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Abstract

The muon spectrometer is the outermost subdetector of the ATLAS detector, beginning
after a muon has traversed 100 radiation lengths of material. Muon momentum measure-
ments must be corrected for energy loss in the calorimeters and the inert material before the
muons reach the muon spectrometer. Energy lost in the calorimeters can be estimated from
parameterizations or from a measurement of the energy deposited in the calorimeters. In
addition, the muon energy loss measurement can be used to tag muons not reconstructed in
the muon spectrometer due to inefficiencies, spectrometer acceptance or their low momenta.

In this document we discuss different algorithms developed to perform the energy loss
correction in the muon reconstruction. We compare the performance of the muon recon-
struction algorithms before and after the energy loss correction is applied. In addition, we
describe the muon tagging algorithms, based on measurements obtained in the calorimeters,
and contrast their performance in different simulated data samples.
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1 Introduction

Muons traverse the inner detector and the calorimeters in the ATLAS experiment before reaching the
muon spectrometer. The material thickness traversed by the muons before reaching the muon spectrom-
eter is over 100 radiation lengths (X0) (see Figure 1). By passing through this material, muons undergo
electromagnetic interactions which result in a partial loss of their energy. As over 80% of this material is
in the instrumented areas of the calorimeters, the energy loss can be measured. Understanding how this
energy loss happens, its magnitude and how to measure it is essential to obtain the best performance in
muon reconstruction and identification.

In this document we discuss the aspects of muon reconstruction and identification that make use of all
available energy loss information in the ATLAS software. The Muonboy [1] and Muid [2] algorithms for
muon reconstruction take into account internally the calorimeter material effects for tracks already found
in the muon spectrometer. Algorithms that calculate the energy loss and transport the track anywhere in
the detector are also available. The detailed computation of this correction is the main focus of Sections 2
and 3, while Section 4 is devoted to the use of the energy loss information for muon identification. This
note gives an overview of the current algorithms and techniques which will be used for the reconstruction
of the first data.

Figure 1: Material distribution before the muon spectrometer in ATLAS as a function ofη [3]. The
material is expressed in radiation lengths (X0).

2 Algorithmic Treatment of Material Effects

When a muon traverses the detector material, it undergoes successive deflections and a loss of energy.
The total angular deflection is an accumulation of many small angle deflections, referred to as multiple
(Coulomb) scattering; and it is well approximated by a gaussian distribution that is centered at a zero
mean value. The expected root mean square of the projected scattering angle can be described by the
formula of Highland [4]:

σ
pro j
ms =

13.6 MeV
βcp

√
t[1+0.038lnt], (1)

wheret is the thickness of the traversed material in units of the radiation lengthX0. The energy loss, on
the other hand, is non-gaussian. Throughout this document, we will study the energy loss of muons going
through the ATLAS detector in detail. The discussion of multiple scattering, however, will be limited
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to this section, because it is simpler and it will be based on the Highland formula shown above. The
thickness in the formula above is calculated from the geometry description for all algorithms. However,
there are small differences in how the multiple scattering information is used in the track fitting. These
differences are explained below, as the different track fitting strategies are discussed.

In ATLAS track reconstruction applications, two main track fitting strategies are deployed: the classi-
cal least squares method and the progressive method that corresponds to the Kalman filter formalism [5].

The least squares fit: In the global fitting technique, most material effects are directly integrated into
the χ2 function (the energy loss may or may not be fitted). This is done by introducing the deflection
angles and, possibly, energy losses as additional parameters to the fit.

The contribution of the fitted scattering angles to theχ2 function has to be regulated by the expected
range of the scattering process in the traversed material. Scattering effects are applied to the muon on two
surfaces along its trajectory, because the scattering effects from material bulk can be accurately described
by two scattering centers. The Muonboy algorithm iterates its calculation of the muon trajectory in a
complex geometry with many scattering centers. The number of scattering centers is reduced to two
after the iteration. The iteration allows for a calculation of the material traversed after the trajectory has
been modified to account for the energy loss. On the other hand, the Muid algorithm and the ATLAS
tracking global-χ2 fitter [6] currently use a map of the material from the Monte Carlo on two surfaces.
The η coordinate of the track on these two surfaces is then used to calculate the amount of material
traversed by the muon.

The least squares fit with the calorimeter energy loss as a fitted variable can only be performed in
a combined fit including measurements of both the muon spectrometer segments and the inner detector
hits. If no inner detector hits exist, the treatment of the energy loss effects is fundamentally equivalent
for both a least-squares-inspired algorithm and a Kalman-filter-inspired algorithm.

To minimize the number of degrees of freedom in the least-squares fit, the number of fitted variables
must be minimized. In particular, one energy loss variable in a track fit is preferable. This does not mean
that the trajectory cannot be affected smoothly by the energy loss, because an extended set of material
layers can be calculated using a detailed detector description as in Figure 2 and the fitted energy loss
distributed proportionally among these layers. This is done for the purpose of transporting the track
through the calorimeters inside the Muonboy algorithm. An alternative approach is currently taken in the
Muid and ATLAS tracking global-χ2 fitter. These algorithms apply the energy loss to the track on one
surface inside the calorimeters hence approximate the rate of change of curvature within the calorimeter
volume (i.e.: they assume the momentum of the muon changes only at one place along its trajectory).

The effect of this simplification on the muon combined reconstruction is expected to be small, be-
cause the energy loss only affects the trajectory of the track if the track is bending. However, the area
where most of the energy loss happens (the calorimeter) has a small magnetic field. A quantitative es-
timate of the effect of the simplification can be obtained by comparing the multiple scattering effects
on the track and the bending that the track undergoes from its entrance in the calorimeters to its exit.
The bending is shown in Figure 3. Equation 1 indicates that a 10 GeV (100 GeV) muon going through
the calorimeters scatters following a gaussian distribution with RMS≈14-20 (1.4-2) milliradians (with
X0 = 100-200 from Figure 1). Figure 3 shows that the deviation of the track due to the magnetic field is
comparable to the deviation expected from multiple scattering at least in theφ direction. Algorithms that
use one surface to apply the energy loss correction approximate the mean trajectory inside the calorime-
ter with a systematic offset that increases with depth to a maximum value at the calorimeter centre. The
magnitude of this offset is proportional to the magnetic bending scaled by the fraction of energy loss to
muon energy. It thus remains small with respect to the uncertainties caused by Coulomb scattering.
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Figure 2: Left: 3-D view of the tracking geometry up to the muon spectrometer. Right: Example
set of energy loss update layers (shown as additional surfaces with respect to the figure on the left;
update positions shown as squares) created during the extrapolation of a track (black line) through the
calorimeter.
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Figure 3: Calculated difference between the calorimeter entrance and exit coordinates (∆η , left, and∆φ ,
right) for 10 GeV (solid squares) and 100 GeV muons as a function ofη0 of the muon at the interaction
point. The lack of mirror symmetry is due to the combined effect of the return flux of the solenoid
(unidirectional) and the toroidal magnetic field (symmetric around thez axis).

Progressive fitting techniques: In progressive fitting techniques, the particle-detector interaction is
part of the transport process of the track to the next surface where a hit may exist (measurement sur-
face). The transported track can then be compared (and updated) with the measurement obtained on the
next measurement surface. In this transport process magnetic field and material effects (multiple scat-
tering and energy loss) are applied to the parameterization of the track. Multiple scattering is applied
by increasing the uncertainties of the angular direction variables, while energy loss effects are taken into
account in two ways. A mean energy loss is applied to the track parameterization, and then an uncer-
tainty is added to the corresponding covariance matrix term to account for the stochastic behavior of the
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energy loss. The resulting increased covariance terms degrade the track prediction for the subsequent
measurement surface.

Progressive fitting tools rely, therefore, on a precise description of the detector material and magnetic
field. An example is shown in Figure 2. The illustration on the right of Figure 2 shows material layers
that are calculated dynamically during the extrapolation process into the calorimeter active volumes.

In ATLAS, the stand-alone muon reconstruction algorithms (MOORE [7] and Muonboy) use ex-
clusively the least-squares formalism to fit tracks in the muon spectrometer. On the other hand, the
inner detector reconstruction uses by default the progressive fitting techniques. In combined muon re-
construction, when the hits in the inner detector are used in combination with the muon spectrometer,
the Muonboy-based algorithm (STACO) combines tracks reconstructed in the inner detector and muon
spectrometer independently, therefore being a mixture of the tracking fit and the least-squares fit carried
out by Muonboy. On the other hand, the MOORE-based algorithm (Muid) performs a least-squares fit in
both subsystems.

3 Corrections for the Energy Loss from the Beam Pipe to the Muon Spec-
trometer

In this section we describe how the energy loss is calculated from GEANT4 [8] based parameterizations
and/or measurements of the energy loss by the calorimeters. Muon isolation is also discussed in this
context. Finally, the energy loss corrections are validated as part of the muon reconstruction algorithms.

3.1 Parameterizations of the Energy Loss

Relativistic muons going through matter lose energy mostly through electromagnetic processes: ion-
ization, e+e− pair-production, and bremsstrahlung. Ionization energy loss dominates for muons of
momenta.100 GeV. Bremsstrahlung ande+e− pair-production energy losses are often jointly referred
to as radiative energy losses. Higher energy muons lose energy mostly through radiative energy losses.
However, when passing through materials made of high-Z elements the radiative effects can be already
significant for muons of energies≈10 GeV [9].

Ionization energy losses have been studied in detail, and an expression for the mean energy loss per
unit length as a function of muon momentum and material type exists in the form of the Bethe-Bloch
equation [10]. Other closed-form formulae exist to describe other properties of the ionization energy loss.
Bremsstrahlung energy losses can be well parameterized using the Bethe-Heitler equation. However,
there is no closed-form formula that accounts for all energy losses. Nevertheless, theoretical calculations
for the cross-sections of all these energy loss processes do exist. With these closed-form cross-sections,
simulation software such as GEANT4 can be used to calculate the energy loss distribution for muons
going through a specific material or set of materials.

The fluctuations of the ionization energy loss of muons in thin layers of material are characterized
by a Landau distribution. Here “thin” refers to any amount of material where the muon loses a small
percentage of its energy. Once radiative effects become the main contribution to the energy loss, the
shape of the distribution changes slowly into a distribution with a larger tail. Fits to a Landau distribution
still characterize the distribution fairly well, with a small bias that pushes the most probable value of the
fitted distribution to values higher than the most probable energy loss [11]. These features are shown
for the energy loss distributions of muons going from the beam-pipe to the exit of the calorimeters in
Figure 4.

As can be seen in Figure 4 the Landau distribution is highly asymmetrical with a long tail towards
higher energy loss. For track fitting, where most of the common fitters require gaussian process noise,
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Figure 4: Distribution of the energy loss of muons passing through the calorimeters (|η | < 0.15) as
obtained for 10 GeV muons (left) and 1 TeV muons (right) fitted to Landau distributions (solid line).

this has a non-trivial consequence: in general, a gaussian approximation has to be performed for the
inclusion of material effects in the track fitting [12].

In order to express muon spectrometer tracks at the perigee, the total energy loss in the path can be
parameterized and applied to the track at some specific position inside the calorimeters. As the detector
is approximately symmetric inφ , parameterizations need only be done as a function of muon momentum
andη . The η-dependence is included by performing the momentum parameterizations in differentη

bins of width 0.1 throughout the muon spectrometer acceptance (|η |< 2.7). The dependence of the most
probable value of the energy loss,Empv

loss , as a function of the muon momentum,pµ , is well described by

Empv
loss (pµ) = ampv

0 +ampv
1 ln pµ +ampv

2 pµ , (2)

whereampv
0 describes the minimum ionizing part,ampv

1 describes the relativistic rise, andampv
2 describes

the radiative effects. The width parameter,σloss, of the energy loss distribution is well fitted by a linear
functionσloss(pµ) = aσ

0 +aσ
1 pµ . Some of these fits are illustrated in Figure 5. This parameterization is
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Figure 5: Parameterization of theEmpv
loss (left) andσloss (right) of the Landau distribution as a function of

muon momentum for differentη regions. One sees a good agreement between the GEANT4 values and
the parameterization.

used as part of the Muid algorithm for combined muon reconstruction [3].
An alternative approach exists in the ATLAS tracking. In this approach, the energy loss is param-

eterized in each calorimeter or even calorimeter layer. The parameterization inside the calorimeters is
applied to the muon track using the detailed geometry described in Section 2.

6



The most probable value and width parameter of the Landau distribution are not affected by radiative
energy losses in thin materials in the muon energy range of interest (∼5 GeV to a few TeV). This justifies
treating energy loss in non-instrumented material, such as support structures, up to the entrance of the
muon spectrometer as if it was caused by ionization processes only. The most probable value of the
distribution of energy loss by ionization can be calculated if the distribution of material is known [13].
Since material properties are known in each of the volumes in the geometry description used, it is easy
to apply this correction to tracks being transported through this geometry.

For the instrumented regions of the calorimeters, a parameterization that accounts for the large radia-
tive energy losses is required. To provide a parameterization that is correct for the fullη range and for
track transport inside the calorimeters, a study of energy loss as a function of the traversed calorimeter
thickness,x, was performed. Two parameters that characterize fully the pdf of the energy loss for muons
were fitted satisfactorily using several fixed momentum samples as

Empv,σ
loss (x, pµ) = bmpv,σ

0 (pµ)x+bmpv,σ
1 (pµ)xlnx. (3)

The momentum dependence of thebi(pµ) parameters was found to follow the same form as in Equa-
tion 2. Fits for some of the absorber materials are shown in Figure 6. These parameterizations have
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Figure 6: Left: Fit to the most probable value and width of the Landau distribution as a function of
thickness of iron for muons of momentum 200 GeV. The fitting function has the formb0x+ b1xlnx.
Right: Fit to the parametersb0 andb1 for the most probable value of the energy loss in lead as a function
of muon momentum.

been validated over theη range from -3 to 3. A direct comparison of the most probable energy loss in
GEANT4 simulation and in the geometry of the ATLAS tracking algorithms is shown in Figure 7 for
muons propagating from the beam-pipe to the exit of the electromagnetic calorimeters and to the exit of
the hadronic calorimeters.

3.2 Measurements of the Energy Deposited in the Calorimeters

In this section the measurement of the muon energy loss in the calorimeters is discussed. Understanding
this measurement is important because it allows for an improvement in the energy loss determination.
This section provides a basic description of the ATLAS calorimeters and their measurements which is
important for understanding the topics discussed in Sections 3.3, 3.4 and 4.

3.2.1 Muons in the Liquid Argon Calorimeters

The electromagnetic calorimeter is a lead-liquid argon sampling calorimeter with accordion shaped ab-
sorbers and electrodes, covering the|η | range up to 3.2.
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Figure 7: Most probable value of the energy loss as parameterized in the geometry of the ATLAS tracking
(points) and in GEANT4 for muons of momentum 10 GeV (left) and 1 TeV (right) as a function of
pseudorapidity. The solid line and points correspond to the energy loss of muons propagating from the
beam pipe to the exit of the hadronic calorimeters. The filled histogram and hollow points correspond to
the energy loss of muons propagating from the beam pipe to the entrance of the hadronic calorimeters.

The hadronic end-cap calorimeter, also based on liquid argon technology, covers the|η | range from
1.5 to 3.2. The absorbers are made of parallel plates of copper. The total thickness of the hadronic
end-cap calorimeters is 10 interaction lengths (λint). The measurement of a muon signal in the hadronic
end-cap is complicated because the noise levels are high compared to the muon signal itself [14].

The detailed geometrical description of the LAr calorimeters is presented in [15]. Only the aspects
relevant for muon studies will be recalled. Both barrel and end-cap calorimeters possess up to three
longitudinal samplings (called strip, middle and back). They are completed by a liquid argon presampler
detector to estimate the energy lost in upstream material. The signal and noise distributions in two
longitudinal calorimeter samples in the barrel of the electromagnetic calorimeter are shown in Figure 8
for 150 GeV muons. Further discussion of how these distributions were calculated from the combined
test beam data can be found in Section 4. The signal can be separated from the noise, especially in the
middle sampling. In addition, comparisons between GEANT4 simulation and test beam data show that,
despite the high noise in the first sampling, the electromagnetic calorimeter can measure reliably the
energy lost by muons traversing it.

3.2.2 Muons in the Tile Calorimeter

The Tile Calorimeter (TileCal) [17] is a plastic scintillator/steel sampling calorimeter, located in the
region |η | < 1.7; it is divided into three cylindrical sections, referred to as the barrel and extended
barrels. It extends from an inner radius of 2.28 m to an outer radius of 4.25 m. Modules are segmented
in η and in radial depth. In the direction perpendicular to the beam axis, the three radial segments span
1.5, 4.1 and 1.8λint in the barrel and 1.5, 2.6, 3.3λint in the extended barrels. The resulting typical
cell dimensions are∆η×∆φ = 0.1×0.1 (0.2×0.1 in the outermost layer). This segmentation defines a
quasi-projective tower structure.

The TileCal response to high-energy muons follows a Landau-type distribution with characteristi-
cally long tails at high energies caused by radiative processes and energeticδ–rays. This response has
been extensively studied in test beams with 180 GeV muons incident at projective angles. The peak
values of the muon signals vary by more than a factor of two in projective geometry. An example of the
muon signal, expressed in units of collected charge (pC), is shown in Figure 9, both for the whole tower
and the last radial compartment. The signal is well separated from the noise, with a signal-to-noise ratio
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Figure 8: Distribution of the muon energy deposited in one electromagnetic calorimeter cell by 150 GeV
muons, fitted to a Landau function convolved with a gaussian [16]. The gaussians on the left of each
plot are the distributions of the noise. Left (right): energy deposit in a cell belonging to the first (middle)
longitudinal sampling traversed by the muon. The energy is the sum of the energies of the (up to two)
cells belonging to the muon cluster (see Section 4). The data were collected in the 2004 Combined Test
Beam.

(S/N) of ∼ 44 and∼ 18 respectively. The muon response was shown to be uniform inη to within 1.9 %
over all modules tested. The energy deposition spectrum observed in the TileCal test beams is within a
few percent of the GEANT4 prediction.

3.2.3 Measurements in Muon Algorithms

The previous sections discussed the reconstruction of energy depositions at the cell level. To provide
estimates of muon energy loss and muon isolation, several cells need to be used along the muon trajectory.
In addition, muon calibration factors such as thee/µ ratio for minimum ionizing muons, need to be
adjusted in order to find the correct energy deposition.

The classical method for measuring the energy loss of muons in calorimeters is based on the concept
of a calorimeter tower, where the muon is assumed to follow a straight trajectory inside the calorime-
ters. A tower is defined as all calorimeter cells within a cone of fixed radius∆R=

√
∆η2 +∆φ2 cen-

tered around the muon trajectory. Motivated by this concept, but with a few muon-specific changes, the
Straight Linemethod has been developed as part of the Muid algorithm for muon reconstruction. The
Straight Line method calculates the coordinates of the relevant track at half the depth of the calorimeter
by transporting the track to that position. These coordinates are used to calculate the calorimeter cells
included in the measurement cone.

In theTrack Updatemethod, the muon trajectory through the calorimeters is extrapolated either from
inner detector tracks or muon spectrometer tracks. Given this trajectory, the center of the measurement
cone is recalculated at each calorimeter layer. Figure 10 shows a qualitative comparison between the
Straight Line method and the Track Update method.

Figure 3 illustrated the quantitative differences in the muon trajectories from the two methods. The
difference between the Straight Line and Track Update methods can be estimated by comparing the
coordinates of the muon at the entrance of the electromagnetic calorimeters and at the exit of the hadronic
calorimeters. The difference is clearly negligible for muons ofpT > 100 GeV, even though it can be as
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Figure 9: Example of the isolated muon signal as measured atη = 0.35 in the whole tower (left) and in
the last radial compartment (right). The narrow peaks represent the corresponding noise. The energy is
measured in units of collected charge. For a muon 1 pC corresponds to roughly 1 GeV, yielding a noise
width of roughly 40 MeV for the last radial compartment. The data were collected in test beams in 2002
and 2003.

Figure 10: Illustration of the Straight Line (left) and Track Update (right) concepts.

big as a third of a hadronic cell width for 10 GeV muons.
In Figure 11, a comparison between the measured energy and the true energy loss is shown for the

Track Update method. The average measured transverse energy loss in a cone of 0.2 around the muon
trajectory for single muons of momentum 10, 100 and 300 GeV is shown as a function ofη . In the same
η bins the average true (as obtained from the GEANT4 full simulation) transverse energy lost between
the interaction point and the entrance of the muon spectrometer is shown. The energy lost by the muons
is well estimated by measurements in the calorimeters. The region around|η | = 1 corresponds to the
crack in the TileCal. Consequently, the measurement underestimates the energy loss in that region.
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Figure 11: Comparison between the average measured transverse energy deposition (points) and true
energy lost between the beam-pipe and the muon spectrometer (line) for muons of momentum 10 GeV
(left), 100 GeV (center) and 300 GeV (right). The errors shown are statistical only.

3.3 Muon Isolation

The previous studies demonstrate the capabilities of the calorimeters to measure the energy lost by
muons. However, these studies were all performed with single muon samples. In real physics sam-
ples, muons do not reach the calorimeters alone, but are often accompanied by additional particles that
deposit energy in the cells around the muon trajectory and contaminate the muon energy loss measure-
ment. Therefore, in order to determine the energy loss of such muons, isolation criteria must also be
defined and optimized for maximum reliability in the energy measurement.

Isolation criteria can be divided into two categories: calorimeter-based and track-based. In muon
reconstruction an area is defined around the muon trajectory with a minimum and maximum radius for
the purpose of determining calorimeter isolation. This achieves the purpose of excluding the cells where
the muon deposits its energy. The size of this inner radius needs to be optimized to collect most of the
energy lost by the muon but as little energy as possible from other particles. The energy deposited in the
annulus between the inner radius and the outer radius, where the muon deposits little energy, is what the
following paragraphs refer to asisolation energy. The optimal radii that define this annulus depend on
the underlying event and luminosity. However, the muon shower is contained in a small cone of radius
≈ 0.1 [18]. Therefore, a choice of an inner radius much bigger than 0.1 does not achieve the purpose of
collecting the energy deposited by the muon, and it adds noise to the measurement.

A study to determine possible isolation criteria [3] has been performed on a fully simulatedtt̄ sample,
where theW bosons were forced to decay into a muon and a neutrino. Muons produced by the semi-
leptonic decays ofb quarks tend to be non-isolated, while those fromW decays tend to be isolated. In
Figure 12 the distribution of the isolation energy for muons originating from quarks andWs is shown
for the electromagnetic and hadronic calorimeters. The isolation energy inner and outer radii are 0.075
(0.15) and 0.15 (0.30) for the electromagnetic (hadronic) calorimeters, respectively. This reflects their
different granularities. The electromagnetic isolation energy is a more powerful discriminant for the
annuli radii chosen.

Based on this figure, for the purpose of the rest of the studies in this section, a cut of 2 GeV on electro-
magnetic isolation was used to discriminate isolated muons from non-isolated muons. An additional cut
of 10 GeV in hadronic isolation was used, even though this cut does not help rejecting non-isolated muons
in the vast majority of events. These cuts were relaxed slightly with increasing muonpT to account for
a possible slight increase of the transverse radius of the shower caused by muons in the calorimeters.

Tracking-based criteria can be used to determine isolation cuts independent of calorimeter-based
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Figure 12: Distribution of the isolation energy in the electromagnetic (0.075< ∆R < 0.15) (left) and
hadronic calorimeters (0.15< ∆R< 0.30) (right) in muons from att̄ sample without pile-up.

criteria. If used together, they can help eliminate non-isolated muons belonging to highly-collimated jets
that escape being identified by calorimeter-based criteria. In Figure 13 the number of inner detector tracks
around the muon are plotted for muons from quarks andWs in the same samples used for Figure 12.
These distributions were obtained for muons that passed the calorimeter-based isolation cuts mentioned
above.
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Figure 13: Distribution of the number of inner detector tracks (including the muon track) with∆R< 0.2
around the muon spectrometer track, after the calorimeter isolation andpT threshold cuts are applied to
muons in att̄ sample.

The production rate of low-pT non-isolated muons fromb-quark decays is expected to be very sig-
nificant. At the same time, a typical muon from aW or Z decay, will have apT of about 40 GeV. Thus,
it is unlikely that low momentum muons will be isolated in att̄ sample. For this reason, all muons with
a pT of less than 15 GeV were automatically tagged as non-isolated and are excluded. In most cases, the
muon originating from aW boson is not accompanied by other tracks in the inner detector. In fact, the
only track found in the track isolation cone is, essentially, the muon itself as reconstructed in the inner
detector. In contrast, several inner detector tracks can be found close to muons originating from quarks.
For an isolation cone of∆R=0.2, the most probable value is three tracks, including the muon itself, but it
can be much larger. A cut on tracking isolation has been applied that complements the cut on calorimeter
isolation. This cut constrains an isolated muon track to be accompanied by at most one extra track inside
the tracking isolation cone. Using the criteria described above (electromagnetic and hadronic calorimeter
isolation, track isolation andpµ

T > 15 GeV) approximately 0.2% of the muons originating fromb quarks
have an energy loss overestimated by more than 6 GeV. On the other hand, 80% of the muons originating
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from Ws are tagged as isolated.
All the cuts mentioned above are used by default as isolation criteria in the Muid muon reconstruction

algorithm, to establish the contamination of the calorimeter measurement. If the cuts were not chosen
tightly enough, non-isolated muons would exhibit an artificial increase in energy loss. If this measure-
ment was then used in muon reconstruction, the reconstructed momentum at the interaction vertex would
be artificially increased. This could significantly deteriorate the momentum measurement. A calorimeter
measurement of the energy loss will then only make sense if the muon is tagged as isolated. These cuts
were considered conservative enough that they could be used by default without inducing biases in the
momentum reconstruction [3]. These cuts have not been studied with pile-up or in other samples with
an important source of non-isolated muons, like high-pT , bb̄ samples. Studies of this type are impor-
tant in order to set conservative isolation cuts as default for muon reconstruction involving calorimeter
measurements.

In addition, it is worth discussing the relationship between muon isolation in reconstruction and
muon isolation in physics analyses. While both concepts represent an attempt to determine whether a
muon is inside a jet, analysis cuts are also decided on the basis of criteria such as efficiency or fake
rate that are not necessarily important for the momentum reconstruction. It is, however, important to
emphasize that the optimization of the cuts on reconstruction isolation for specific analyses is possible.
It requires, nevertheless, a refitting of the track with analysis-specific cuts; and it should, therefore, only
be attempted when the recovery of the Landau energy loss tails is crucial for the analysis and the standard
treatment is not adequate.

For muon tagging, however, isolation criteria can overlap with the criteria derived for specific anal-
yses. Isolation studies are necessary to provide a reliable muon tag and do not affect the momentum
reconstruction, because the tracking algorithms are independent of the tagger. Default isolation criteria
can, for example, be relaxed based on information from the physics sample and the specific analy-
sis. As an example, Figure 14 shows the rejection on theZbb̄ background versus the Standard Model
H(130 GeV) → ZZ∗ → µ+µ−µ+µ− efficiency using the calorimeter isolation cuts [19]. At this stage,
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Figure 14: Rejection of theZbb̄ background as a function of theH(130 GeV) → 4µ signal efficiency.
Different radii (0.1 < ∆R< 0.3) are compared for absolute, left, and normalized (with respect to muon
pT), right, calorimeter isolation. No pile up events were simulated.

after a preselection procedure, the four muon candidates have already been selected. Both absolute and
normalized (with respect to muonpT) isolation are presented. In these analyses, the isolation energy was
defined using a cone of fixed radius. The isolation energy of an event was then defined as the isolation
energy of the least isolated muon of the event. The optimum cone radius depends on signal efficiency,
with ∆Rof 0.2 being an efficient choice.
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3.4 Measurement/Parameterization Combination Methods

To integrate energy loss in tracking algorithms, the energy loss is assumed to be gaussian. If the param-
eterization is used exclusively to correct for the energy loss, any event in which muons undergo a large
energy loss will be incorrectly reconstructed. There is, thus, an advantage in using the parameterizations
together with measurements in the calorimeters to optimize the energy loss reconstruction. Here we
describe two algorithms developed to use the calorimeter information as well as the energy loss param-
eterizations for the muon reconstruction algorithms: theHybrid Method[3] and theBayesian Method.
The Hybrid Method is used by default after isolation cuts as part of Muid. The Bayesian Method is used
if specified by the user as part of Muonboy. By default, Muonboy uses a parameterization of the energy
loss only.

The Hybrid Method consists in fully separating the two regions of the Landau distribution: the peak
region and the tail region. The calorimetric energy loss measurement is used when the energy deposition
is significantly larger than the most probable value (tail region); otherwise the parameterization is used
(peak region). The transition point between the two regions is taken asEmpv+2σLandau.

The Bayes Method is based on a statistical combination of the parameterization and the measurement
in the calorimeters. This combination is performed using Bayes’ theorem. This method uses informa-
tion from the calorimeters, even when the measurement falls in the peak region. When the calorimeter
measurement falls in the tail, the results provided by this method are similar to those obtained by the Hy-
brid Method. If the measurements falls in the peak region, the measurement still constrains the energy
loss pdf, improving the energy loss reconstruction resolution. In addition, this method generalizes the
selection procedure of the hybrid method, with an event-by-event optimization and for each calorimeter
subsystem. This generalization allows also, in principle, an automatic improvement in the energy loss
reconstruction as the calorimeter calibration improves.

The full validation of these methods in muon reconstruction with all muon reconstruction effects is
shown in the next section. The most significant of these effects are the intrinsic resolutions of the inner
detector and muon spectrometer. However, to validate the methods standalone, it is necessary to do it in
a model free of these reconstruction effects.

The Hybrid Method has been validated through the energy loss reconstruction distributions in the
ATLAS full simulation using the muon kinematics from the simulation. The ratio of the energy loss
resolution for the Hybrid Method,σhybrid, with respect to the parameterization alone,σparam, is presented
in Figure 15. The resolution is defined as the square root of the variance of the energy loss resolution.
For low-pT values the ratio is close to unity, as expected due to the smaller fraction of events in the
Landau tail. For increasingpT values the ratio decreases, approaching 30% atpT = 1 TeV. Thus, using
the Hybrid Method results in a significant improvement in the energy loss estimation with respect to the
parameterization alone.

In addition, the performance of the Bayesian Method has been studied in a toy model under the
assumption that the calorimeter calibration is understood. Muons of 1 TeV were shot through a block of
matter representative of one of the samplings of the hadronic calorimeter. A perfect muon spectrometer
was assumed as it is done for the Hybrid Method above. Figure 16 shows some results from this study that
demonstrate the potential of the Bayesian Method to reconstruct energy loss. The use of the measurement
by itself biases the energy loss reconstruction. The Bayesian Method, on the other hand, shows no
biases. Incidentally, there are no biases in the energy loss reconstruction if the muon spectrometer
measurement is coupled to the energy loss reconstruction in these studies. In addition, theEtrue

loss−Ereco
loss

distributions show that the resolution obtained with the Bayesian Method is better than that obtained
using the parameterization or the measurement only.

These studies prove the potential of these two methods. Now their performance is analyzed when
they are used as part of the reconstruction software.
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Figure 16: Demonstration of the potential of the statistical method to reconstruct the energy loss. The
left plot shows the bias in the energy loss reconstruction, while the right plot shows theEtrue

loss−Ereco
loss dis-

tribution. Both plots compare the energy loss reconstruction using the parameterization only (triangles,
dotted line), the measurement only (filled circles, solid line) and both statistically combined through
Bayes’ theorem (open circles, dashed line).

3.5 Impact of the Energy Loss Corrections in Reconstruction

Energy loss estimates must be validated as part of the muon reconstruction algorithms. Effects such as
the resolution of muon reconstruction, biases intrinsic to the track transport or the effects of gaussian
assumptions will be coupled to the energy loss reconstruction. However, the studies shown here are still
important for understanding the energy loss correction. They also allow for an investigation of which
data samples are most sensitive to an incorrect estimation of the energy loss.

In Figure 17, two parameters that characterize the gaussian distributions 1/preco
T −1/ptrue

T are shown.
In these plots, the label “MS” corresponds to tracks from fits in the muon spectrometer only. The label
“MS+Eloss correction” refers to tracks reconstructed at the muon spectrometer and transported to the
interaction point (IP), applying an energy loss correction (parameterized or hybrid). For Figure 17 the
energy loss correction was calculated using the Muonboy parameterization only. The label “MS+ID”
refers to tracks reconstructed with the muon spectrometer and the inner detector. To obtain these com-
bined tracks, the energy loss correction needs to be considered in the fit. The distributions are calculated
in 1/pT-space because the muon spectrometer reconstruction and inner detector reconstruction have
gaussian fluctuations in 1/pT . These plots refer to muons reconstructed in the barrel (|η | < 1.0) of the
muon spectrometer. In the left plot, the bias in the reconstruction is shown, defined as the mean of the
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distribution
δ p−1

T

p−1
T

= ptrue,IP
T

(
1

preco
T

− 1

ptrue,IP
T

)
, (4)

with ptrue,IP
T being the truepT of the muon at the IP. Clearly, in the absence of an energy loss correction,

this reconstruction can be highly biased. Such a bias also causes a degradation in the resolution. The
application of an energy loss correction reduces this bias and improves the resolution. Further bias
reduction and resolution improvement is obtained by using the inner detector together with the muon
spectrometer to reconstruct the muon track. However, the combination of inner detector tracks and muon
spectrometer tracks is only possible if a proper energy loss correction exists.

Figure 18 shows the invariant mass resolution (Mreco
inv −Mtrue

inv ) for Z→ µµ andZ′(1000 GeV)→ µµ

samples. The events include a generation cut that requires thepT of both decay muons to be above 7 GeV
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Figure 18: Left: Reconstruction resolution of theZ peak for different algorithms. Right: Reconstruction
resolution of theZ′ peak for aZ′ → µµ of mass 1 TeV for different algorithms. These plots were
produced with the MOORE/Muid algorithms for muon reconstruction [2, 7], but similar performance is
obtained with the Muonboy/STACO algorithms [1].

for Z decays and above 20 GeV forZ′ decays. Inner detector and muon spectrometer tracks were required
for both reconstructed muons. The effect of the energy loss correction is most significant in theZ-mass
reconstruction. If the energy loss is not included a shift of about 7 GeV in the mass peak and a significant
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deterioration in the resolution are visible. These effects are much less pronounced in the reconstruction
of the Z′ peak. This happens because the more energetic muons from theZ′ lose a smaller fraction of
their total energy as they pass through the calorimeters.

An additional improvement in theZ andZ′ resolution is possible if the energy loss correction uses
the calorimeter measurement [20]. This is demonstrated in Figure 19, where a comparison is shown
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Figure 19: Left: Reconstruction resolution of theZ peak for an algorithm using muon spectrometer
standalone tracks and the parameterized energy loss correction (filled histogram) and an algorithm using
a combination of a parameterization and the calorimeter measurement for the energy loss correction
(empty histogram). Right: Reconstruction resolution of theZ′ peak for aZ′→ µµ of mass 1 TeV for the
same algorithms.

for the muon spectrometer reconstruction with energy loss correction with and without the calorimeter
measurement. The same samples as for Figure 18 were used. A few events are recovered from the tails
and populate the peak region. This results in≈ 8% resolution improvement when the inner detector
hits are not used. If the inner detector hits are used the resolution improves by≈ 4%, showing that
the combined fit is less sensitive to the energy loss correction. These plots were produced with the
MOORE/Muid algorithms for muon reconstruction using the Hybrid Method (see Section 3.4). A similar
performance is expected using the Bayesian Method, implemented in the ATLAS tracking.

4 Tagging of Muons in the Calorimeters

In this section the different calorimeter-based muon identification algorithms are described. Section 4.1
provides a detailed description of the algorithm that is currently part of the standard reconstruction; and
Section 4.2 illustrates its performance in different physics samples.

These algorithms have been developed with the main goal of complementing the muon spectrometer
in two ways: recovering muons with low transverse momentum (pT = 2-5 GeV), and in the regions of
limited spectrometer acceptance (especially in theη ∼ 0 region). For completeness, algorithms used for
commissioning or triggering are also discussed.

There are two types of calorimeter-based muon tagging algorithms. Their main difference lies in
how they initiate the muon search. The calorimeter-seed algorithms search for muons looking at the
measured energy. Cells with energy depositions inside some energy range are used as seeds. The lower
limit of this range is known as theinitiation threshold. The cluster of cells used to identify the muon is
then built up by adding cells around the seed cell whose energy is above a second lower threshold, so
calledcontinuationthreshold. At the end of the clustering, theη andφ directions of the reconstructed
cluster can be used to match a track in the inner detector. There are two algorithms that correspond to
this description:
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• LArMuID is based on a topological clustering algorithm used by ALEPH [21]. A topological clus-
tering algorithm groups neighboring cells whose energy is above a given threshold. Therefore,
the resulting clusters have a variable number of cells. This algorithm was used to find muons
using the electromagnetic calorimeter data during the test beam and the cosmic commissioning
data analysis. It builds the cluster from a seed cell in the middle sampling of the electromagnetic
calorimeter. Then, it creates the cluster adding another cell (if any) adjacent inφ above the con-
tinuation threshold. Due to the accordion structure of the electromagnetic calorimeters there are
no more than two adjacent cells inφ that can share the muon signal, thus the clusters consist of at
most two cells. The efficiency was measured with a muon beam during the combined test beam
as the fraction of events with a reconstructed muon cluster. The efficiency and the probability to
generate a fake muon from noise fluctuations were evaluated as a function of both thresholds. The
clustering algorithm inherently biases the energy reconstruction, so the lower the thresholds the
better the estimation of the reconstructed energy for the muon. The spectrum of energies collected
has been compared to and shown agreement with GEANT4.

• TileMuId is simple and fast and is used for triggering purposes. Its clustering methods are sim-
ilar to those ofLArMuID. This algorithm, however, runs by default as part of the reconstruction
software. It starts with a search for a “candidate” muon in the cells belonging to the last TileCal
sampling, where the muon gives the clearest signature, due to the screening effect of the two pre-
vious samplings. If the measured energy is between a lower and and upper threshold, it uses the
η andφ coordinates of the cell to look for another cell with energy within the same thresholds in
the central sampling. If both searches are successful it looks for a third cell with energy within the
thresholds in the first sampling. When cells with energies within the thresholds are found in all
three samplings, the candidate is confirmed to be a muon. Performance studies ofTileMuId can
be found in [22].

There are two track-seed algorithms that extrapolate inner detector tracks through the calorimeter
identifying those matching the energy deposition pattern of a muon. The track-seed algorithms use no
tracking information from the muon spectrometer. The first track-seed algorithm,CaloMuonTag, will be
described in detail in the next section.

The second track-seed algorithm,CaloMuonLikelihoodTool, builds a likelihood ratio to discrim-
inate muons from pions. The likelihood discriminant is built out of different energy ratios in order to
capture the global features of the energy depositions. The discrimination power of these ratios varies
both as a function of the momentum of the particles considered, and as a function ofη . Therefore three
bins inη (barrel, crack, end-cap) and three bins in momentum (0-10 GeV, 10-50 GeV, 50-100 GeV) are
used, and a different set of ratios is selected for each of the 9 regions. The likelihood ratio for the muon
candidate is then defined as

L (x1, ...,xN) =
N

∏
i=1

Pµ

i (xi)
Pµ

i (xi)+Pπ
i (xi)

. (5)

WherePµ

i andPπ
i , i = 1, ...,N are the pdf for the energy ratios. The performance of this algorithm is still

being studied, however, the first results show that it is comparable to the performance ofCaloMuonTag
discussed in Section 4.2.

4.1 CaloMuonTag

CaloMuonTag extrapolates inner detector tracks through the calorimeters, collecting the energy in the
cell closest to the extrapolated track for each traversed sampling. The muon can deposit energy in more
than one cell in the hadronic calorimeter, but the probability of this happening is rather low, as illustrated
in Figure 20. For the purpose of this algorithm, it is enough to assume that all the energy deposited by
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the muon is localized in the central cell. This also minimizes the electronic noise, which is particularly
large in the HEC.
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Figure 20: Energy found in the cell traversed by the extrapolated track (solid line) and the surrounding
cells (dashed line) in the TileCal (left) and in the HEC (right). Distributions obtained for momentum
100 GeV muons.

A track preselection is made to reduce the number of fakes in the output of the algorithms. In
addition, this preselection reduces the time needed by the algorithm to run on events with high track
multiplicity. The following cuts inpT , and transverse isolation energy (Eiso

T ) inside a cone of 0.45 are
applied:

• pT > 2 GeV andEiso
T < 10 GeV for tracks pointing to the barrel (η < 1.6).

• pT > 3 GeV andEiso
T < 8 GeV for tracks pointing to the end-cap.

Tracks are rejected if any of the collected energies are above veto values defined for each sampling. As
most fakes are seeded by low-pT tracks, more stringent cuts can be set for low-pT (< 10 GeV) track
candidates. These cuts can be relaxed for track candidates of higherpT .

Once calorimeter cells along the muon trajectory have been identified, the algorithm determines the
lower threshold energy cut that should be used for the tagging as a function ofη :

• Eth = Ebarrel
0

sin2
θ

for |η |< 1.7,

• Eth = Eend−cap
0

(1−sinθ)2 for |η |> 1.7,

whereθ is the polar angle. The values ofEth from these two equations roughly follow the shape of the
measured energy distributions, which increases with the path length of the muon in the cell.

Energy depositions in the last sampling of the calorimeters give the most reliable muon signals.
However, due to the gap between the TileCal barrel and extended barrel modules, and the transition
region between the TileCal and the end-cap (HEC) calorimeters, it is necessary to look in the two previous
samplings to obtain a good efficiency throughoutη . For this reason, if the energy in the last sampling,
or one of the two previous samplings depending on theη of the track, is above the threshold cut,Eth, the
track is tagged as a muon. A different tag is given depending on which sampling passes the threshold
cut.

4.2 Performance

In this section the performance ofCaloMuonTag is analyzed. The performance ofCaloMuonTag is
studied in some relevant physics samples:
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• pp→ J/ψ → µµ. A direct production of aJ/ψ decaying to two muons with the following cuts at
generation level: one muon withpT > 6 GeV and the other withpT > 4 GeV.

• H → ZZ∗ → 4`. A Higgs generated with an invariant mass of 130 GeV is forced to decay into
two Z’s (one of them offshell) that decay leptonically. Only events with four muons are used for
reconstructing the Higgs peak, but all events are used for the efficiency/fake rate calculation.

• tt̄ . A sample of pair produced top quarks with all decay channels allowed.

• Zbb→ 4`. A Z is produced in association with 2b quarks, and is forced to decay into two charged
leptons. Theb quarks are also forced to decay into electrons or muons.

All samples were generated with pile-up with a safety factor of 5, i.e. five times nominal value
expected at a luminosity of 1033cm−2s−1. Except for thepp→ J/ψ → µµ sample, where a safety factor
of 2 was used.

Figure 21 shows the performance of the calorimeter muon tagger algorithm on selected samples. The
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Figure 21: Efficiency (and fakes per event, right axis in red and shaded histograms) vsη for different
samples. Top left:pp→ J/ψ → µµ. Top right: H(130) → ZZ∗ → 4`. Bottom left: tt̄. Bottom right:
Zbb→ 4`.

vertical axis on the left shows the efficiency (top distributions). The vertical axis on the right (in red)
shows the fake rate (the number of misidentified tracks per event), represented by the shaded distribution
at the bottom of the plots. The efficiency (fake rate) is defined as the fraction of muons that are found
by the algorithm and (not) matched with a true MC muon. Muons from minimum-bias interactions were
not included in the efficiency calculation.
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For thett̄ (Zbb→ 4`) sample, the algorithm performs well in identifying isolated muons fromW’s
(Z’s). However, due to the isolation and veto cuts applied to reduce the number of fakes, the efficiency
for non-isolated muons fromb quarks is very poor, affecting the overall efficiency.

To reduce the fake rate due to the low-pT tracks in the end-caps, some efficiency in that region needs
to be sacrificed. The “peaks” in the fake rate inη match the regions where the acceptance of the last
calorimeter sampling is limited, and the two previous samplings are used for muon identification. Due to
the higher electronic noise,CaloMuonTag presents a higher fake rate in the HEC than in the TileCal. The
results for these samples, and for dijet samples generated with differentpT transfers at the hard scattering
interaction are summarized in Table 1.

J/ψ → µµ H → 4` tt̄ Zbb→ 4` 1120-2240 560-1120 280-560 70-140 17-35

Eff. 0.80 0.86 0.54 0.69 - - - - -

f/e 0.05 0.09 0.16 0.14 0.11 0.12 0.12 0.13 0.12

Table 1: Summary of the efficiencies and fakes per event (f/e) for different physics processes and dijet
samples (top numbers show the ranges ofpT transfers at the hard scattering interaction, in GeV).

Finally, Figures 22 and 23 are used to evaluate the performance improvement when using calorimeter
muons to reconstruct the Higgs and theJ/ψ mass. The plots on the left show the invariant mass recon-
structed with muons from a combined muon reconstruction algorithm, which makes use of both inner
detector and muon spectrometer tracks. The plots on the right show the invariant mass including muons
tagged byCaloMuonTag with momenta reconstructed by the inner detector.

To obtain the plots in Figure 22 the same set of cuts were used as in theH(130)→ ZZ∗ → 4` stud-
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Figure 22: Reconstructed Higgs peak in theH → 4` invariant mass reconstruction for the standard com-
bined muons (left) and for combined muons together with inner detector muons tagged byCaloMuonTag
in theη region|η |< 0.1 (right).

ies [19]. The increase on the number of reconstructed events was achieved by adding an extra muon
found by theCaloMuonTag algorithm during the muon preselection. The extra muon was requested to
be found in the last sampling of the TileCal and within the|η |< 0.1 region. No loss in mass resolution or
shift in the mean of the mass peak are observed between the two selected muon samples. The acceptance
gap around|η |< 0.1 represents 4% of the|η |< 2.5 region covered by the combined muon reconstruc-
tion. Since, four muons are recontructed in this analysis, the total efficiency loss due to the gap is 16%.
This results shows that calorimeter identification can recover almost all of the lost events (14.9%).
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For the plots shown in Figure 23 the muons used to reconstruct the invariant mass peak were matched
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Figure 23: ReconstructedJ/ψ peak in theJ/ψ → µµ invariant mass reconstruction for standard com-
bined muons (left) and for combined muons together with inner detector muons tagged byCaloMuonTag
in theη region|η |< 0.1 (right).

to the Monte Carlo truth. In this case, all muons identified by the calorimeter were added to the combined
reconstruction muons. Again, no loss in mass resolution or shift in the mean of the mass peak are
observed between the two selected muon samples.

CaloMuonTag shows very good efficiency and acceptable fake rate for a high-pT analysis likeH →
ZZ∗ → 4µ. An additional 15% of events were reconstructed when muons identified byCaloMuonTag
were added to the muons found by the standard reconstruction algorithm. In low-pT analyses, such as
J/ψ → 2µ, tighter selection cuts need to be applied to keep an acceptable fake rate. This reduces the
efficiency of the tagging algorithms. However, an additional 15% of events were reconstructed when
muons fromCaloMuonTag were also used.

5 Conclusion

This document reviews the current status of the understanding of muon energy loss in the ATLAS
calorimeters. Although energy losses and their distribution along the muon track have a very small
impact on muon reconstruction inside the muon system, they play an important role in the transport of
a reconstructed muon track to the beam pipe. During this backtracking, the muon momentum can be
corrected using the energy measured in the calorimeter cells traversed. This procedure is justified for
muons that have a catastrophic energy loss. In most cases, the muon momentum can be corrected using
a parameterization of energy loss, estimated from the reconstructed momentum and the amount and the
nature of the material traversed by the reconstructed trajectory. Techniques that attempt to combine the
measurement with the parameterization to improve the energy loss estimate have been developed and
validated. A performance improvement is achieved in some important analyses through the use of these
techniques.

Muon tagging algorithms that use calorimeter measurements and track information have been pre-
sented. These algorithms have been developed with the main goal of complementing the muon spec-
trometer in two ways: recovering muons with very low transverse momentum, and in the regions of
limited spectrometer acceptance, especially in theη ∼ 0 region. The performance of the calorimeter
muon tagger algorithm in a few relevant data samples has been shown.
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