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1 · Intro.duction 

Due to limited dimensions of caiorimeters one from important questions 
of 'calorimetry concerns the energy leakage and related with it the deterio
ration of energy resol~tion, appearance of tails in the energy dist:fibutions 
and ulti~ately the deterioration of the q~ality obt'airi~d physics informa
tion.· In this article we report on the results of the experimental study 
of hadronic show~r leakage effects on the'pion response and energy n!so
lution of AT LAS barrel hadron prototype calorimeter [1]. Because this 
calorimeter has innovative concept oflongitudinal segmentation of active 
and passive layers {see Fig. 1), the measurenien't ofhadron showers leak~ge 
is of special interest [2]. This investigation wa's performed on the basis of · 
data from 100 Ge V pion exposure of the prototype calorimeter at) he H8 
beam of the CERN S P S at. different Z impact points. in. the range from 
-36 to 20 em with step 2 em (Z scan) a~ incident angle 8 = 10° which 
were obtained in May 1995. Earlier some 'results related with leakage for· 
this calorimeter were obtained in [3], [4], [5]. 

2 The Prototype Calorimef~r. 
. ' 

The prototype calorimeter is compos~d o(five ~e~to~·modules, each span
ning27r/64in azimuth, 100~m in the axiai,(zj direction,,l80 em inthe 
radial direction, and. ~ith a front face of 199 x 20·e~2 [3]: Th~ ir9i{ s~ruc
ture of each module consists of 57 repeated ."p'eriods". Each period is 
18 mm thi~k and consists ~f fo~r'iaye~~. Th~'. fi~st and. third layers' are 
forn1ed by large tr'apezoidal steel. plates (mastei plates), 5,mm thick 'in1'd 
spanning the full radiaf dimension of the mod~le. In the second and fourth 
layers, smaller trapezoidal steel plates (spacer p!ates) and sc~ntillator tiles 
alternate along the radial direction. The spacer plates are 4 mm thick and 
of 11 differeht sizes. Scintillator tiles are 3 mm thickness. The iron to . . . 
scintillator ratio is 4.67:1 by volume; The calorimeter thickness at inci
dence angle 8 = 10° corresponds to 158 em of iron·equivalent (9.4 nuclear 
interaction length) [5]. . . ' · . 

Radially .oriented WLS fibres collect light f~om the tiles at both of their 
open edg~s and bring it to photo-multipliers (P MTs) at the periphery of 
the calorimeter. Each P MT views a specific group oftiles, through the cor
responding bundle of fibres. With this readout • scheme three-dimensional 
segmentation is immediately obtained. 
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Tiles of 18 different shapes all have the same radial dimensions (10 em). 
The prototype calorimeter is radially segmented into four depth segments 
by grouping fibres from different tiles. Proceeding outward in radius, the 
three smallest. tiles, 1 + 3. are grouped into section 1, 4 + 7 into section 2, 
8 + 12 into section 3 and 13 + 18 into section 4. The readout cell width in 
Z direction is about 20 em. 

Construction and perfo'rmance of AT LAS iron-scintillator barrel had
ron prototype ·calorimeter is described .elsewhere [~], [3], [6]. 

_.,J 

3 Test Beam Layout 

The .five modules have been positioned on a scanning table, able to allow 
high precision movements along any direction. Upstream of the calorime
ter, a trigger counter telescope was installed, defining a beam spot of 2 ·em 
diameter. Two delay-line wire ,chambers, each with Z, Y readout, allowed 
to reconstruct the impact point of beam particles on th~ calorimeter bee to 
better than ±1 mm [7]. For the detection of the hadronic shower longitu
dinal and lat~ralleakages backward (80 x 80 cm2

) and side ( 40 x 115 cm2
) 

"muon walls" punch through detector were placed behind and at the right 
. side of the calorimeter modules [8]. B·asic elements of "muon walls" are 
plastic scintillator detectors with dimensions 20 x 40 x 2 cm3 which are read
out by 2-inch photomultipliers EM I 9813!{ B .. The tag of given, (longit~
dinal or lateral) leakage is at least one hit in corresponding "muon wall" .. 
Due 'to the number of photoele~trons .in any scintillator counter ofw<i1ls is 
roughly 100 per minimum ionisi11g particle "muon' wall~" detected charge~ 
particles with high efficiency.' As a result we have for each event 200 values 
of charges from P MT prop~rly calibrated [3] ~ith p~destal subtracted:''· 

4 Results 

30 ·runs contained ·320 J{ events with various Z coordinates have been 
analysed. The treatment was carried out using program T I LEMON [9]. 

The scintillator detector planes behind and back of the calorimeter 
give us possibility to select. the event samples at different condition.s: "no 
leakage", only "longitudinal leakage", only "lateral leakage", "longitudinal 
and lateral leakages" simultaneously. 

. In· this section the following issues are discussed: 
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1. punchthrough probability, 

2. energy leakage, 

3. the effect of leakage on energy resolution. 

First of all 'we determine the value of punch through probability .. 

4.1 Longitudinal punchthrough probability 

By definition [8], [10], [11]the total hadronic punchthrough probability is 
the ratio of the number of events giving at least one hit in the punchthrough 
detector to the total number of trigger beam particles. It seems that the 
information needed is simple: hit or no hit. But there are some problems 
in definition of hit (see, for example, discussion [10]). In Fig. 2 our ADC 
spectra one of "muon wall" counter ( NQ 8 in Fig. 3 [8]) in JL beam (top). 
and in 1r beam (bottom) are shown. Spectrum in 1r beam look similar to 
simulated distribution for iron-scintillator calorimeter [11] as obtained by' 
Monte Carlo calculations with GEANT (Fig. 14 from [10]). The region 
left from minimum ionis!ng single particle distribution is related with the 
contribution of neutrons as punchthrough particles[10]. 

We used two cuts: 

1. ADCi >' ADCf, where ADCf - the beginning of Landau distribu
tion for i-counter, 

·2. ADCi> 0 (na~urallyafter pedestal subtraction) .. 

Note that the results. of cut 1 are not so much distinguished froma cut 

used in [5] ADCi > ( < ADC >i -30'i)· 
We think that cut 2 is more correct since it does not reject events with 

leakage. In following for the spectra analysis we use this ~ut. 
As can. be seen from Table 1 cut 2 is more soft relative to leakage and 

leads to decreasing of the event sample '~no leakage" and' to increasing of 
event sample with leakage. Especially the event samples with ~"longitudinal 
leakage" and "longitudinal and lateral leakage" are increased (more than 
60%). In the last raw longitudinal pm1chthrougli probability for different 
cuts correCted on value of acceptance of the shower leakage detector (77 ± 
4)% {5] are presented. ' 

Obtained value of punchthr~ugli probabilityfor eut 1 '(18±1)% agree 
with the onefrom [5]. In the case of cut 2 obtained value (20 ± 1 )% more 
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Table 1: Percentage of the events and punchthrough probabilities for dif-
ferent types of leakages and cuts. · 

Type Alias Cut 1 Cut 2 Cut 2/Cut 1 - 1 
% % % 

no leak. nl 72.0 62.0 -14. 
Ion. leak. ll '10.0 9.4 -6. 
lat. leak. lal 14.0. 22.6 61. 
Ion. & lat. leak. lll 3.6 6.0 67. 
all long. leak. · lol 13.6 15.4 13. 

[Punch through prob. I P P j18.±1. I 20.±1. I I 

correspond to calculated in [5) iron equivalent length LFe = 158 'em and 
the one for a conventional iron-scintillator calorimeter [12). 

4.2 Energy response and leakage 

There are a few methods for evaluating of an energy leakage in calorimetry. 
For example, in [13) an additional "leakage" calorimeter was used for this 
purpose. In [14), [15) the shower containment was measured by using the 
abundant longitudinal segmentation information. Since we do not have 
such possibilities the following method was used. We reconstruct the sum 
of initial energies of showers, E;n, by using the detected energies of the 
event sample "no leakage", Enl, and the fraction ofthese events, Nnl/Nau: 

Nau N · Nnl 
~ Ej all~ En 
L...J in = N L...J n/1 
i=l nl n=l 

{1) 

where Nail= Nnl +Nlo/, N,.1- number of the event sample "no leakage", 
N1o1 - number of the event sample "all longitudinal leakage". 

The relative missing leakage energy is equal to: 

Lr = 1 ...:_ L::~~ E;1 _ L:~t' E!1 = N1o1 (< E,:.1 >- < Eu >)' (2) 
";;"/Yf!u E! ";;"/Yau E! N II < E I > LJ•=l m L.J•=l •n a n 

where Eu - energies of the event sample "longitudinal leakage". 
In Fig. 's 3 and 4 two~dimensional spectra of energy responses as a 

function of Z coordinate and energy E ar~ shown. Fig. 's 5 and 6 show 
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the corresponding energy responses for events ~ith all Z'at .different l~ak
age conditions. To map the energyin GeV scale the constant equal to 
100 Gey f<Enl> was used, where ~En1>= 514.2 pC is the mean energy 
response for event sample "no leakage". From these figures general 'he
haviour of energy response can be observed. It is seen that distributions 
for event samples "no .leakage" and "lateral leakage'' have almost Gaussian 
behaviour, the distribution for event. sample "lm{gitudinal leakage": have 
the clear low energy .tail and in the .distribution for event sample "lateral 
leakage" the maximum amplitude increases with increasing ofZ. The ob
tained mean responses, relative resolutions as well as the values of leakages 
and tails are given in Table 2, where 

L _ < Enl > - < E; > . 
- < Enl> 1 

. {3) 

i = "no leakage", "longitudinal leakage",. "lateral leakage", "longitudinal 
and lateral·leakages", "all events". The estimate of tail is defined as an: 
excess of the events· over Gaussian curve: in the region more than one 

sigma. 

Table 2: Responses,' resolutioJ;Is, leakages and tails for events with different 
Z in the range from -36 to 20 em. : . · . 

Type %<E> _u_· u;-unl L Low tail High tail 
<E> · Unl 

Events GeV % % %' % .. % '· 

no leak. . , 62.0 100 . 7.4 0.0 0.0 0.0 2.6±0.05 

lou. leak. 9.4 91.0 10.4 41. 9.0 7.1±0.2 o.o· 
lat. leak; 22.6 96.8.:. 7.2 .:._ 1.9 3.2 0.0 1.1±0.05 

lon. & lat.leak. 6.0 &8.3 10.7 45: 11.7 6:1±0.2 ; 0.0 

all events 100. 97.7 8.3 13. 2.3' 1.5±0.03 1.3±0.02 

.' j ~ 

Fig. '.s 7 and 8 show the energy distributions for event samples with 
various leakage conditions at Z = -8 em. The characteristics of these 
distributions are given in Table 3. The. event samples - "any leakage", 
"longitudinal l~akage", "longitudinal ~nd lateral leakages" have· the low 
energy tails, the event samples -:- "no leakage" and· "lateral leakage" have 
the: high energy tails. The event~ sample with leakage naturally have· the 
low energy tail. The high energy tail in the event s~mple "no leakage". was 
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Table 3: Responses, resolutions, leakages and tails for the events with 
z = -8 em at various leakage conditions. 

Type % <E> (7 a;-<rnr L Low tail I:Jigh tailj <E> lrnl 

Events GeV % % % % . % 

no leak. 71.3 100. 7.3 0.0 0.0. 0.0 2.7±0.2 ' 
Ion. leak. 11.1 91.0 9.9 35. 9.0 6.7±0.7 0.0 I 

lat: leak. 14.2 98.8 7.1 -4. 1.2 0.0 .1.7±0.3 
Ion. & lat.leak. 3.3 89.5 8.8 ,· 20. 10.5 .12.±2. 0.0 
all events 100 98.4 9.8 7.9 1.6 1.5±0.1 1.3±0.1 I 

explained in [16] by contribution of showers with unusually large electro
magnetic component. The unexpected high energy tail in the event sample 
"lateral leakage" may be explained as these events are the events of type 
"no leakage" with some leakage unsufficient to cut -th~ high energy tail. 

In Fig. 9 are shown the mean energy responses for events with differ
ent types of leakage obtained by averaging of energy spectra (top) and 
Gaussian fits (bottom) as a function of Z coordinate at different leakage 
·conditions. In Table 4 are given the results of averaging of these. depen-
dences in the uniformity ranges. · 

Table 4: Resp~nses and resolutions for the events at various leakage 'con
ditions. 

Type< <E> Ea 
-B!!:!.§. (7 . L . lrj-lrnl 

<E> Ea lrnl 

GeV GeV % % % % 
no leak 100.±0.02 99.7±0.02 8.0±0.02 7.4±0.02 0.0 0.0 
Ion. lk. 91.1±0.12 94.0±0.08 16.2±0.1 9.7±0.07 8.9±0.1 31.0±0.8 
lat. lk.* 98;3±0.06 98.1±0.06 7.6±0.03 7;3±0.03 1.7±0.1 -1.4 ± 0.5 
all ev.* 98.5±0.02 98.8±0.02 9.9±0.02 8.0±0.02 1.5±0.1 8.1±0.4 

For events with Z < 5 em. 

The,fraction of the energy leaking out from the?~ckward side ~f this 
calorimeter calculated by the formula (2) amounts to (1.8 ± 0.03)% a1~d 
agrees with the value 1.73% for LFe = 158 em measured in [15]. Besides, 
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our value for this leakage agrees with the result of Monte Carlo calculations 
for longitudinal leakage of our calorimeter for 100GeV pipns atE>= -11.3° 
and Z = 8 em which equals to (1.65 ± 0.15)% [17]. 

It should be noted that Hi% of the events have the 9% energy longi
tudinal leakage and 1% of the events 50% of energy {:::::: 50 Ge V) leaking 
out at average. The latter estimate is extracted from the low energy tail 
in Fig. 6 (top). This fact must be taken into account in searching of new 
particles in future LHC experim~nts.' 

The obtained fraction of events without longitudinal leakage offers the 
possibility to estimate the full shower containment length, .L&h· Using the 
measurement value of the event fraction with longitudinal leakage flo/ = 
{14.5±0.5)% from Table 3, the value ofmuon wall acceptance£= (77±4)% 
[5], the interaction length of the pion induced showers L;nt = 20 ± 1 em. 
[15] and the length of caloriri1eter Leal= LFe we extracted the average full 
shower containment by the relation: . . . 

·- "! = 1 _ ~~~~ _ _;(L,gr-L.h) 
nl . -- 1 - e Lint £ • 

(4) 

This expression reflects the fact that in order to be the event without lon
gitudinal leakage theint~ractimi of the incident particle· with the material 
of calorimeter must be ~aken place in the ra1ige from the beginning of the 
calorimeter to the value L~,.~~~= Lcai- L8 h, in average. The obtained value 
is L

811 
= 125 ± 5 em. This value may. be compared with the 99% shower 

containment value~ 126 em and 136 em giveii by [18] and [15] respectively. 
We also considered the question concerning nonuniformity response of 

calorimeter. As can be seen in Fig~ 9 the energy response as a function 
of z coordinate from event sample "no leakage" is more uniform than the 
one for other event types. It is allows to estiinate the more extended range 
of uniformity (from -36 en~ to 20 em) than in (3] which appears equal to 

0.9% (RMS). 

4.3 Influence of leakage on the energy resolution 

· Fig. 10 shows the relative energy resolutions obtained by Gaussian fitting 
of spectra (top) and the relative energy resolutions (RM S I <E>) obtained 
by averaging of spectra (bottom) as a function of Z coordinate at different 
leakage conditions. Fig. 11 shows the same normalised to average value 
of ( u I Ea) over the uniformity range for events without leakage. One can 
see that due to the tails the resolutions obtained by averaging are much 
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Figure 1: Principle of the tile hadronic calorimeter. 
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Figure 2: Typical ADC spectrum of a "muon inalf': counters in the Jl beam 
(top) and ip the 1r beam {bottom) for counter NQ s:· - · . -~ 
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Figure 3: Two dimensional spectrum of energy response as a function of Z 
coordinate and energy E for various leakage conditions: all events (top), 
no leakage (bottom). . . 
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Figure 12: The lateral leakage (top) and the energy resolution improving 
(bottom) for the events sample with lateral leakage as a function of Z 
coordinate. 
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greater (approximately in two times for ev~~t~ with longitudinalleakage)\ 
than ones obtained by Gaussian fitting. The results of averaged by Z in 
their uniformity range of Fig.'s 9, 10, 11 are given in Table 4. As can be 
seen longitudinal energy leakage amounts 9%, but deterioration of energy 
resolution for the same case G' I Ea amounts 31%. The general degradation 
of the resolution with increasing of leakage is in agreement with earlier 
observations [13), [16), [19), [20). Moreover, our energy resolution degrada
tion (<ru-<rnrl = 24% is in reasonable agreement with the parameterisation 

<TU . . 

proposed by [18] on the basis of the data from CIT F collaboration [21 ): 

(G't- G'o) = 0_9 . J< Eo>;_< Et>, (5) 
G't . <Eo> · 

where < Eo >=< Ent > and G'o = G'nt - ene~gy and ene~gy resolution 
for events without leakage, < E( >=< Eu > and G't = G'/1 .,.......,- energy and 
energy resolution for events with "longitudinal leakage". In. our case for 
the value of energy resolution degradation from (5) we obtain 27%. 

In the case of lateral leakage the unexpected inverse behaviour is ob
served: energy leakage leads ~o some improving ofthe resolution. ,Let us 
consider this in more detail. In Fig: 12 tw~ distrib"utions of the lateral 
leakage are shown: lateral energy .leakage (top), energy resolution ( G' I Ea) 
(bottom) for the everit sample with lateral leakage as a function of Zco"-
ordinate. . . : · · · 

Fig. 13 presents the energy resolution as af~nction of lateralleakage 
for this event sa~ple. As can be seen the energY·r~solution i'mprdves with 
increasing lateral energy ·le~kage at lea.St to th~ value.of lateral energy 
leakage equal to6% at z = 18 em where energy r~solutionis irriprovin'g to 
18%. .. . . 4 

• ' ' 

This phenomenon can be explained. as follows ..•. The. hadronic sh~irer 
consists of electrom~gnetic and pure hadronic parts and the electromag
netic part in lateral direction places in the central core [19), [22). So by 
cutting some lateral hadronic part we "improve" the sh()wer properties, 
make it less fluctuating. However this may be the specific property of our 
calorimeter. · 

- 5 Conclusions 

We have investigated the hadronic shower longitudinal and lateral leakages 
and its effect on the pion response and energy resolution on the basis of 
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100 GeV pion beam data at incidence angle e = 10° at impact points Z 
in the range from -36 to 20 em. 

I' 

Some results are following: 

o The measured value of longitudinal punchthrough probability (20 ± 
1 )% agrees with the one for a conventional iron-scintillator calorime
ter with the same nuclear interaction length thickness and with the 
earlier measurement [5]. It also more corresp~md to calculated in [5] 
iron equivalent length LFe = 158-"cm. 

e The fraction of the energy of 100 GeV pions atE>= 10° leaking out 
at the back of this calorimeter amounts to 1.8% and agrees with the 
one for a conventional iron-scintillator calorimeter. 

o Unexpected behaviour of the energy resolution as a function of leak
age is observed: 6% lateral leakage leads to 18% improving of energy 
resolution in compare to events with the showers without leaKage. 
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Ey.nl).roB IO,A'. u .np. 
3KcnepuMeHTaJI&Hoe HCCJJe.nommue .BJIHBHHJI yreq1 
aupOHHOro nHBHJI Ha 3HeproBbUl,eJleHI~e_ U · 3Hepreruq, 
11 rtpoTOnine uunuu.npu'lecKoro a.n.pouuoro ianop1 
ATTIAC . ·. · .· · 

. OpeJJ.CTaBJieHa JJ.eTaJibHaB. UH$>pMaUUJI 0 nPo. 
~Jieprnu a.n.pouuoro~nusuB u u'x BJIUBHuu ila 3HeJ 
pa3pemeuue B nparm:une xe.neJO.,cuuuTHJJ.iJBUUOHH 
KanopuMeTpa ycTauoai<u ATTIAC. P'?3yn&TaT&J no 
nepuMeinan&HbiX JJ.aHHbiX · 3KCI103UUUU (MaH }9~ 
7t-MeJouos c 3H~prneii 100 rsB. Cpe.ztJMJB .non,.· st 
/lHBHJI, B~JTeKaJOIUero HJ KllnOp~MeTpa, COCTaBJIJie1 
CTB)'IOIUeH BeJIH'IHHOH MB xe.neJo-cuuHTHnnBUHOHHI 
06uapyxelio · i-IeoxHJJ.anuoe .. iwse.neuue · sileprem 
MOCTH OT nonepe'IHOH JTe'IKH imBHB: 6-npoueuTi 
nUBHJI npHBOJJ.UT K 18-npouellTHOMY yn~meHUIO :3 

Pa6o-fa s&monueua 8 -Jla6opal'opuu HJJ.epHLJx 1 . . . 
• • • < .C• • • • "" 

npc:npHltT OUbeiiHHeHHOro HHCTHTyra ll)lepHbiX.I 

Budago~ L.\: et al. · .· . 
Experimentaf Study of the Effect ·of Hadron Show 
on the Energy Response and ·Resolution . 
of ATLAS Hadron Barrel.Pro.totype Calorimeter 

J"·· '.· . . - ~~- ). 

The hadronic .shower longi.tudinal and lateral lc 
re~po~s~.and energy resolution afATLAS iron~sci 
calorimeter have been. investigated. The results ar 
data at incidence ·angle 8 = 10°: The· fraction of- th 
of this calorimeter amounts to1.8 % and agrees 

·1 ·iron-scintillator -calorimet~r. -. Unexpecte·d behavi 
as a function of leakage is observed: 6 % lateral 
of. ene~gy ~esolution in compare with the showers 

Th~ in.vestigation has been performed at the I 
JINR.- . 
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