeter .

In this analysis, we only study longitudinal leakage
phenomena. Side leakage from the detector, which has
a diameter of 4.7A � was analyzed in another article [6]

Table 1
Hadronic shower leakage from a 9.6A, deep lead/scintillating-fiber calorimeter, for different energies . Listed are the pion energy,
the number of pion showers, the fraction of these events that have less than 25 MeV longitudinal leakage, the average longitudinal
leakage energy per event, the acceptance of the leakage calorimeter, the acceptance-corrected average leakage energy per event
and the average fraction of the pion energy that escapes from the back of the detector. Data for 0, = 0 ° (a) and 0, = 3 ° (b)
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and was found to range from 1 .5%-2.6% in the energy
range considered . Before describing the results in de-
tail, we have to address one aspect that is important
for all the results obtained from the leakage calorime-
ter data, namely the fact that this calorimeter had a
limited geometrical acceptance .

4.1 . Acceptance effects on the leakage results

As is shown in fig . 2, the leakage calorimeter cov-
ered only - 35% of the back plane of the main
calorimeter . In the horizontal plane, full coverage was
achieved, but vertically only an area ranging from -14
cm to +20 cm around the beam axis was covered by
the leakage detector, which corresponds to an opening
angle of 120 mrad with respect to the SPACAL

Table 2
Hadronic shower leakage from a 9 .6A I deep lead/scintillating-fiber calorimeter, for pions entering the detector at different angles
(see text). Data for 40 GeV Tr . Listed are the angle of incidence, the number of pion showers, the fraction of these events that
have less than 25 MeV longitudinal leakage, the average longitudinal leakage energy per event, the acceptance of the leakage
calorimeter, the acceptance-corrected average leakage energy per event and the average fraction of the pion energy that escapes
from the back of the detector
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Table l a (0- =

ET [GeV]

0 ° )

events % contained ELC [GeV] acceptance ELC` [GeV] leakage [%]
5 300
10 2648 97 .2 0 .003 +_ 0 .001 0 .75 x 0 .74 0 .006 +_ 0.002 0.06+0.02
20 2352 90 .8 0 .011 +_ 0 .002 0 .75 x 0 .74 0.020 +_ 0.004 0.11+0.020 .02
40 2805 89 .2 0 .047 +_ 0 .007 0 .75 x 0 .74 0.085 + 0.013 0.22+0.03
80 3272 84 .9 0 .143 +0.018 0 75 x 0 .74 0.260 +_ 0.033 0.33+0.040 .04

150 3255 74 .7 0.347+0.029 0.75x0.74 0.631±0.053 0.42±0.04

Table lb (B- °= 3 )

E, [GeV] events % contained PLC [GeV] acceptance El"' [GeV] leakage [%]
5 300
10 2506 98 .1 0 .002 +_ 0 .001 0 .75 x 0 .74 0.004+ 0.001_ 0.04+0.010 .0l
20 2260 91 .6 0009+0.002_ 0 .75 x 0 .74 0 .016 + 0.004 0.09+0.020 .02
40 2781 90 .2 0 .037 +_ 0 .005 0 .75 >(0 .74 0067+0.009_ 0.18+0.03
80 3168 87 .0 0097+0.012_ 0 .75 x 0 .74 0 .176 _+ 0.022 0.23+0.030 .03

150 3227 754 0.330 +0.029 0 .75 x 0 .74 0 .600 + 0.053 040+0.04

B,(°) events % contained ELC [GeV] acceptance Ec~r [GeV] leakage [%]

0 2805 89 .2 0.047+0007 0.75 x0.74 0 .085 _+ 0.013 0.22+0.030 .03
1 2776 90 .8 0.069+0012 0.75 x0.74 0 .125 + 0.022 0.33+0.060 .06
2 2797 91 .3 0.029+0004 0.75 x0.74 0 .052± 0.007 0.14+0.02
3 2781 90 .2 0.037 ± 0.005 0 .75 x0.74 0 .067± 0.009 0.18+0.03
4 2843 89 .4 0.040+ 0.006 0 .75 x0.74 0 .073 + 0.011 0.19+0.03
5 5657 90 .2 0.033 ± 0.004 0 .75 x0.74 0 .060± 0.007 0.16+0.02
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Fig . 6 . Distribution of the average energy per cell in the
leakage calorimeter as a function of the vertical cell position
(a) and as a function of the thickness of the material upstream
(b), for 80 GeV 1r- at Oz = 2 ° producing signals larger than

25 MeV in the leakage calorimeter as a whole.

calorimeter front face . Therefore, some fraction of the
particles leaking out at the back of the calorimeter
should have missed the leakage detector.

In order to estimate this fraction, the vertical pro-
file of the shower leakage was analyzed . Only the pion
events giving a signal larger than 25 MeV in the
leakage calorimeter were used for this purpose . For
these events, the average energy deposited in each of
the 20 cells of the leakage calorimeter was calculated .
Fig. 6a shows the distribution of these averages as a
function of the vertical position of the centers of these
cells, for 80 GeV pions incident at 0, = 2 ° . From a
Gaussian fit to this data, we estimated that 25% of the
leakage energy escaped the leakage calorimeter in this
case .
A second reason why the energy measured with the

leakage calorimeter is an underestimate for the leak-
age is the limited depth of this detector, - 1 .7A, In
order to estimate the leakage beyond the leakage de-
tector, the same data from fig . 6a were used . In fig . 6b,
the average measured leakage energy per cell is given
as a function of the depth of the cell center, again for
80 GeV pions incident at B_ = 2 ° . From an exponen-
tial fit to this data, we estimated that 26% of the
leakage energy penetrated beyond the leakage
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calorimeter at this energy . The total acceptance of the
leakage calorimeter was, therefore, 0.75 x 0.74 = 0.55 .

The description of the lateral and longitudinal pro-
files in the leakage calorimeter with a Gaussian and an
exponential function, respectively, is based on assump-
tions that are not necessarily valid . Therefore, the
calculated acceptance has rather large uncertainties.
Also, the acceptance measurement requires consider-
able statistics in order to be precise. Since the fraction
of the events that produced any signal at all in the
leakage calorimeter was very small, adequate statistics
were only available for the 80 GeV pion run at Oz = 2 °,
where - 105 events were accumulated. Attempts to
determine the acceptance for other beam energies gave
results that were within the experimental uncertainties
equal to the one mentioned before, but these uncer-
tainties were rather large, typically - 10%. We there-
fore decided to use the same acceptance (55%)
throughout the analysis and added a systematic error
of 10% to all our results, implying that we do not claim
to know the fraction of the leakage energy that goes
undetected by the leakage calorimeter with a relative
precision better than 20-25% .

4.2. The average energy leakage from pion showers

On average, the fraction of the shower energy con-
tained in the 9.6 .1, deep SPACAL calorimeter was
large. In tables la and lb the fraction of pion events
that deposited no measurable energy (defined as ESC
< 25 MeV) in the leakage calorimeter is listed for the
different pion energies . The fraction of fully contained
events ranged from 98% at 10 GeV to 75% at 150
GeV, for the data taken at 0, = 3 ° For the 0 ° runs,
the leakage was slightly larger . When the cutoff value
was raised to ESC = 125 MeV, as was done for the

0

a

MINIMUM ENERGY LEAKAGE FRACTION (/.)

Fig 7. The fraction of the events for which more than a
certain percentage of shower energy escapes from the back of
the SPACAL detector . Results are given as a function of this

percentage, for incoming pions at different energies .
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Fig . 8 . Energy spectrum in the leakage calorimeter for pion
showers that were not fully contained in the SPACAL

calorimeter. Data for 80 GeV-rr - B_ = 2 °

analysis in our other articles, the fraction of contained
events increased to > 99% at 10 GeV and to 86% at
150 GeV. The value of 125 MeV was chosen, since it is
the minimum amount of energy that can be deposited
by a muon traversing the leakage calorimeter (see fig .
3b) and, therefore, such a cut automatically removes all
muon contamination . The energy dependence of the
shower leakage is given in fig. 7. The figure shows for
which fraction of the events the energy measured in
the leakage calorimeter exceeds a certain percentage
of the shower energy . Results are given as a function of
this percentage for pions at different energies . From
this figure, one sees for example that the fraction of
the events that are contained to better than 99%
ranges from 99.5% at 20 GeV to 94% at 150 GeV.
A typical spectrum for the energy deposited in the

leakage calorimeter for the case in which the events
were not fully contained is given in fig . 8. This energy
spectrum, for 80 GeV pions at 0, = 2 ° , is roughly
exponential, with a mean value ( ELC ) = 0.4 GeV. As
may be expected, ( Erc ) is strongly correlated with the
energy of the incoming pion . From the fraction of fully
contained events, from (ELC) and from the accep-
tance of the leakage calorimeter, the average energy
leakage per incoming pion ELC was calculated . The
results are given in tables la and lb . In fig . 9, the
leakage is given as a fraction of the energy of the
incoming pion, as a function of the pion energy . The
leakage fraction ranges from 0.04% at 10 GeV to
0.40% at 150 GeV, for Oz = 3' . For 0, = 0 ° the num-
bers are slightly larger . One may wonder where this
difference between the 0 ° and 3 ° data comes from .
Of course, when the particles enter the SPACAL
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Fig . 9 . The fraction of energy leaking out at the back of the
SPACAL detector, as a function of the energy of the incom-

ing pion . Data taken at B, = 0 ° and at 3 ° .

detector at an angle, the calorimeter becomes effec-
tively deeper and, therefore, the showers will be better
contained. However, the difference in effective depth
between these two angles amounts only to 2000[1/
cos(3 °) - 1] = 2.7 mm, or 0.013A r , which should not
produce any significant effect at all .

In order to understand this difference between the
two angles of incidence, the data taken for 40 GeV
pions at a whole range of angles 0. was analyzed in the
same way. The results are given in table 2. Fig. 10
shows the fraction of the energy leaking out at the back
of the SPACAL calorimeter as a function of the angle
of incidence BZ. The leakage is approximately constant,
except for very small angles . This can be understood as
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Fig. 10 . The fraction of energy leaking out at the back of the
SPACAL calorimeter as a function of the angle 0, between
the incoming pions and the fiber axis in SPACAL . Data for 40

GeV -rr -.
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Fig . 11 The effects of a containment cut ELC < 25 MeV on
the energy resolution (a) and the mean signal (b) of the
SPACAL calorimeter . Shown are the ratios of the energy
resolution or the average signal for the contained events and
the energy resolution or the average signal for the unbiased
event sample, as a function of the pion energy . Data for

B, =3' .

follows. At very small angles, the pions entering the
calorimeter at a fiber position may travel quite a long
distance inside this fiber . Since the nuclear interaction
length of polystyrene is much longer than for the
calorimeter as a whole (80 cm vs 21 cm), such pions
will penetrate deeper inside the calorimeter before
starting a shower and, therefore, the effective depth of
the calorimeter is reduced. Actually, the largest leak-
age signals were observed for 0. = 1 ° instead of 0 ° .
This may be an indication that what was believed to be
the 0 °

	

detector position corresponded in reality to
Oz - - 1/2 °, which is possible given the precision of
the detector alignment (see section 2.2.) .

4.3. Effects of leakage on the calorimeter performance

In order to study the effects of shower leakage on
the performance of the SPACAL calorimeter, we com-
pared the signal distributions in this detector for the
event samples without any measurable leakage (ELc <
25 MeV) to the distributions for the unbiased event
samples. The results are given in fig . 11 . Fig. IIa shows
the effect on the energy resolution if only contained
showers are considered (see table lb for the fraction of
these events). The energy resolution improves a little
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bit, especially of course at the highest energies where
the leakage is largest . Up to - 40 GeV, the improve-
ment is barely significant, but at 150 GeV there is a 9%
effect . When one looks at o,RMs instead of the o,
derived from the Gaussian fit, the effects are larger .
This may be understood from the fact that leakage
events produce a relatively large fraction of their light
close to the PMs, where the fiber's light attenuation
curve rises steeply. The signal distribution for those
events is therefore more non-Gaussian than the distri-
bution for the contained events [6] . We also studied the
effect on the energy resolution for the events with
E,,< < 125 MeV, our standard cut for other types of
data analysis . As expected, the effects are smaller,
since fewer events are rejected in this way. The im-
provement in the energy resolution for 150 GeV pions
(by far the worst case) as a result of this containment
cut amounts to 7%, for the Gaussian fit .

The effect of containment cuts on the average sig-
nal observed in the SPACAL calorimeter is smaller
than 1 .5% in all cases. Fig. lib shows that the average
signal decreases if only contained pion showers are
taken into account. At first sight this may seem strange,
since one would expect an effect with the opposite
sign . This phenomenon is due to the peculiarities
caused by light attenuation in the fibers .

Pions interacting deep inside the SPACAL detector
will produce larger signals than those interacting early
on, since the scintillation light is less attenuated . And
since such deeply penetrating pions are also more
likely to cause a signal in the leakage calorimeter, a
positive correlation between the amplitudes of the sig-
nals in the leakage calorimeter and the SPACAL
calorimeter may be expected . We checked this in the
following way. Knowing the impact point of the parti-
cles from the beam chamber data (fig . 2), one can infer
the effective depth of the shower (( z )) from the lateral
displacement (Ax) of the center of gravity of the
shower with respect to this impact point, since Ax =
(z)sin(B .) [4] . In fig . 12 the average signal in the
SPACAL calorimeter and the average fraction leaking
out at the back of this detector are given as a function
of ( z ), confirming that on average both the signal and
the leakage increase if the shower develops deeper
inside the calorimeter . Selecting contained events will
therefore tend to reduce the calorimeter signal . The
reduction amounted to at maximum 0.8% or 1 .2%, at
150 GeV, depending on whether the average signal was
calculated on the basis of the Gaussian fit or from the
actual signal distribution . These numbers changed to
0.6% and 0.9%, respectively, when the leakage cutoff
was increased to E,c = 125 MeV.

Therefore, we conclude that the effects of shower
leakage on the calorimeter performance (fig . 11) are
marginal for a detector of this thickness, even at the
highest energies at which it was tested .
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60 40 20 0

A x (mm)
Fig . 12 . The average signal in the SPACAL calorimeter (a)
and the average energy fraction leaking out at the back (b), as
a function of the effective depth (z) of the shower inside the
calorimeter (top horizontal axis) . The value of (z) was deter-
mined from the displacement of the shower's lateral center of
gravity with respect to the impact point of the pion (Ox,
bottom horizontal axis). Data for 150 GeV data at O z = 3 ° .

5. The particles escaping from the calorimeter

In this section, we determine which types of parti-
cles escape the calorimeter and at which rates. In the
last part of the section, hadrons and soft neutrons are
discussed, but first we will describe the results of a
study of muon production in hadronic shower develop-
ment . Such muons may for example be produced when
secondary, tertiary or higher-order pions or kaons de-
cay before (strongly) interacting . This phenomenon may
be highly disturbing in physics experiments. It was
presumably mainly responsible for the like-sign dimuon
signals observed in high energy v and v scattering [11] .

Evidence for the production of muons in hadronic
shower development can be seen from fig . 13 . In this
figure, the energy spectrum measured in the leakage
calorimeter for 80 GeV pions at 0, = 2 ° (fig . 13a) is
compared with the spectrum that beam muons produce
in this detector (fig. 13b) . The bump observed around
- 0.4 GeV is most probably due to muons produced in
the shower development process.

5 .1 . The rates of muon production

a)

80 GeV n-

0,=2°

05 10 15 20 25
AL LEAKAGE CALORIMETER (GeV)

Fig . 13 . The energy spectrum measured in the leakage
calorimeter for 80 GeV Tr - at Br = 2 ° (a). The energy spec-
trum measured in the leakage calorimeter for 20 GeV muons

that have traversed the SPACAL calorimeter (b) .

In order to determine the rate of muon production
in hadronic shower development, the detailed event
information provided by the fine-grained detector sys-
tem was fully exploited . All candidate events were
examined individually in order to see whether or not
they had the very characteristic signature of the phe-
nomenon looked for . From the muon contamination in
the pion beams, it was found that these particles de-
posit typically 400 MeV in the leakage detector, and
that the probability of producing signals smaller than
100 MeVor larger than 1.5 GeV is negligibly small (see
fig . 3b). Also, when looking at the signals in the indi-
vidual towers in the leakage calorimeter, a very charac-
teristic track pattern was observed (fig . 14). The proba-
bility of the energy deposit in one individual tower

15 3

Fig . 14. Characteristic energy deposit profile for a muon
traversing the leakage calorimeter. The signals in the individ-

ual towers are given in units of 1/4 GeV.
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exceeding 0.3 GeV is negligibly small (see fig . 3a).
Therefore, events of the type shown in fig . 15 could be
ruled out as muon candidates . The most likely explana-
tion for events of this type is that a charged hadron
escaped from the SPAGAL calorimeter, penetrated the
leakage calorimeter and interacted in it, producing
several other particles, most of them nuclear fragments
with a very short range, hence the large signal in the
tower in which this happened . Of course, by ruling out
such events as muon candidates, we neglect the possi-
bility that a muon is accompanied by one or several
hadrons escaping the calorimeter. However, this proba-
bility was calculated to be small compared to the
experimental errors, except possibly at 150 GeV.

Most frequently, events producing a signal in the
leakage calorimeter exhibited a pattern as shown in fig .
16 . Only one or a small number of towers at random
positions inside the leakage calorimeter were fired .
Especially the events in which small signals in the
leakage detector were observed, smaller than the 0.4
GeV typical for a minimum ionizing particle traversing
this detector, were of this type . Such events are most
likely caused by neutrons escaping from the back of the
SPAGAL calorimeter and scattering off a proton in the
plastic fibers of the leakage calorimeter . The densely
ionizing recoil protons from this process have a range
that is typically much shorter than the fiber cross
section and, therefore, relatively large signals can be
expected .

Especially at low energies, much care had to be
taken in order not to confuse muons produced in the
hadronic shower development with contaminating
muons from the beam . Although cuts on the total
energy deposited in the SPAGAL detector removed
the overwhelming majority of the beam muons (see fig .
4) even a very small fraction of the beam muons
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Fig . 15 . Characteristic energy deposit profiles in the leakage
calorimeter for charged hadrons escaping from the main
calorimeter and strongly interacting in the leakage detector.
The signals in the individual towers are given in units of 1/4

GeV.

Fig. 16 . Characteristic energy deposit profiles for neutrons
escaping from the main calorimeter and interacting some
where in the leakage detector . The signals in the individual

towers are given in units of 1/4 GeV.

passing such cuts (e .g. events from the Landau tail!)
could substantially affect the results because of the
small probability of muon production in the hadronic
shower development.

In order to avoid this problem, the energy deposit
profiles in the leakage calorimeter and in SPAGAL
were examined in conjunction with one another. As
was shown in fig . 5, the energy deposit profiles of
muons and pions in the SPAGAL calorimeter differ
substantially, providing a very efficient means of distin-
guishing muons produced in the hadronic shower de-
velopment from beam contamination . This is illus-
trated in fig. 17, which shows the energy deposit pro-
files in the SPAGAL and leakage detectors for a typi-
cal pion event in which a muon is produced (fig. 17a)
and for a beam muon that produced such a large signal
in SPAGAL that it passed the cuts (fig . 17b). Both
events occurred in the 40 GeV beam. The beam muon
could be easily recognized since it deposited energy
almost exclusively in one tower of the SPAGAL
calorimeter, which is very unlikely to happen in case of
a pion shower (see fig . 5) .

From scanning all the events that produced a suffi-
ciently large signal in the leakage calorimeter, we found
that most of the muon candidates in the 10 and 20
GeV beams were of the type shown in fig . 17b and,
therefore, were caused by the Landau tail of the beam
contaminating muons. Even at 40 GeV, a few events of
this type were found. All events producing a signal
between 0.1 and 1 .5 GeV in the leakage detector were
individually examined . In order to be considered a
muon candidate, the event had to exhibit a track pat-
tern in the leakage detector of the type shown in fig .
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Fig. 17 . Energy deposit profiles in the SPACAL calorimeter (only the central part is shown) and in the leakage calorimeter . Typical
examples of a pion shower in which a muon is produced (a) and of a muon from the beam contamination (b) . The signals in the

individual towers are given in units of 1/4 GeV . Data taken at 40 GeV .

17, with none of the individual towers exceeding 0.3
GeV. Events for which more than 95% of the energy
deposited in SPACAL was concentrated in three (or
fewer) towers were discarded as being beam contami-
nating muons. The resulting numbers of muons gener-
ated in the hadronic shower development are given in
table 3, for B, = 0 ° . The uncertainty margins given in
this table are the statistical errors, added in quadrature
with the uncertainty arising from a few boundary cases
and with the uncertainty on the calorimeter accep-
tance. In this case, the acceptance correction only had
to account for muons that passed under or over the
leakage calorimeter (lateral acceptance) . We used the
standard factor of 0.75 (see section 4.1) for this pur-
pose . The table also lists the probability that a muon is
produced in the hadronic shower development. This

probability is given as a function of the pion energy in
fig . 18, showing proportionality within experimental
errors . A least squares fit to the experimental data
yields as the probability for the generation of muons
that carry sufficient energy to escape the SPACAL
calorimeter and produce a track in the leakage
calorimeter

PW = 1 .3 x 10-4E

per shower, with the pion energy E given in GeV.
Muon production in hadronic shower development

is presumably mainly due to shower particles (mainly rr
and K) that decay in flight . Since the number of
different shower particles susceptible to decay is to
first order proportional to the energy of the incoming
pion, this result is not surprising . In second order,

Table 3
Muon production in hadronic shower development in a 9.6AI deep lead/scintillating-fiber calorimeter . Listed are the pion energy,
the number of pion showers, the number of events in which a muon is produced in the shower development,the acceptance of the
detector with which these muons were measured, the acceptance-corrected number of events in which a muon is produced, the
fraction of the pion showers in which a muon is generated and the difference between the average signals from events without and
with a muon . Data for 0, = 0 °

E, [GeV] events muons acceptance muons [corr.] w-rate [%] E��- [GeV]

10 2751 4+2.22.2 0.75 5.3+ 3.0_ 0.19+0.11 1 .4+0 .9
20 2352 5+2.42.4 0.75 6.7+ 3.3_ 0.28+0.14 2.9+2 .92.9
40 2805 10+3 .73.7 0.75 13.4+ 5.0 0.48+0.18 2.6+1 .1
80 3272 30±8 .1 0.75 40.0±11.0 1.22±0.34 4.6+1 .5

150 3255 51+8 .7 0.75 68.1+12.2 2.09+0.37 4.6+1 .8



5.2 The muon energy spectrum
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Fig. 18 . The probability that an escaping muon is created in
the hadronic shower development in the SPACAL detector,

as a function of the energy of the incoming pion .

deviations from proportionality might be expected due
to the energy-dependent e.m . shower component (lead-
ing to reduced I.L-production at higher energy) and to
threshold effects (associated production, charmed par-
ticles), which work in the opposite direction. Detailed
Monte Carlo simulations will be needed to understand
the magnitude and the energy dependence of the ob-
served phenomena.

In the previous subsection, we demonstrated that
pion showers are a source of muons escaping the
SPACAL calorimeter at a rate of - 1.3 X 10 -4
E/shower. In this subsection, we try to determine the
momentum of these muons, which is of course another
important input parameter for designing a muon spec-
trometer behind a calorimeter in a realistic experi-
ment. Since our experimental setup did not contain
such a spectrometer, we had to rely, also for this
purpose, exclusively on calorimetric data . As a conse-
quence, the muon momentum could not be measured
directly, but only through the missing energy, from a
comparison of the SPACAL signals for showers with
and without a muon . This missing energy concerns,
therefore, the energy of the particle that produced the
muon at the moment of its decay minus the energy that
the nation deposited in SPACAL on its way out. For
the most likely processes, rr - Vv and K-> lLv, we will
thus measure E.,,, = E~, + E�, where EW is the energy
of the escaping muon . The relation between E,, and
Em,ss depends, therefore, among other things on the
ratio of decaying -rr's and K's (E,, will on average be
much closer to E.,,, for a decaying Tr), and requires
elaborate Monte Carlo simulations to be established .

From table 3, one sees that the number of pion
showers in which a muon was generated was very
small. As a consequence, all that could be determined
from this data was the average value of the missing
energy for the events in which a muon was produced .
This quantity was determined as the difference be-
tween the average SPACAL signal for contained pion
showers and the average SPACAL signal for the sam-
ple of events in which a muon was generated. The
results are given in the last column of table 3. At low
energies, the numbers of events are so small that
(En,�,) is not significantly different from 0, but the
results obtained at 40, 80 and 150 GeV seem to indi-
cate that ( Em�s) amounts to - 3-6 GeV and rises
with the pion energy .

More significant information on this topic came
from the high statistics run at 80 GeV (0, = 2 ° ) . From
the initial sample of _ 105 events, - 500 passed cuts
that were designed to select events with the appropri-
ate energy deposit profile in the leakage calorimeter .
In fig . 19, the signal distribution for this sample of pion
showers in which a muon was generated is compared
with the signal distribution for contained showers, on a
logarithmic scale . The "muon" event distribution ex-
hibits a low-energy tail, which is consistent with an
exponentially falling Em,,, distribution . The Gaussian
component common to all SPACAL signal distribu-
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Fig . 19 . Signal distributions in the SPACAL detector for
contained pion showers (a) and for pion showers in which a
muon is generated (b) . Data taken at 80 GeV and at 0, = 2 ° .
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tions was unfolded by fitting the data from fig . 19b to
an expression of the following type :

I(E) _ I o

	

e-tE-x1 2 /2a` e-x/CE_,) dx- I,
where the width o of the Gaussian component was
obtained from the contained events (fig . 19a) . In this
way, it was found that the average value for E,,� ss
amounts to 5.2 +_ 0.6 GeV.

Let us assume that the muons were produced on
average at the shower maximum, which was measured
to be located on average at a depth of 55 cm inside the
calorimeter [4]. The rations have then lost on average
1 .5 GeV on their way out of the SPACAL calorimeter.
This means that the average energy of the decaying
pion or kaon that produced the ration was 5 .2 + 1 .5 =
6.7 GeV. If the muon originated from K-decay, the
accompanying neutrino carried on average 3.2 GeV
away, leaving 2.0 GeV for the escaping muon . If the
muon was produced from -rr-decay, the neutrino has
taken on average 1 .5 GeV, so that the escaping muon
carried 3.7 GeV. Therefore, we conclude from our
data, that the muons produced in the hadronic shower
development and escaping the 9.6A1 deep SPACAL
calorimeter had an average momentum of 2.8 ± 0.9
GeV/c.

5.3 . The punch-thru composition

In section 5.1 it was already shown that the energy
deposit pattern in the leakage calorimeter could be
used to identify the particles that escaped the
calorimeter . In particular, it was possible to distinguish
between muons, hadrons and soft neutrons (figs . 14-
16). We used this information to determine the relative
rates of these escaping particles.

All events depositing between 0.1 and 2.5 GeV in
the leakage calorimeter (the range in which muons are
found) were individually scanned. The criteria for iden-
tifying the escaping particle as a muon were already
discussed before . The particle was called a neutron if
at least 90% of the leakage energy was deposited in
one tower (see fig . 16) or in several isolated towers
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Fig . 20 . The rates of soft neutrons and hadrons escaping the
9 .6A, deep calorimeter, as a function of the energy of the
incoming pion . The rates are normalized to the rate for muon
production (see fig . 18, table 3) . No acceptance corrections

were made . The curves are drawn to guide the eye.

(multiple neutrons). All the other escaping particles
were classified as hadrons (probably mainly charged
pions) . The events depositing more than 2.5 GeV in
the leakage calorimeter were also assumed to be caused
by escaping hadrons and the events depositing between
25 and 100 MeV (i .e . less than the energy deposited by
a minimum ionizing particle traversing the leakage
calorimeter) were classified as neutrons. The observed
numbers of neutrons, muons and hadrons are listed as

Table 4
The relative rates of muons, hadrons and neutrons measured in the leakage calorimeter . Listed are for each shower energy the
number of pion showers, the measured numbers of escaping muons, hadrons and neutrons, and the hadron and neutron rates
relative to the muon one. The data are not corrected for acceptance and the errors are statistical only. Data for 0. = 0 °
E,í [GeV] events muons hadrons neutrons hadron/W neutron/it
20 2352 5 6 181 1 .2±0.7 36 ±16
40 2805 10 18 211 1 .8+0.7 21 + 7
80 3272 30 121 299 4.0+08 10.0+ 1 .9

150 3255 51 304 442 6.0+0.9 8.7+ 1 .2
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a function of the energy of the incoming pion in table
4.

Fig. 20 shows the rates of neutrons and charged
hadrons escaping the detector as a function of the
shower energy . These rates are normalized to the rate
of muon production in hadronic shower development.
The data are not corrected for the acceptance of the
leakage detector, but this is only a second-order effect
in this case, since only differences in the acceptance
for the different particles will affect the results . We did
not have enough experimental information to measure
such differences . The figure shows that most of the
escaping particles are neutrons. The number of neu-
trons producing a signal of at least 25 MeV in the
leakage calorimeter is about an order of magnitude
larger than the number of muons. It should be empha-
sized that this cutoff value of 25 MeV actually corre-
sponds to neutrons with a kinetic energy of only - 0.5
MeV, since these neutrons are not sampled like charge
particles, but transfer (on average 50% of) their energy
in elastic collisions with protons in the scintillator
material . The rise of the neutron/w ratio at low energy
is probably not significant . Pedestal fluctuations be-
yond the cutoff value of four ADC counts (see section
2.1) in any one of the 20 leakage calorimeter towers
would cause a similar effect, if such fluctuations were
to occur in a few percent of the events. We have some
evidence that this is indeed the case .

The rate of pions, kaons and other hadrons escap-
ing the detector increasingly dominates the muon rate
at increasing energies . This reflects the fact that the
longitudinal shower size increases with energy . While
the probability for muon production is to first approxi-
mation proportional to the number of shower particles
and thus to the shower energy, the fraction of the
shower particles that escape from the detector can be
expected to increase with the shower energy .
We conclude that for a calorimeter of this thickness

(9.6A,) the charged particles escaping the detector are
predominantly hadrons, except at energies below - 20
GeV, where muons become dominating . This conclu-
sion is in qualitative agreement with the results of
Fesefeldt and co-workers [121, who studied the punch-
thru phenomena in great detail by means of Monte
Carlo simulations . One of their conclusions is that fast
escaping particles (p > 25 GeV/c) are predominantly
hadrons up to calorimeter thicknesses of - 18A, (for a
shower energy of 300 GeV) . A detailed comparison
with their predictions is impossible because of the
detector specific character of the data .

Nevertheless, the type of information discussed in
this article is likely to be a very sensitive and detailed
test for Monte Carlo programs simulating hadronic
shower development and, therefore, we have started
such simulations for our own detector and experimen-
tal circumstances.
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6. Summary and conclusions

We have studied longitudinal leakage phenomena
in hadronic shower development in a 9.6 nuclear inter-
action lengths deep lead/scintillating-fiber calorime-
ter. The particles leaking out at the back of this detec-
tor were measured with a 1 .7A , deep calorimeter of the
same type . The average fraction of the shower energy
that escaped detection by the 9.6A, deep calorimeter
ranged from 0.04% at 10 GeV to 0.4% at 150 GeV, for
pions incident at an angle 0. to the fiber axis larger
than 1' . For smaller angles, an effective reduction of
the calorimeter depth, due to particles penetrating
deeply in the low-Z active material before interacting,
was observed . The effects of longitudinal shower leak-
age on the hadronic energy resolution and response
were very small for this calorimeter . On the other
hand, a clear correlation was observed between the
signal in the leakage detector and the depth at which
the pion started showering in the main calorimeter.

Thanks to the fine-grained nature of the leakage
calorimeter, several types of shower leakage could be
distinguished . Most frequently, the signals in the leak-
age calorimeter were caused by escaping neutrons . The
largest signals in the leakage detector were caused by
charged hadrons escaping from the back of the
calorimeter and causing nuclear interactions in the
leakage detector . A particularly interesting category of
leakage events are the ones in which a muon was
generated in the hadronic shower development. We
were able to identify such muons, and determined their
probability of being created to range from -0.2% at
10 GeV to - 2.1% at 150 GeV. From the calorimetric
measurement of the missing energy associated with the
production of such muons, it was found that the muon
energy spectrum is exponentially decreasing. For 80
GeV pions, the mean value of the missing energy was
measured to be 5.2 ± 0.6 GeV, which translates into an
average momentum of 2.0-3 .7 GeV/c for the escaping
muon, depending on the relative contributions of K-
and -rr-decay as a source of these muons. Within the
acceptance of the leakage calorimeter (- 55% aver-
aged over all types of particles), neutrons were ob-
served about 10 times as often as muons. Hadrons
dominated muons for shower energies above 20 GeV.

It should be emphasized that the results obtained in
this study are specific for this particular calorimeter .
The rates of muon production, for example, are likely
to be different for other 9.6A, deep calorimeters . We
mention two factors that play a role in this :

- The Z of the absorber material determines which
fraction of the shower energy is spent on nuclear
breakup. In iron calorimeters, on average - 20% of
the non-e.m . energy is used for this purpose, vs - 40%
in lead structures [7] . And therefore, more pions and
kaons (and thus muons) will be produced in hadronic



shower development in iron calorimeters than in lead
ones .

- The decay probability for pions and kaons pro-
duced in the shower development is proportional to
the mean free path between nuclear interactions and,
therefore, to the effective nuclear interaction length A,
of the calorimeter . A compact construction will limit
the muon production rate .

Because of its high-Z absorber material and its
extremely compact construction (A, - 21 cm), the
SPACAL calorimeter is probably one of the best possi-
ble options if minimizing the rates of muon production
is an experimental design goal . But even so, the data
presented in this article show that, at event rates of 2.7
GHz and 50 GeV hadronic energy dumped in the
calorimeters per minimum bias event ( I 71 1 < 3), as in
the high-luminosity LHC option [13], muon rates at the
100 MHz level beyond the calorimeters have to be
envisaged.
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