


1 IntroductiOn | D
Due to limited dimensions of ca.lorlmeters one from 1mporta.nt questrons
of calorimetry concerns the energy leakage and related with it the deterio-
ration of energy resolution, appearance of tails in the energy d1str1butrons
and ultlmately the deterioration of the quallty obtained physrcs informa-
tion.” In this art1cle we report on the results of the experrmental study
of hadronic shower leakage effects on the pion response and energy reso-
lution of ATLAS barrel hadron prototype calorimeter [1}. Because this
calorimeter has innovative concept of longitudinal segmentation of active
and passive layers (see Fig. 1), the measurement of hadron showers lea.kage
is-of special interest [2]. This investigation was performed on the basis of
data from 100 GeV .pion exposure of the prototype calorimeter at.the H8
beam of the CERN SPS at different Z impact points in the range from
—36 to 20 cm with step 2 em (Z scan) at incident angle ©.= 10° which
were obtained in May 1995.. Earlier some results related with leakage for-
this calorlmeter were obtamed in [3] [4] [5] :

2 The Prototype Calorlmete ,

The prototype calorlmeter is composed of ﬁve sector modules each span-
ning 27 /64 in azimuth, 100 cm in the ax1a.l (Z) dlrectlon, 180 cm in the
ra.dlal direction, and w1th a front face of 100 % 20 cm? [3] The iron struc—
ture of each module ‘consists of 57 repea.ted perlods "Each perlod is
18 mm tlnck and consrsts of four la.yers The!ﬁrrst and, thlrd layers are
formed by la.rge trapezordal steel plates. (master pla.tes), 5 mm thick and
spanning the full radial dimension of the module. In the second and fourth
layers, smaller trapezordal steel plates (spacer plates) and scmtllla.tor tiles
alternate along the radial direction. The spacer plates are 4 mm thick and
of 11 different sizes. Scintillator tiles are 3 mm thlckness The iron to
scintillator ratio is 4.67:1 by volume:. The calorimeter thrckness at inci-
dence angle © = 10° corresponds to 158 cm of iron’ equlva.lent (9 4 nuclear
interaction length) [5]."

Radially oriented WLS ﬁbres collect hght from the tlles at both of therr
open edges and bring it to photo-multipliers (PM T's) at the periphery of
the calorimeter. Each PMT views a specific group of tiles, ‘through the cor-
responding bundle of fibres. With this rea.dout scheme three-dlmensmna.l
segmentation is immediately obtained. '
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Tlles of 18 dlﬁ'erent shapes all have the same radlal d1mensrons (10 cm).
The prototype calorimeter is radially segmented into four depth segments -
by grouping fibres from different tiles. Proceeding outward in radius, the -
three smallest. tlles 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 w1dth in .

Z direction is. ‘about 20 cm.
Constructlon and performance of ATLAS 1ron-sc1ntlllator barrel had-
ron prototype calorrmeter is descrlbed elsewhere [1] [3] (6],

N . ; ,,;

‘73 Test Beam Layout

: The ﬁve modules have been p051t10ned 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 1mpact pornt of beam partlcles on the calorlmeter face to.

‘better than +1 mm [7]. For the detection of the: hadronic shower longltu-

- dmal and lateral leakages backward (80 x 80 cm ?) and side (40 x 115 cm?)’

“muon walls” punchthrough detector were placed behind and at the r1ght
~side of the calorimeter modules’ [8]. Basic elements of “muon walls” are
, plastlc sc1ntlllator detectors with dimensions 20 x40 X2 cm?® which are read-

out by 2 1nch photomultlpllers EMI 9813I(B "The tag of g1ven (longrtu-,

: dlnal or. lateral) leakage is at least one hit in correspondlng muon wall”.

Due to the’ number of photoelectrons in any sclntlllator counter of walls i is

; roughly 100 per minimum ionising particle muon walls” detected charged
- particles with high efficiency. As a result we have for each event 200 values
of charges from PMT properly calibrated (3] w1th pedestal subtracted

4 Results

30 runs contalned 320 K events with various Z coordmates have been
analysed. The treatment was carried out using program T'ILEMON[9].
. The scintillator detector planes behind and back: of the calorimeter
give us possibility to select the event samples at different conditions: “no
leakage”; only “longitudinal leakage”, only “lateral leakage”, “longitudinal
and lateral leakages” simultaneously. S
" In this section the following issues are discussed:

1. punchthrough probablllty, 7
-~ 2. energy leakage -
3. the effect of leakage on energy resolution.

First of all ‘we determine the value of punchthrough probability‘.‘

4.1 Longltudmal punchthrough probablllty

By definition [8], [10], [11] the total hadronic punchthrough probabxhty is
the ratio of the number of events giving at least one hit in the punchthrough
detector to the total number of trlgger 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 (N2 8in Fig. 3 [8]) in g beam (top)
and in 7 beam (bottom) are shown. Spectrum in' 7 ‘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 ionising single particle distribution is related with the.
contribution of neutrons as punchthrough partrcles [10] '
We used two cuts:

1. ADC > ADC,L, where ADCL — the begmnmg of Landau drstrrbu-5

“ tion for i-counter, .
2. ADC > 0 (naturally afte1 pedestal subtractron)

Note that the results of cut'1 are not so much d1st1ngu1shed from'a cut‘
used in [5]) ADC; > (< ADC >; —30:). :

We think that cut 2 is more correct since 1t does not re_]ect events w1th
leakage. In following for the spectra analysis we use this cut. ;

.As can be seen from Table 1 cut 2 is more soft relative to leakage and
leads to decreasmg of the event sample “no leakage and to increasing of
event sample with leakage Especrally the event samples with “longltudmal
leakage” and “longitudinal and lateral leakage” are mcreased (more than
60%). In the last raw longitudinal punchthrough probabrlrty for drfferent'
cuts corrected on value of acceptance of the shower leakage detector (T7+
4)% [5] are presented. '

Obtained value of punchthrough probablllty for cut 1 (18 % l)% agree
wrth the one from (5]. In the case of cut 2 obtamed value (20 :l: l)% more'
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Table 1: Percentage of the events and punchthrough probabllltles for dlf—
ferent types of leakages and cuts.

Type Alias| Cut 1| Cut2 | Cut 2JCut 1—1|
o : , %l R % :

no leak. nl 72.0 62.0 | —14.

lon. leak. . -~ .| | 100 9.4 —6.

lat. leak. lal | 140 226 6L

lon. & lat. leak. ] 3.6 6.0 67.

‘all long. leak. "~ | lol 13.6 154 13.

| punchthrough prob. | PP [18.£1. ] 20.£1. I |

correspond to calculatedkin_[5] iron equivalent length Lfe = 158 cm and
the one for a conventional iron-scintillator calorimeter [12]. | -

4.2 Energy response and leakage

There are a few methods for evaluatmg of an energy leakage in calorlmetry "

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;,, by using the 'detected energies of the

-event sample “no leakage”, Ey,, and the fraction of these events, Nyi/Nyy: -

Nan

> i, = Nt Z R

ﬂn_.

wllete N"“ = Ny + Ny, Ny — n‘umber of the event sample ¢ ‘no leakage”,
Nt — number of the event sample “all longitudinal leakage
The relatlve missing leakage energy is equal to:

Lo=1- =i B _ DB, Na(< Ea>—< By >) ,
: ) E:—-" E' E Nant Ea Nu“ S Enl > o ( )

where E; — _energies of the event sample “longitudinal leakage
In Fig.’s 3 and 4 two-dimensional spectra of energy responses as a

functlon of Z coordinate and energy E are shown. Fig.’s 5 and 6 show |

e

the correspondmg energy responses for events w1th all Z'at dlfferent leak-
age conditions. To map the energy in GeV ‘scale the constant equal to
100 G’eV/<En1> was used; where <E',,1>- 514.2 pC is the mean energy
response for event sample:“no leakage From these figures general be-
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: d1str1but10n for event sample “long1tud1nal leakage”: have
the clear low energy. tail and in the distribution for event sample’ “lateral
leakage” the maximum amplltude increases with increasing of Z. The ob-
tained mean responses, relative resolutions as well as the values of leakages
and tails are given in Table 2, where

<Eu>—-<E;>

L= SN 3
‘ ’ < Enl > ? 3 ) ’ ()
i = “no leakage”, “longztudmal leakage ,- “lateral leakage”, ‘Iongztudmal
and lateral leakages”, “all events”. The estimate of tail is defined as an

excess of the events over G’ausszan curve’ in the reglon more than one
Slgma L PR ; , :
Table 2: Responses resolutlons leakages and talls for events W1th d1fferent
Zin the range from —36 to 20 cm.

(Type | %|<B>|zm |22 L ‘Low tail | High tail |
: |Events|GeV | % | % | %{ % T %k
no leak. - 62.0]1100.] 741 00 [0.01} 0.0 -}2.6£0.05]
Ton. leak. 9.4 91.0 104 41..|9.0 | 7.1£02[ 00 |
lat. leak. - | 22.6] 96.8| 7.2 | —=1.9 {32}  0.0-. §1.140.05}
lon. & lat.leak. 6.0|.88.3 [10.7| 45.. |11.7] 6.1£0.2"} i 0.0
all events 1 100.197.7 | 8.3} .13.7 | 2.3711.5+0.03 | 1.3£0.02

Fig.’s 7 and 8 show the energy d1str1but1ons for event samples w1th |
various leakage conditions at Z = —8 em.. The characterlstlcs of these
distributions are given in Table 3. The.event samples — “any leakage ,
“longltudlnal leakage”, “longltudlnal and lateral leakages have the low
energy tails, the event samples — “no leakage and “lateral leakage” have
the high energy tails. The events sample W1th leakage naturally have the
low energy tail. The high energy tail in the event sample “no leakage was
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Table,3; Responses, resolutions, leakages and tails for the events 'wit’h

Z = —8 cm at various leakage conditions. -

Type % |<E>|zgs [ =% L [Low tail | High tail|
1 Events|GeV| % | % | % | % % |
|no leak. 71.31.100. | 7.3 | .0.0 ] 0.0 0.0 2.7£0.2

lon. leak. 11119101 9.9 35 1{.9.0]|6.7£0.7({ . 0.0
< {lat. leak. 1421 988 | 7.1 —4. | 1.2 0.0 .[.1.7£0.3

Ton. & Tatdcak.| 3.3 89.5 | 8.8 |, 20. |105] 12.42. | 00
‘| all events : 100 984 ) 98 | 79 | 1.6 | 1.5%0.1 | 1.3%0.1

explained in [16] by contribution of showers with unusually large electro-
jmagnetic 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 the 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 specfré (top) and
: ‘Gaussian fits (bottom) as a function of Z coordinate at different léakage
‘co,qdi:,t)iOn/s. In Table 4 are given the results of averaging of these depen-
‘dences in the uniformity ranges.- . T ‘

L

”(]i:‘able 4: Responses and resolutions for the events at various leakage con-
itions. = - E o A '

<E>.

“Eg

BRMS

7

gi=0nt

1 oGgev v | % % % %
7o Teak, | 100.20.02 [ 99.750.02 [ 8.050.02 | 7.450.02] 00 | 0.0
Ton. Tk, |91.1.£0.12 | 94.020.08 |16.250.1 |9.720.07 [8.950.1 | 31.0508
Tat. Tk.* |98.320.06 | 98.120.06 | 7.620.03 | 7.320.03 | 17201 | 1.4 £ 035
ol ev. |98.520.02 [98.820.02|0.940.02 | 8.0£0.02 | 1.500.1 | 81504

* For events with Z <5 cm.

e

' T.he fraction of the ellergy leaking out from thev'abat:kward side of this
qalornme?er calculated by the formula (2) amounts to (1.8 £ 0.03)% and
agrees_%wklthphg: value 1.73% for Lpe =158 gm,'inezisuféd in [15]. Besides,

R
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our value for this leakage agrees with the result of Monte Carlo calculations
for longitudinal leakage of our calorimeter for 100 GeV pions at © = —11.3°
and Z = 8 cm which equals to (1.65 % 0.15)% [17]. R

It should be noted that 15% of the events have the 9% energy longi-
tudinal leakage and 1% of the events 50% of energy (= 50 GeV) 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 experiments. '

The obtained fraction of events without longitudinal leakage offers the
possibility to estimate the full shower containment length, L,x. Using the
measurement value of the event fraction with longitudinal leakage fia =
(14.5£0.5)% from Table 3, the value of muon wall acceptance € = (T7£4)%
[5], the interaction length of the pion induced showers Liny = 20 1 cm.
[15] and the length of calorimeter L.as = Lp. we extracted the average full

shower containment by the relation:

foe fid (Legr=Lap)
= ,,=1,‘,—,‘.,,fl€ll=1—e b (4)

This expression reflects the ’facvt‘;tl\)at in order to be the event without lon-
gitudinal leakage tllqint‘eré{:tii:m{ of the incident particle with the material
of calorimeter must b,e);tz\ike'nf place in the range from the beginning of the
calorimeter to the Value\:L",,,',,;"“'-':ﬂ “_Lcaj — Ly, in average. The obtained value
is Ly, = 125 +£5 cm. Thi’s4 Valuye.may;be compared with the 99% shower
containment values 126 crm and 136 cm given by (18] and [15] respectively.

We also considered the question concerning nonuniformity response of
calorimeter. As can kbe'séénfin Fig. 9 the energy response as a function
of 7 coordinate from event sample “no leakage” is more uniform than the
one for other event types. It is allows to estimate the more extended range
of uniformity (from —36 ‘em to 20 ¢m) than in [3] which appears equal to

0.9% (RMS).

4.3 Influence of ‘leakag"é‘on the enérgy resolution

" Fig. 10 shows the relative energy resolut')ons‘ obtained by Gaussian fitting

of spectra (top) and the relative energy. resolutions (RMS/<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 (6/Eg) 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.

Figure 2: Typical ADC spectrum of a “muon wall” counters i in the p beam
(top) and in the 7 beam (bottom) for counter NQ 8. = iocii
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Flgurfz 3: Two dimensional spectfum of energy response as a function of Z Figure 4: Two dimensional spectrum of energy response as a function of
- coordinate and energy E for various leakage conditions: all events (top), o .. Z coordinate and energy E for various leakage conditions: longitudinal .

~leakage (top), lateral leakage (bottom). ., % .
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Figure 9: Mean energy responses obtained by averaging of spectrum (top)
and Gaussian fitting (bottom) as a function of Z coordinate at different
leakage condltlons a) black square — no leakage, b) open square — - lon-
gitudinal leakage, c) open triangle — lateral leakage, d) black circle — all
events.
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Flgure 10: Energy resolutlons (o‘/ Eg) obtamed by Gausszan ﬁttmg (top)
and energy resolutions (RMS/ < E >) obtained by averaging of spectrum
(bottom) as a functlon of Z coordinate at dlfferent leakage conditions: a)
black square — no leakage b) open square — longltudmal leakage, c) open
triangle — lateral leakage, d) black circle — all events. t
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Figure 13: The energy resolution improving for the events sample with

lateral leakage as a function of lateral leakage for Z > —5 cm.
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greater (approxrmately 1n two tlmes for events w1th longltudlnal leakage)z,'
than ones obtained by Gaussian ﬁttlng “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 o/ Eg amounts 31%. The general degradation
of the resolution with increasing of leakage is in agreement with earlier
observations [13], [16], [19], [20]. Moréover, our energy resolution degrada-
tion 1””0#'"1 = 24% is in reasonable agreernent ‘with the parameterlsatlon '
proposed by [18] on the basis of the data from C'ITF collaboratlon [21]:

(0‘1— 0) =0.9- \/<Eo> <E[
o <E0>

N

where < Ey >=< Enz > and Oy = Oyl — energy and energy resolutlon
for events without leakage, < E; >=< Ey > and 0y = oy — 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 to some 1mprov1ng of ‘the resolution. .Let us
consider this in more detail. In Fig. 12 two’ distributions of the lateral
leakage are shown: lateral energy leakage (top) eenergy resolution (o/ Ec;)
(bottom) for the event sample with lateral leakage asa functlon of Z co-
ordinate. -

Fig. 13 presents the energy resolutlon as a functlon of lateral leakage‘
for this event sample As can be seen the energy resolutlon 1rnproves wrth
1ncreasmg lateral energy leakage at least to the value of lateral energy
leakage equal to 6% at Z —-.18 cm where energy resolutlon 1s 1mprov1ng to
18%. ,

This phenomenon can be explalned as follows The hadronlc shower
consists of electromagnetlc 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 shower propertles,
make it less ﬂuctuatlng However tlns may be the spec1ﬁc property of our
calorimeter. » g o AE .

-5 Conclusmns

We have 1nvest1gated the hadronlc shower longltudlnal and lateral leakages
and its effect on the pion response and energy resolution on the basis of. g
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100 GeV pion beam data at mc1dence angle © = 10° at unpact pomts VA
in the ra.nge from —36 to 20 cm.

" Some results are followmg

o The measured value of longxtudmal punchthrough probablllty (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 correspond to calculated in [5]
iron equivalent length Lr. = 158-cm.

‘°> The fraction of the energy of 100 GeV pions at © = 10° leaking out
" at the back of this calorimeter amounts to 1.8% and agrees with the
_onefora 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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