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On the Calculation of the
Energy Loss of Muons in

Sampling Calorimeters

Abstract

Bernd Anders®, Ulf Behrens - A Monte Carlo (MC) technique has been used to investigate
and the energy loss of muons in sampling calorimetric devices. Two
Hanno Brickmann existing MC codes have been combined to calculate the muon

. Institut fir Experimentalphysik transport with & -electron-, bremsstrahlungs- and pair produc-

der Universitit Hamburg tion (MUDEX) and the transport of these secondaries (EGS). The
0-2000 Hamburg 50, F.R.G. results show that with the help of such a detailed MC calcula-
tion, a precise calibration of sampling calorimeters is

possible with muons,

{(submitted to Nucl. Instr. and Meth. in Phys. Research)

"DESY, Mamburg, F.R.G.
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1. Introduction

in discussing the performance of (high resoclution) hadron
sampling calorimeters {11, it is convenient to define sampling

fractionsR.l by
E . .
R.:= vis,i

"'E.~.+E..= ,
! invis,i vis,1l abs,1

Evis,i ()

where the index i refers to different c¢omponents in a hadronic
shower, like et,ut.-i, ©,n.%X,p.n, etc., which deposit different
fractians of their energy in the detector layers.

E ic the sum of the measured {mean) energy in all

vis,i

detector layers (Fig. 1}. E is the {(mean) energy deposited

invis,i

in all absorber sheets., If the quantity Eabs = Eivis t EVis is

equal to the incident hadronic energy E.. the calorimeter is
called hermetic.

¢ZAE. = E

vig 'nwis+ Evis' = E‘nbsorbed

Eo - ——-
incident AE e
energy

aE .,
absorber detecior
aE,. .= E_.
plates sheels 2 vis vis
fig. t: High energetic electrons with incident energy E, Lrduce

an electromagnetic $hower; mueAas dissipate & fraction
of their energy belween Lhe absorber and detectar layers.
The energy "seen” by the detector matertal is cailed
Evis' the other part of the energy absorbed is calied
Einvis” fhe energy absorbed in the whole calorimeter
stack Eabs might be in case of electrons the whole
incident energy Eo. but In case of myons only a small

aart of €,.

iy

It is customary to normalize the sampling fractions to the
sampling fraction Rmipfor a minimun ionizing particle, mip [21.
Because muons have ionizing losses different from those of a
mip, one has to distinguish between u's and mip's. We abbreviate

for an electromagnetic shower

R
RS R (2)
and for a mugn:
v . RU
e R—m_i_p {33
In the next chapter we explain the catculation of Evis and
3 for muons. We come back to 3 discussion of the sampling

abs
fractiens in the third chapter.
2. Calculation of the energy loss of muons

Since the fictitious mip-particles are not available for
calibration, one frequently calibrates calorimeters with huons
and caiculates from the muon signal the signal for a mip. At
low energies {several hundred Me¥'s) the muon behaves 1ike a
mip. At higher energies the relativistic rise becomes important
and eventually bremssirahlung, pair production "and nuclear
interacticns become dominating., Fig. 2 illustrates the energy

losses in bulk material of polystyrene and uranium [31.

Sandwich structures like sampling calorimeters require a
more sophisticated treatment than bulk material. This 15
itiustrated in Fig. 3, where the passage of a muon travelling
through many interleaved layers of absorber {high Z) and detec-
tor {low %) sheets, is shown. The effects of 6&-ray productien,
bremsstrahlung and ete” pair production are energy- and mate-
rial dependent and are in general guite different for absarber

and detector layers and therefore EVis and E. will have

invis

different energy dependences.
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Fig. 2: The mean energy loss of muons in bulk materiai of poly-
styrene and uranium a5 & function af enerdy. The
corresponding energy lasses for minimal ieniLzing
particles (mip's) dare given for comparison (2].
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Fig. 3: When a muon is traveiling through many interleaved layers

of absorber and detector sheets, the effect

af the

production of 4d-electrons, bremsstrahliung snd ete

pairs become ipcreasingly impertant with higher energies.
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The quantity E is best be calculated by a Monte Carle

vis
procedure rather than by analytical means since 6-electrons
creafed in_the absorber can deposit part of their energy in
the detector material and, vice versa, 5-electrons created in
the detector can deposit paft of their energy in the absorber
material. Furthermore, Obremsstrahlung and pair production
give rise to electromagnetic showers, which can extend cver
several layers. o
We use for the transport of the primary muon the Monte
Cario code MUDEX of Lohmann, Kopp and VYoss [41. This program

produces vrandomly & -electrons, bremsstrahlung gammas and
electron/positron pairs according to the probabilities calcu-
lated by Bhabha [5], Petrukhin and Shestakov (6] as well as
Kokculin and Petrukhin {7]. Interactions with energy transfer
below a given threshold are taken into account by calculating
a mean value for this part of the energy loss. The energy is
assumed to be depcsited locally. In a secoend step, using EGS4
[9), each of the produced higher energetic 6-rays, bremsstrah-
lung and particle pairs is followed through the calorimeter.
We call the new code obtained by linking MUDEX to EGS4 the
program MEGS [ 10].

The distribution of the visible energy as calculated with
MEGS for 5 and 100 Ge¥ muons are shown in Fig. da,b for a
uranium/scintillater test calorimeter (T735) with 134 layers
0f 3 mm thick depleted uranium (OU} plates and 2.5 mm thick
scintillator (SCSN 38) plates (81 . As expected the distribu-

tions of E exhibit a long tail extending to high energies.

vis,u
At 100 GeV (actually above 10 GeV¥) the calculated distributions
deviate from a Landau distribution {dotted curve) due to the
contributions from bremsstrahlung and pair production. The

distributions have been fit to a 3 parameter Moyal-function
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Fig. 4: The visibie mMuon signal from MEGS calculations described

1n the text.

a} & Ge¥/c u” incident, %000 events generated,

b) 100 Ge¥/¢ u” imcidgent,

LPU-time

= 40 min.

1000 events generated,

CPy-time = 49 min.
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{13,147 . This function was introduced to describe Landau
distributions in an anaiytical‘ form. From these fits, the
most probable value, mop, can be read off which is defined as
the energy-value, where the maximum of the Moyal-functicn
occurs. The {mean) visible energy for a mip, Evis,min = 68 MeV,

and for muons of 5 (100} GeV the mcst probabie visible energy

mop B A mean _
vas,u - 70 (77) MeV and the mean visible energy Evis.u = 75

(128) MeV is also shown.

The MC results can now be used to calibrate the experimental
muon signal, which 1is obtained in arbitrary pulse height
units. We propcse to use as a starting point the most probable
deposited energy, which in general can be determined more

accurately from the data than the (mean) average energy loss.

Figure 5a shows the MEGS result for the primary ionisation
losses which follows & tandau distribution. The solid curve
chows the fit to a Moyal-function up to 100 HMev. No production
of (secondary) bremsstrahlung and ete” pair production are
included. In Fig. S5b the sum of these two contributions are
<hown as dotted curves: The signal as the Moyal-fit correspon-
ding to Fig. &b as a smooth curve. The contributions from
bremssstrahlung and pair production increase the mop-value
from 70 MeV {Fig. 5a) to 77 Mev (Fig. 4b).

A similar but much stronger deviation from a Landau distri-

bution is observed for the distribution of the absorbed energy

Eabs,u = Einvis,u Evis.u (Fig. 6). The calculation gives
mo p . mean
Eabs.u = 1324 MeV and Eabs,u = 2573 MeV.

The deposited energies in the scintillator, as caiculated
by MEGS, are compared in Table [ with the vaiues given by [3]

for the mean energy loss in bulk scintillator material.
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Fig. $: a) The visible muon sigaal from Fig, 4b, if the only
cantributing processes would be the primary
ienisation due to the i1ncident mugn, Showing the
expected Landau distribution as a Moyal-Ffunction
fit {s0lid curve).

2l The solid curve ts again the primary ionisation from
a), When the secondary radisation (Hremsstrahlung and
e"e” pairs) are explicitely transperted throughout
the whole stack, the dissipated mean enerqgy is
increased. The result is shoawn by the dotted curves

{histogram and Moyal-fit, identical te Fig, 4p).
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3+ evenlts

Fig. 6
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100 GeV/c p's stack: T35

30 . .
mean
Egps,y = 2573 MeV
map
20 L Egpey * 1324 MeV
10 4
0 1 i M
o) 1000 2000 [MeV] 3000
Eobs

The absorbed [(1nvisible plus visible} muon signal far
100 Ge¥/< muons. There is strong deviation from a sure
Lindau distridut:ion (Moyal-fit, ¢alid and dotted curvel
due Lo enhanced secondary radiation production in the

hign I absarber layers.

the transport of s-electrons cut of the scintil-

(2.5 mm thickness) leads to a 8.5% reduction of

visible energy for the scintillator layers as compared to the

of [3].

We note that the MEGS value could depend some-
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what on the energy cuts used in EGS4 and PEGS4 for the simula-
tion of the low energy electron transport. A lowering of the
cuts, due to the experience gained with related problems dis-

cussed in [1], would decrease this reduction by & few percent.

CEo () 5 GeV 100 GeV

scint,
vis, i
for bulk

material
[31

82 Me¥ 102 Me¥

mean
vis,p

{MEGS)

£ 75 MeV¥ 28 Me¥

Tab. 1: Deposited (mean) energy in the scintillator for
5 GeV/c and 100 GeV/c muon incident on the T35
structure, as given by [3] and calculated by
MEGS {lower row). The standard options for
ECUT = AE = t.5 MeV, PCUT = AP = (0.1 MeV and the
stepsize algorithm have been used in EGS4/PEGS4.

For 100 GeV/c the modification of the signal is-mainly due
te bremsstrahlung and pair production, resulting in a 27%
increase of the [(mean) signal detected via the scintillator
plates.

In the following we {llustrate the usefulness of calibra-
ting calorimeters via muons and the MEGS code. As an example,
we show in fig. 7a the measured pulse height distribution
from 5 GeV/c muons on T35 for a gate width of 100 nsec. To
account for the additional contributions from uranium noise
and photostatistics, the fit-function consisted of a convolu-
tion of a Gaussian with a Moyal-function. Four parameters

were fitted: the mop-value and the width of the Moyal-function,

(arb.units }

#* events

{arb.units)

# events

150

100

S0 1

100

S0
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S GeV/ic u's stack: T3S

b

@ calibrated muon signal
Eprary = 70 MeV
r £ 232 channels B
Evi;,mip’ 68 MeV
- A 1
mip 333.3 666.6 (channels)
1 ] J
O 100 200 [MeV] 300
S GeV/ic p's stack: T35
@ experimental and
MC generated
muon signal ]
mop
b JL M )
8] mip 100 200 MeV 300
3} Caiibrated muen signal from & test experiment (735,

[81) at § Ge¥/¢. The mean and mop values are taken
from a MEGS calculation, see Fig. d4a. The solid curve

is a Fit with & Moyal/Gaussian-ronvolution Lo the

mop

data, resuiting 1n a Ev:s.u

value given (n channeis.

The same experimental signal 3s 1a 3}, but the solid
curve i4 now 3 convolution of the Muy-;l-Funcllcm
fitted to the carresponding MC generated (notse-frea}
muon distribution with a Gauvssian fitted to the

corresponding uranium nolse dlstribution.
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the width of the Gaussian and an overall height factor. The
solid curve in Fig. 7a shows the result. The calibration fac-
tor is obtained by identifying the mop-value {in ch;annels)
with the mop-value from Fig. #4a (in Me¥)}. To check, if the
MEGS generated distributien can describe the experimental
signal (the histogram shown in Fig. 7a), we use now the para-
meters of the Moyal-function (Fig. 4a) to represent the experi-
ment. This (noise-free) function is now convoluted with a
Gaussian, which represents the wuranium noise distribution,
see f.i. [8), i.e.the width of the Gaussian is taken from the
experimentally measured uranium noise signal. The result of
this (parameter free) convolution 1is shown in Fig. 7b; it

gives a2 good description of the experimental distribution.

We conclude that the simulation of a muon signal distribu-
tion in sampling calorimeters can be performed in & realistic
way using the MEGS code. Because of this the sampling frac-
tions introduced in eq. (1) can now be expressed in terms of
the muon parameters. Figure B8 shows as a function of incident
energy the behaviour of the visible mop and mean energies for

muons.
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Fig. 8: The visible energy 1n a test calorimeter cantaining
134 scintillater-absorber layers (8) has been calculated
by the MAC program MEGS as a function of the muon
energy. The mean and the most probable (mop) vatues are
given, The latter is more convenient for calibrational
purposes, because the long high energetic tail of the
v-spectrum mixes with hadronic events in an experimental

Lest.

3. Sampling fractions for electrons and muons

The physics of the sampling fraétioﬁ of an electromagnetic
shower has been diécussed before. For high 1 absorbers the
sampling fraction for e or v i$ considerably smaller than for
mips. This is due to the fact that a large fraction of the

shower enerqy is carried by low energy (E < 2 MeV) photons (see
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(14,15}), which are absorbed preferentially in the high A
absorber plates (migraticn effect of ~y-energy for sampling
czlorimeters, [1,11,163). We note thet the normalized sampling
fraction e/mip is a convenient {measurable) quantity to charac-
terize a sampling device independent of the stack iength L.
and the incoming energy £,. Although e/mip and p/mip are
defined in the same way (egs. (2,3)), there is @& fundamentai
difference between the two quantities as illustrated by fig.9.
The difference artses because usual sampiing calorimeters are
atlways sufficient in depth tao contain the whole electromagnetic

shower (Eg(e) = ), whereas in practice a calorimeter is

abs,e
a "thin target" for high energetic muons {E.(u} >> Eahs,u)'

Tne normalized sampling fraction for muons, p/mip, is therefore
decreasing from 1 with increasing energy, whereas e/mip stays
constant with €,. [t is clear from such an energy dependence
that the ratio u/mip is not a practical quantity te characterize
a samoling.device_

This situation does not improve very much, 1f one uses a

different defined ratio to characterize the muon behaviour:

gmop
Q, el ta)
u o Emop '
abs,p
mop ‘ mean
though £ 1 | is not as much energy dependent than E__ {see

Fig. 8). Specially the value for the denominator is not easily
obtained {see Fig. 6) for higher muon energies. To summarize, we
state that instead of quoting e/u-ratios {(which can be only
meaningful fer the specific calorimeter stack for which they are
measured), one should give e/mip-ratios, which can be obtained

with the help of a calibration constant (see Tab. [1}.

416_

Eolu? 5 GeV 50 GeV 100 GeV
mipt! 7.6% 7.6% 7.6%
® 4.94% 4.94% 4.94%
mean 6.35% 5.46% 4.99%
ymop 6.49% 6.21% 5.82%
mio Iy 20 1.39 §.52
mean
U
e/mip 0.65+0.03 0.865 0.65
Umean
3 1.29 1.105 1.01

=]
UI'HOD

. 1.31 1.26 1.18

for the T35 calorimeter structure.

11: Various sampling fractions and ratios derived

+) The density of SCSN 38 has been measured to be p = 1.044 g/cm’

*1

In an earlier publication,

(12, publ. in RNucl

. Instr. & Metn.]

the ratio "mip/p" was preliminary used with a different

meaning. Now the ratio used

W v
mip/ut o= Evis,mip

/E

scint
vis, g’

in [12] would have to be written

The values for Eiglnt

have been
is.u

taken from the CERN-table (3] for bulk material.
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0f course, if one is only interested in e/h-ratios of a
sampling device, one does not need such calibration constant nor

the e/mip intermediate result. But it is very helpful to do so,

both for the experiments and the MC predictions (see {1,161}, to

make quoted results for e/h-ratios more transparent and also
more reliable.

For the T35 sampling structure (3 mm DU, 2.5 mm scintilla-
tor), we gave as a first experimental result e/mip = 0.65: 0.03,
using MEGS for calibration (see Fig. 9). This result 1is in
agreement with the value from the HELIQS collaboration, quoted
earlier, [161, as 0.67*0.05 for the same layer structure. Unfor-

tunately there are no high energy data for T35, but for a lead/

scintillator sampling test calorimeter, called 736, (17], equipped

with 10 mm Pb and 2.5 mm SCSH 38. Their experimental results up

to 75 Ge¥/c have been recalibrated with MEGS (ratio
mop
Evis.mip/
mean
Evis,u/

and are plotted in Fig. 10. Since the experimental

vis,mips M™P = 3.82% see Fig. 10). The ratios
vis,mip (called ap/amip in [17]) are also reevaluated
mean
Evis,u

values have been obtained by applying a high energy cut to the

data, correspondingly we have used a cut at 50 MeV for the MEGS
calculations. Nevertheless the £, dependence can only pooriy be
reproduced, probably due to difficulties in the evaluation of
the experimental mean values mentibned.earlier. So again the
use of mop-values should be the optimal option for comparison
and evaluation of the e/mip-values, see Fig. 10.

Qur result for T36 is now 0.?120.03 {averaged. cver the PS

and SPS data).
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Fig. 9: The calculated normalized sampling fractions for muons
{u/mip-ratio} and the efmip-ratios are shown as &
function of incident energy £, for a uranium/scintilliater
calorimezer, The black dots ctorrespond to experimentaily
determined numbers from T35 (8).
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Fia.10:

Jepasited energy ratios for the scintillator plates of a

lead/scintiifator test calorimeter, TJ6,[17). Results

from MEGS ere denoted with apen circles:

results are shown 4% crosses.

the experimental
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Summary

The Monte Carlo code MEGS has been developed for the des-
cripticn of the epergy loss of muons in sampling calorimeters.
The code has been obtained by combining the program MUDEX for
the passage of the primary mucn with the program EGS to include
the enmergy deposition by s-electrons, bremsstrahiung and ete
pairs. A quantitative description of the energy deposited Dy
the muons it obtained. This offers the possibility to calibrate

sampling calorimeters with the help of muons.
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