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Abstract

We report on a study of high energy muons traversing the ATLAS
hadron Tile calorimeter in the barrel region in the energy range between 2
and 300 GeV. Both, experimental data and MC simulations are presented
showing good agreement. The capability of the Tile calorimeter in de-
tecting isolated muons over the above energy range has been studied. A
signal to background ratio of 10 to 1 is expected for nominal luminosities
(1034cm�2sec�1) at the LHC. The energy loss of a muon in the calorime-
ter, which is dominated by the energy lost in the iron, can be correlated to
the energy loss in the scintillator. This correlation will allow to correct to
an event-to-event basis the muon energy loss in the calorimeter and reduce
the low energy tails on the muon momenta distribution.
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1 Introduction

Although the main task of an hadron calorimeter is not to detect muons, the

ATLAS Tile calorimeter can provide useful information on this subject.

Muons exceeding energies of 2 GeV will be measured in the ATLAS detec-

tor with a system of chambers placed inside an air core toroid after more than

100 radiation lengths of electromagnetic and hadronic calorimetry [1]. The de-

sign performances of the muon spectrometers in ATLAS are : �pT=pT = 2%

at 50 GeV and about 10% at 1000 GeV, see Fig. 1 [1], [2]. The uctuations of

the energy loss from the absorber material in a calorimeter in front of the muon

spectrometer will limit the precision of the muon momentum measurement for pT
below 100 GeV. In general these uctuations are reduced when the calorimeter

absorber is made out of low Z material, like iron, as it is the case for the AT-

LAS Tile calorimeter, compared to lead or uranium. In ATLAS the energy loss

in the calorimeters will dominate the muon momentum resolution in the muon
spectrometers below 100 GeV. Above 100 GeV multiple scattering in the muon

chambers and measurement errors will dominate [1].
At low muon transverse momenta, pT , (muon pT 's between 2 and 5 GeV)

calorimetric measurements become important, because a signi�cant fraction of
the muon energy will be absorbed in the calorimeter. In this energy range Monte
Carlo simulations show that calorimeter information could be very useful to iden-

tify muons from B-mesons (B0 ! J=	K0 with the subsequent decay of the
J=	! �+��). The idea has been to use the fact that very little energy will be
deposited in the last sampling compartment in depth (after 8 interaction lengths)
by light quark and gluon jets and minimum bias events, in constrast to muons [3].
This property can be used to identify muons as it has been demonstrated in

Ref. [3].
In the muon momentum range of 10 to 100 GeV the use of the correlation

between the energy loss in the scintillator and the energy loss in the iron could

be interesting to correct the total amount of energy loss of a muon traversing
the full calorimeter depth. This would allow to improve the muon momentum
measurement in the spectrometers. The detection of the Higgs boson in its in-

termediate mass range via the decay channel H ! ZZ�! 4� would pro�t from

such an improved muon momentum measurement.
The light yield produced by muons in a scintillator is usually very small com-

pared to signals from particles for which the calorimeter system was constructed

for. The additional request to also identify muons with the Tile calorimeter puts

further constrains on the dynamical range of the readout system. Low noise and
high photoelectron statistics are additional important ingredients to perform well

the energy deposited by muons.
All these aspects have been studied and investigated with two prototype se-

tups in test beams using muons at energies between 10 and 300 GeV and inci-

dent polar angles between 0o and 90o. In addition, MC simulations have been
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performed for muons of energies between 2 and 300 GeV.

The present paper is organized as follows: Section 2 describes the test beam

setup, the data taking and the selection procedures. The test beam and MC

results are discussed in Section 3. Finally some conclusions are given in Section 4.

2 The Test Beam Setup

Two di�erent setups have been used to test the prototype modules in test beams

at the CERN-SPS.

In the stand-alone mode the Tile calorimeter modules have been positioned on

a scanning table, able to allow high precision movements along any direction in

space (z; �; �). The Tile calorimeter prototype consists of �ve 1 m long modules

with a front face of 100 � 20 cm2, each module spanning 2�=64 in azimuth.

The radial depth is 180 cm, starting at an inner radius of 200 cm up to an
outer radius of 380 cm corresponding to 8.9 interaction lengths (�) at � = 0 or
to 80.5 radiation lengths (X0). Each module has 57 identical scintillator tiles

of 3 mm thickness along z and 18 tiles, each of di�erent dimension, in radial
depth. Within one module the readout �bers are regrouped to de�ne a cell
granularity of �� � �� ' 0:1 � 0:1. The calorimeter is radially divided into
four depth segments by grouping �bers from di�erent tiles. Beam chambers and
beam de�ning elements have been placed just in front of the scanning table. A

large scintillator wall covering about 1 m2 of surface has been placed on the side
and on the back of the calorimeter to quantify back and side leakage of hadronic
showers.

Muons with energies between 10 and 300 GeV have been shot on the calorime-
ters at incident polar angles between 0o and 90o [5].

For the combined run (TILECAL+LAr) the test beam setup has been dif-

ferent. It is shown in Fig. 2. The Tile calorimeter has been placed on a �xed
table, just behind the LAr Accordion cryostat. Both the cryostat and the Tile
calorimeter have been tilted with respect to the beam axis by � = 11:3o. This

combined test was mainly dedicated to study the calorimeter response to hadrons,

but muons of energies between 20-300 GeV were also available from muon con-

tamination in pion beams [5]. A dedicated muon beam of 300 GeV could also be

used.
For the LAr electromagnetic calorimeter the large 2 m prototype [6] of RD3

has been used, located close to the back of the cryostat to reduce the distance
between the two active devices. In this layout the e�ective distance between the

two devices is of the order of 45 cm, instead of the 25 cm as foreseen in the
ATLAS setup. The amount of material has been quanti�ed to be about 2X0 in

between the two calorimeters. This value is similar to the ATLAS design value,

but the material type is di�erent: steel instead of aluminum for the cryostat.
The 2 m LAr electromagnetic calorimeter prototype which has full projective
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geometry consists of a stack of three azimuthal modules covering 27o in �. The

segmentation is �� � �� ' 0:018 � 0:02 for the �rst two compartments (each

having 9 X0 in depth) and �� ��� simeq 0:036 � 0:02 for the last one (7 X0).

Beam elements and beam chambers in front of the cryostat are used to de�ne

the beam position and its quality.

For this study only the 2 most energetic cells in each longitudinal sampling of

the LAr and the Tile calorimeters have been used to reduce the contamination

from electronics noise. The results from the Tile calorimeter stand-alone beam

tests show that a muon looses energy in only one cell per longitudinal depth.

3 Results

3.1 E�ect of photoelectron statistics on the signal shape

The energy loss measured in the Tile calorimeter from 150 GeV muons at a polar
angle of � = 10o is shown in Figs. 3a and 3b for the full calorimeter depth (9 �)
and for the �rst longitudinal sampling (1.5 �) only. The energy loss spectrum
follows approximately a Landau distribution, but with large tails at high energies
due to the electromagnetic shower component (Bremsstrahlung, electron-positron

pairs, energetic knock-on electron production). The experimental data have been
converted to GeV using the calibration constants obtained from the calorimeter
response to electrons (5.59 pC/GeV).

The energy loss deposited in the scintillator obtained from MC simulation is
also shown in Fig. 3 with and without experimental e�ects have been taken into

account, coming from i.e. �bre/tile uctuations, PMT noise and photoelectron
statistics. The MC simulations agree well with experimental data when these
experimental e�ects have been taken into account. The broadening of the dis-
tribution due to the photoelectron statistics is mostly seen in the �rst sampling,

which is the thinnest compartment of the Tile calorimeter (30 cm or 1.5 �). The

MC data have been normalized to the experimental data at 50 GeV to obtain

the same most probable value of energy loss.
The pedestal distribution after subtraction of its average value is also shown

in Fig. 3. The width of this distribution, corresponding to a noise of about

40 MeV/cell (2 PMT's), is very small. Therefore the pedestal is well separated

from the muon signal. The signal in the �rst sampling is collected with two PMT's
only, whereas the total signal is the sum of 10 PMT's (one cell in sampling 1, 2,

4 and 2 cells in sampling 3). The broadening of the spectrum of the muon energy
loss due to photoelectron statistics was also observed experimentally.

The energy loss of muons with 150 GeV incident energy traversing the calorime-

ter at a polar angle � = 10o corresponding to an e�ective depth of 9 � is shown
in Fig. 4 for the three di�erent Tile calorimeter prototypes with the light yield

values of 24 pe/GeV, 48pe/GeV and 64 pe/GeV, respectively [5]. The broad-
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ening of the spectrum of the muon energy loss is clearly visible when only the

�rst longitudinal sampling is taken into account. Only a small broadening of the

width of the muon line shape is observed for the module with 24 pe/GeV when

integrating over the full Tile calorimeter depth. This indicates that a further

increase of the light yield above 64 pe/GeV would not improve the quality of

the muon measurements. Nevertheless, ageing e�ects and radiation damage will

reduce the light yield and in long term the calorimeter performance will pro�t

from the highest light output.

3.2 Energy dependence of the muon response

The energy loss in the calorimeter has been studied with muons traversing the

stand-alone Tile calorimeter at a polar angle of � = 10o for both, experimental

data and for MC simulations (all instrumental e�ects included), at energies be-

tween 10 and 300 GeV. The MC simulations include also muon energies between
2 and 5 GeV. To be able to compare to experimental data, the MC simulations
have been performed with the same spot size (1 cm), impact point and polar

angle.
The energy loss measured in the Tile calorimeter is shown in Fig. 5 for both,

experimental data and MC simulations, for muon energies of 5 GeV (MC only),
20, 100 and 200 GeV, respectively. As expected, the most probable (peak) value
increases gradually to larger values with increasing energy and the distributions

get more pronounced tails. The later is due to the electromagnetic shower compo-
nent (Bremsstrahlung, electron-positron pairs, energetic knock-on electron pro-
duction) for high energy muons which is well reproduced by the MC. Both, the
most probable (peak) value of the energy loss and the average value truncated
at 5� above the peak value have been calculated. The peak values have been

obtained from a �t of the energy loss distributions to a Moyal function [7].
The average and the peak values for the energy loss measured in the Tile

calorimeter (8.9 �) as a function of the muon beam energy for a polar angle of

� = 10o is shown in Fig. 6 and in Table 1. On average a muon deposits 2.7 GeV
of its energy in the scintillator of the Tile calorimeter. The most probable energy

loss increases by approximately 7% per 100 GeV/c increase in muon momentum
over the range of 50 to 300 GeV/c. The truncated mean increases more steeply,

approximately 10% per 100 GeV/c increase in muon momentum. Also shown is

the most probable value for the energy loss measured in the combined TILECAL-
LAr calorimeters (10.1 � or 106 X0). As expected, the LAr calorimeter adds
little to the total energy loss of muons, about 4% (15%) of the total signal for

20 (300) GeV muons, because the LAr calorimeter amounts to only 24% of the

total material of calorimeters in X0 units (25X0 out of 106X0). On the other
hand the lower noise level in the hadronic calorimeter (40 MeV/cell instead of

70 MeV/cell for the LAr calorimeter [5]) allows a better determination of the
energy loss of a muon, because it depends less on pedestal uctuations. The use
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of the the muon information in the electromagnetic calorimeter is maybe possible

as can be seen from test beam data in Fig 7. Further studies should be continued.

For all results presented in the following, only the energy loss in the Tile

calorimeter has been used.

The average muon energy deposition in the scintillator of the Tile calorimeter

of about 2.7 GeV can be compared to the expected energy deposition of minimum

bias events per bunch-crossing for nominal luminosities (1034cm�2sec�1) at the

LHC, which amounts to � 0.2 GeV into a �� � �� = 0:1 � 0:1 calorimeter

cell. This gives a comfortable margin for detecting isolated muons in the Tile

calorimeter, even at the highest luminosity (S/B � 10).

3.2.1 Fluctuations of the muon energy loss in Tile calorimeter

MC studies show, as already mentioned in the previous Section, that the electro-

magnetic shower component (Bremsstrahlung, electron-positron pairs, energetic
knock-on electron production) for high energy muons produce large tails in the
spectrum of the energy loss. Fig. 8 shows the energy deposition in the iron as a
function of the energy deposition in the scintillator for di�erent incident muon
energies (no correction for the sampling fraction has been made). This energy

loss in the scintillator due to the electromagnetic shower component is highly
correlated to the energy loss in the absorber material as can be seen in Fig. 8.
This correlation is already visible for muon energies above 10 GeV. Below this
value no correlation exists because of pure ionization mechanisms.

Fig. 9 shows the average values of the energy loss in iron as a function of the
average energy loss in the scintillator for 300 GeV muons. The functional be-

haviour can be parameterized with the following formula, which is superimposed
on Fig. 9:

EFe = a1 � E�a2

Sc
+ p1 � E

p2

Sc
; (1)

where p1, p2 are polynomial functions with

p1 = a3 + a4 � E�

p2 = a5 + a6 � E� + a7 � E2

�
;

where an (n = 1 : : : 7) are constants and E� is the incident muon energy in GeV.
This parameterization could be used to correct for the energy loss in the

calorimeter and improve the momentummeasurement in the muon spectrometers.
In the ATLAS environment due to variations of the fraction of dead and active
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material such a parameterization would have to be evaluated for each muon

impact point as a function of z and pseudo-rapidity �.

The same functional behaviour exists for the MC results between 10 and

300 GeV of incident muon energy as shown in Fig. 10. One observes that for

a certain energy deposited in the scintillator the energy deposited in the iron

is almost independent of the incident muon energy. Table 2 shows the spread

(RMS) of this correlation as a function of the energy deposited in the scintillator

when all muon energies except 5 GeV are taken together. The RMS is equal to

359 MeV for Escint � 80 MeV. This spread increases gradually with the energy

deposited in the scintillator up to 2 GeV for 250 MeV �Escint � 5 GeV.

A more detailed study has been done for each incident muon energy. The

spread of the correlation of the energy loss in Fig. 8 for each incident muon

energy gives a hint about the precision to which the energy loss in iron can be

estimated using the energy loss in the scintillator at an event to event basis. The

di�erence of the energy loss in the Tile calorimeter absorber and the energy loss
in the scintillator is shown Fig. 11. This di�erence has been corrected for the
sampling fractions in iron (1-f) and in scintillator (f), respectively, adjusted such

that the mean value of the di�erence is zero. The value of f� 3% varies very little
with the muon energy, see table 3a.

With increasing muon energies high energy tail are observed in the distribu-
tions of Fig. 11. The fraction of events in the tail above a 3 � cut are 1% at
10 GeV and about 5-6% for muon energies above 150 GeV, as summarized in

Table 3a. Figs. 12a and 12b show the di�erence of the energy loss for 300 GeV
muons as a function of the energy deposition in the scintillator and as a function
of the energy deposition in the iron, respectively. As can be seen from this Fig-
ure, these less correlated events deposit an enormous amount of energy in both,
the iron and the scintillator, probably due to catastrophic energy loss, where the

muon losses nearly all its energy in the iron.
A Gaussian �t within �2 � has been performed and its result is superimposed

on each of the distributions in Fig. 11. The sigma of the Gaussian �t (in MeV)

is shown in Fig. 13a (black dots) and in Table 3a as a function of the incident
muon energy. The width divided by the incident muon momentum as a function

of the incident muon energy is shown in Fig. 13b (black dots).
At high muon momenta (above 100 GeV) the � value amounts to about 400-

500 MeV (0.2-0.3%). The precision pro�ts from the relative low Z absorber mate-

rial (iron) used in the Tile calorimeter. In this energy range the muon momentum
resolution in the ATLAS muon spectrometers is dominated by multiple scatter-
ing in the muon chambers and by the measurement error including contributions

from chamber alignment [1].

In the TILECAL-LAr combined test, with 1.2 � or 25 X0 of electromagnetic
(Pb/LAr) calorimetry in front, these uctuations stay at the same level, because

the electromagnetic compartment adds little to the total depth of calorimetry.
If, for example, the absorber material would be made out of lead only, the uc-
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tuations of the energy loss in the calorimeter are expected to be much larger for

a calorimeter having about the same depth in � units and the same sampling

fraction [4].

For muon momenta below 100 GeV the value of sigma increases rapidly up

to 3.1% (310 MeV) for 10 GeV and 5.9% (295 MeV) for 5 GeV. In ATLAS for

energies below 10 GeV the muon momentum resolution does not depend anymore

on the quality of the muon spectrometer placed behind the hadron calorimeter.

In summary, the precision of the correlation EFe versus Escint is found to be

of the same order of the uctuations of the energy loss in the calorimeter as can

be seen in column 2 and 6 of Table 3a.

The precision on the determination of the muon energy loss in the ATLAS

calorimeter system will be worse, because of e�ects described in the following.

In the ATLAS environment there will be 107 X0 (10.6 �) of material in front

of the muon spectrometer at � = 0. This corresponds to 1.15 X0 from the inner

tracking, the cryostat, the solenoid and the presampler in front of the electromag-
netic calorimeter, 25 X0 from the LAr calorimeter itself, 2 X0 from the cryostat
wall between the electromagnetic and hadronic calorimeters, 68.7 X0 from the

Tile calorimeter and 9.7 X0 from the girder structure of the Tile calorimeter (see
Table 4). Assuming that only the Tile calorimeter will be able to detect muons,
there will be only 64% of 107 X0's to sample actively the muon energy loss. In
addition, the LAr calorimeter amounts to only 24% of the total material and
with a high Z absorber material, lead instead of iron. Therefore, it is expected

that the determination of the energy loss of muons will be � 30% worse, if the
analysis is restricted to the amount of absorber material of the Tile calorimeter
only.

This worsening in the determination of the energy loss has been estimated
with the MC program of the Tile calorimeter prototype using the fact that the

muon looses energy in the full calorimeter depth (80.5 X0), but only 67% of the
total energy loss is seen by the Tile calorimeter. This con�guration is very close

to the ATLAS environment at � = 0. The results of the simulation are shown in

Figs. 13a and 13b (open circles) and Table 3b. A worsening of the resolution of
32% (29%) for 5 GeV (300 GeV) muons is observed. It does not depend much

on the muon momenta.
For muon energies of 10 GeV and 300 GeV the worsening in the determination

of the energy loss has been studied as a function of the active sampling fractions

with respect to the total energy loss in the calorimeters as shown in Fig. 14.
As expected, the determination of the energy loss degrades with smaller active
sampling fractions. This degradation will be of the order of 30-40% in ATLAS

were the Tile calorimeter amounts to 64% of the total calorimetry.

From the geometrical construction of the Tile calorimeter one expects a mod-
ulation of the muon energy loss along the z direction, in particular for polar angles

close to zero, for both, the energy deposition in iron and in the scintillator, but
the later displaced in z by half a period (4.5 mm). To avoid e�ects due to this
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structure in the present Section all results on the energy loss have been simulated

with a �xed impact point of 1 mm diameter instead of 1 cm. This modulation

e�ect is indeed seen in the MC as illustrated in Fig. 15 for 180 GeV muons en-

tering the Tile calorimeter at � = 0o. The impact points with the maximum

signal in iron correspond to the places with a minimum signal in the scintillator

(anticorrelation). The signal period of 9 mm precisely reproduces the staggered

tile/iron geometry. This e�ect has also been observed with test beam data.

The uctuations of the energy loss will a�ect the momentum measurement

and degrade the resolution, if no correction is applied. In the ATLAS environment

the muon impact point and its polar angle will be known from the inner tracking

detectors. With this knowledge the exact amount of iron and scintillator seen by

the muon track can be determined and corrected for.

3.2.2 The muon momenta resolution after correcting for the energy

loss uctuations

The improvement of the muon momenta resolution in the ATLAS muon spec-
trometer after correcting for the energy loss uctuations in the Tile calorimeter
prototype (80.5 X0 fully sampled) was estimated for 20 GeV muons.

Three di�erent methods were applied. The �rst method adds to each event
the most probable value of the energy lost by muons in the calorimeter (peak =
2.32 GeV for 20 GeV muons, see Table 1).

The results are shown in Fig. 16a. As expected the distribution peaks at the
correct energy value but a low energy tail exists. A smearing of this distributions
was done with an energy dependent function which describes the contribution

of the multiple scattering and the measurement/alignment error in the muon
chambers (quadratic sum of dashed and doted lines in Fig. 1, Ref. [1]). The
results are shown in Fig. 16b. A gaussian �t between within �2 � has been

performed and its result is superimposed to the distribution. The sigma of the
Gaussian �t is 349 MeV and the percentage of events below 3 sigma amounts to

7%.
The second method corrects on the event-to-event basis for the energy loss in

the calorimeter (EFe + Escint). This method already described, uses as informa-

tion the energy loss in the scintillator and the estimated energy loss in the iron.
For this estimation the parameterization of eq. 1 is used. The results are shown

in Fig. 16c before smearing. The events on the low energy tail mostly disappear.
The same distribution after smearing for the contribution of the beam cham-

bers is shown in Fig. 16d. The sigma of the Gaussian �t is similar to the value
obtained with the �rst method (356MeV or 1.8% instead of 349 MeV) but the

percentage of events which remain in tails after smearing is much lower with the

correction on the event-to-event basis (1.7% instead of 7%). In ATLAS technical

proposal (Fig. 1) the momentum resolution estimated is 2.3% for 20 GeV muons.

This di�erence comes from the bigger contribution attributed to the energy loss
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uctuations in the calorimeter.

A third correction which is a mixture of the 2 �rst methods was considered:

events which deposit little energy in the calorimeter (Escintillator � 80 MeV, see

Fig. 10) are corrected with the most probable energy loss (�rst method), the

events which are in the high energy tail of the signal (Escintillator above 80 MeV)

are corrected for the estimated energy loss on the event-to-event basis (second

method). The results are shown in Fig. 16e before smearing and Fig. 16f after

smearing. A very similar result is obtained comparing with method 2. The

momentum resolution does not change and the tails are recovered to the 1.4%

level.

The same study has been done for 300 GeV muons, see results in Fig. 17. For

high energies the contribution of the multiple scattering and the measurement

alignment error in the muon chambers dominate the muon momentum resolution

as can be seen in Fig. 1. The e�ect of the correction on the event-to-event basis

is not so important as for low energy muons due to the almost inexistent tails in
the momentum distribution after smearing (about 1% tails).

The results shown up to now are optimistic in the sense that in the ATLAS

detector a fraction of the calorimeter material traversed by muons is not sampled.
This is the case for the energy deposited in the girder structure and maybe in
the electromagnetic calorimeter which sums 36% of the total material in terms
of X0s.

This study was repeated considering that the last sampling of the Tile calorime-

ter is not sampled by the scintillator (only 67% of calorimeter active), situation
close to the ATLAS setup if the electromagentic information is not taken.

The results for 20 GeV muons are shown in Fig. 18. There is not observed
any signi�cant deterioration on the muon momenta resolution but an increase of
the amount of tails (about 5% instead of 2%). Those additional tails should be

recovered in ATLAS at least partially using the information of the electromagnetic
calorimeter (25 X0s). Those events would deposit a lot of energy in the em

calorimeter, the less a�ected region by pedestal uctuations, see Fig. 7.

In summary this study shows that the correction of the energy loss in the
calorimeter on the event-to-event basis should be done for the events which de-

posit a lot of energy in the calorimeter in order to reduce the low energy tails
observed in the muon momentum distribution. There is no improvement but

neither degradation of applying such a correction on the events which deposit

energy close to the most probable value of the muon signal. This is because the
precision of the correlation Escintillator versus Eiron is of the same order of the
width of the energy loss uctuations in the calorimeter. The parametrization

used in this study was optimized to �t the correlation in the full energy range.

In case of using the correction only for the events wich deposit a lot of energy in
the calorimeter the parameterization can be certainly simpli�ed. The parametri-

sation with only one coe�cient, which is the slope of the distribution at Fig. 10,
or in other words the muon sampling fraction (f) can be used. If this simpler
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correction is applied very similar results to those shown in 16e,f are obtained.

This simpler method has also the advantage that the muon sampling fraction is

more or less constant for all muon energies (see Table 3). f will have anyway to

be corrected for the muon impact point and angle as seen in Fig. 15.

4 Conclusions

The capability of detecting isolated muons in the energy range 2 to 300 GeV with

the Tile calorimeter has been studied. A signal to background ratio of 10 to 1 is

expected for nominal luminosities (1034cm�2sec�1) at the LHC.

The muon energy loss in the calorimeter, which is dominated by the energy

loss in iron can be recovered at an event-to-event basis using the energy loss in

the scintillator. This may be possible for muon energies above 10 GeV due to the

correlation between the energy deposited in iron and scintillator.
The resolution of the estimation of the energy loss in the calorimeter is about

400-500 MeV (0.2-0.3%) for muon energies above 100 GeV. For energies below

100 GeV the resolution increases rapidly up to 310 MeV (3.1%) for 10 GeV and
295 MeV (5.9%) for 5 GeV muons.

A worsening of about 30% is expected in the ATLAS environment if only
the Tile calorimeter will be used in the full calorimeter system to sample the
muon signal before the muon spectrometer. The possibility to extract the muon

information from the electromagnetic calorimeter has to be investigated further.
This method gives about the same momentum resolution as the standard

technique of correcting for a mean energy loss in the calorimeter. Nevertheless
the correction on the event-to-event basis ables to reduce the amount of events
in the low energy tail of the muon momentum distribution. If this correction

is applied only to the events wich deposit a lot of energy in the calorimeter the

correction used can be simpli�ed. The parametrisation with only one coe�cient,
which is the muon sampling fraction can be used giving similar results. More
studies are needed to estimate quantitatively such an improvement in a realistic

ATLAS detector description.

This correction method should be studied in a real physics channel like the

detection of the Higgs boson in its intermediate mass range via the decay channel

H ! ZZ�! 4�.
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Muon line shape characteristics

Exp MC Exp

E� peakhad widthhad peakhad widthhad peakhad+em widthhad+em
(GeV) (GeV) (GeV) (GeV) (GeV) (GeV) (GeV)

2 2.06 0.47

5 2.25 0.42

10 2.29 0.51 2.30 0.50

20 2.31 0.55 2.32 0.53 2.41 0.75
50 2.4 0.59 2.40 0.63 2.68 0.78

100 2.51 0.75 2.50 0.76 2.79 0.89

150 2.62 0.85 2.59 0.89 2.93 1.08
200 2.67 0.94 2.70 0.99 3.09 1.23

300 2.88 1.28 2.89 1.21 3.31 1.41

Table 1: The characteristics of the line shape of the energy loss measured in the
active part of the Tile calorimeter (stand-alone test beam) and in the active part
of the TILECAL+LAr calorimeters (combined test beam). The peak and width

(in GeV) were obtained from a Moyal �t to the signal distributions truncated at
+5 �. Experimental data are compared to MC simulations for stand-alone Tile
calorimeter setup. Both the experimental and MC data have about the same spot
size (1 cm diameter), impact point (centre of module) and polar angle (� = 10o).
The MC data have been normalized to the experimental data at 50 GeV.
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The spread of the correlation EFe versus Esci with all energies mixed

Escintillator RMS (MeV)

Escint � 80 MeV 359

80 MeV �Escint � 150 MeV 652

150 MeV �Escint � 250 MeV 1207
250 MeV �Escint � 5000 MeV 2042

Table 2: The spread (RMS) of the correlation EFe versus Esci with all muon

energies between 10 and 300 GeV taken together as a function of the energy

deposited in the scintillator.
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Fluctuations of the muon energy loss in the Tile calorimeter

a) the full calorimeter depth (80.5X0) is sampled by scintillator

Number of

E� � �=E� events �3 � sampl. fraction. f sigma of Eloss

(GeV) (MeV) (%) (%) (%) (MeV)

5 295 5.90 0.4 3.02 228

10 310 3.10 0.9 3.01 272

20 318 1.59 1.6 3.04 281
50 342 0.68 2.6 3.00 360

100 377 0.38 4.3 2.96 539

150 420 0.28 4.7 2.93 637
180 441 0.25 5.2 2.90 751
200 432 0.22 5.5 2.87 821

300 525 0.17 5.8 2.83 1260

b) only 67% (54 X0) of the scintillator signal is used
Number of

E� � �=E� events �3 � sampl. fraction. f
(GeV) (MeV) (%) (%) (%)

5 391 7.82 0.1 2.01
10 387 3.87 1.4 2.00
20 394 1.97 3.6 2.01

50 409 0.82 3.6 1.99
100 492 0.49 5.0 1.97
150 511 0.34 6.3 1.95

180 589 0.33 6.5 1.93

200 603 0.30 6.5 1.92

300 676 0.23 9.4 1.87

Table 3: The precision (� in MeV and in percent of the incident muon energy)

on how the energy losses in iron and scintillator can be estimated using as in-

formation the energy loss in scintillator. In column 6 are also shown the sigma
of the uctuations of the energy loss in the calorimeter taken from a Moyal �t.

Results in Table (a) are obtained when the full calorimeter length is sampled by
the scintillator (80.5 X0), (b) when only 67% of the calorimeter is sampled by

the scintillator (the scintillator signal from sampling 4 was not acquired) but the

muon still travels the full calorimeter length. The MC events were simulated in
a spot of 1 mm, see text for details.
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The amount of material downstream of the muon spectrometer for � = 0

Component thickness (�) thickness (X0)

inner + cryost + presampler + Solenoid 0.3 1.15

LAr calorimeter 1.2 25
Cryostat 0.5 2

Tile calorimeter 7.6 68.7
Girder structure 1.0 9.65

total 10.6 106.7

Table 4: The amount of material in front of of the muon spectrometer for � = 0.
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Figure 1: Momentum resolution at zero rapidity, as a function of the muon momentum.
The �gure shows the contribution from energy loss uctuations in the calorimeter,
multiple scattering in the precision and trigger chambers, and the measurement error
including alignment contribution (Figure taken from ref. 1).
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Figure 2: Test beam setup for the combined LAr and Tile calorimeter combined run
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Figure 3: Energy loss measured in the active part of the Tile calorimeter for muons
of 150 GeV muons traversing (a) the full Tile calorimeter depth (9 �), (b) the �rst
sampling (1.5 �). The dotted points are experimental data while the dashed and full
lines are MC results with and without experimental uctuations, respectively. The
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Figure 4: Energy loss measured in the Tile calorimeter for 150 GeV muons traversing
(a) the full calorimeter length (9 �), (b) the �rst sampling (1.5 �) of three prototypes
with di�erent light yields (24, 48 and 64 pe/GeV per cell). A Moyal �t applied on the
module with the highest light yield is show as a full curve.
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Figure 5: Energy loss measured in the Tile calorimeter fromMC and experimental data
for muons of 5 GeV (only MC), 20 ,100 and 200 GeV traversing the full Tile calorimeter
length (9 �). Plots are shown up to the peak plus 5 �. Both the experimental data and
MC simulations have about the same spot size (1 cm diameter), impact point (centre
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the combined Tile+LAr test. Values have been calculated taking events depositing a
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Figure 7: Energy deposited by 50 GeV muons in (a) the electromagnetic (LAr/Pb)
calorimeter (b) in the hadronic calorimeter, (c) in the electromagnetic and Hadronic
(Tile) calorimeters. The pedestal uctuations of the cells used to collect the signal are
also shown.
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Figure 8: Energy loss in the scintillator (in MeV) as a function of the energy loss
in the Tile calorimeter absorber (in GeV) for 2, 10, 50 and 300 GeV incident muons
(MC results). Here the real energy deposited in each component of the calorimeter
is given, without correcting for the respective sampling fraction nor normalization to
experimental data. The MC results were simulated in a spot of 1 mm, see text for
details.
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Figure 9: The energy loss in the scintillator as a function of the energy loss in the Tile
calorimeter absorber (iron) for 300 GeV incident muons (MC results). The full curve
is a parameterization to the data. Here the real energy deposited in each component
of the calorimeter is given, without correcting for the respective sampling fraction nor
normalization to experimental data. The MC results were simulated in a spot of 1 mm,
see text for details.
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Figure 10: The energy loss in the scintillator (in MeV) as a function of the energy loss
in the Tile calorimeter absorber (in GeV) for several incident muon energies. Here the
real energy deposited in each component of the calorimeter is given, without correcting
for the respective sampling fraction nor normalization to experimental data. The MC
results were simulated in a spot of 1 mm, see text for details.
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Figure 11: The di�erence of the energy loss in the Tile calorimeter absorber corrected
for the sampling fraction in iron and the energy loss in the scintillator corrected for the
sampling fraction in the scintillator. The MC events were simulated in a spot of 1 mm,
see text for details.
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Figure 12: The di�erence of the energy loss in the Tile calorimeter absorber and
the energy loss in the scintillator corrected for the respective sampling fractions as a
function of (a) the energy deposited in scintillator, (b) the energy deposited in iron for
300 GeV muons. The MC events were simulated with an impact point of 1 mm, see
text for details.

31



Figure 13: The spread (�) of the energy loss estimated in the Tile calorimeter (Fe +
scintillator) by muons of incident energy between 5 and 300 GeV. The � as obtained
from a Gaussian �t within �2 � is given (a) in MeV, (b) divided by the incident muon
energy (�=E�), sampled over the full calorimeter depth of 80.5 X0 (black dots) and
sampled only over 67% of the active calorimeter depth (open circles) with respect to the
total energy loss in the calorimeters. The MC events were simulated with an impact
point of 1 mm, see text for details.
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Figure 14: The resolution (�) on the estimation of the energy loss in the Tile calorime-
ter as a function of the fraction of the calorimeter which is sampled by the scintillator.
The resolution is given for 10 and 300 GeV muons and is normalized to the resolution
obtained with full calorimeter sampling (80.5X0). The MC events were simulated with
an impact point of 1 mm, see text for details.
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Figure 15: The energy deposited (a) in scintillator (b) in the iron as a function of the
Tile calorimeter z impact point for 180 GeV muons (� = 0o). The MC results show
the exact amount of energy deposited in each component without correcting for the
sampling fraction.
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Figure 16: The expected energy distribution for 20 GeV muons after traversing the
Tile calorimeter prototype using di�erent methods to correct for the energy losses in
the calorimeter. Method 1 adds to each event the most probable value of the energy
lost in the calorimeter (peak = 2.32 GeV) (a) before smearing, (b) after smearing for
the contribution of the multiple scattering and the measurement/alignement error in
the muon chambers. Method 2 corrects on the event-to-event basis for the energy loss
in the calorimeter (c) before smearing, (d) after smearing. Method 3 is a mixture of the
2 �rst methods, i.e. use method 1 for events with Escintillator � 80 MeV and method 2
for events with Escintillator above 80 MeV (e) before smearing, (f) after smearing.
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Figure 17: The expected energy distribution for 300 GeV muons after traversing the
Tile calorimeter prototype using di�erent methods to correct for the energy losses in
the calorimeter. Method 1 adds to each event the most probable value of the energy
lost in the calorimeter (peak = 2.89 GeV) (a) before smearing, (b) after smearing for
the contribution of the multiple scattering and the measurement/alignement error in
the muon chambers. Method 2 corrects on the event-to-event basis for the energy loss
in the calorimeter (c) before smearing, (d) after smearing. Method 3 is a mixture of the
2 �rst methods, i.e. use method 1 for events with Escintillator � 80 MeV and method 2
for events with Escintillator above 80 MeV (e) before smearing, (f) after smearing.
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Figure 18: The expected energy distribution for 20 GeV muons after traversing the Tile
calorimeter prototype but reading only 67% of the scintillator information. Di�erent
methods were used to correct for the energy losses in the calorimeter. Method 1 adds
to each event the most probable value of the energy lost in the calorimeter (peak =
2.32 GeV) (a) before smearing, (b) after smearing for the contribution of the multiple
scattering and the measurement/alignement error in the muon chambers. Method 2
corrects on the event-to-event basis for the energy loss in the calorimeter (c) before
smearing, (d) after smearing. Method 3 is a mixture of the 2 �rst methods, i.e. use
method 1 for events withEscintillator � 60 MeV and method 2 for events withEscintillator

above 60 MeV (e) before smearing, (f) after smearing.
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