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Chapter 4

Performance of the Muon Spectrometer with
cosmic-ray data

4.1 Introduction

In the absence of collision data a large part of the commissioning of the ATLAS Muon
Spectrometer was performed using cosmic-ray muons. These cosmic muons were ex-
ploited in several ways to study the performance of the Muon Spectrometer, as published
in refs. [42] and [46]. This chapter focuses on two methods using either straight tracks or
curved tracks for the analysis. In Section 4.3 the sagitta resolution method is discussed.
The momentum resolution method uses tracks curved by the magnetic field and is the
subject of Section 4.4.

Cosmic muons do not cross all of the Muon Spectrometer with equal frequency. Their
incident angles are close to the vertical axis and therefore most statistics are obtained in
the barrel region of the detector (|η| < 1.05). This is illustrated in Figure 4.1, where the
ATLAS x and z-coordinates1 of cosmic muon tracks extrapolated to the surface level
(i.e. y = 81 m) are displayed. Large and small (access) shafts are visible at z = +15 m
and −25 m respectively. Other smaller (elevator) shafts are visible at x = +30 m and
−30 m. In the barrel, only the top and bottom sectors have sufficient statistics for
performance studies with cosmic-ray data.

4.2 Data sample

The data sample used to evaluate the performance of the Muon Spectrometer amounts
to approximately 60 million cosmic-ray events. These were obtained between September
2008 and July 2009 with various trigger and magnetic field configurations as is detailed
in Table 4.1. Most data were obtained with a barrel trigger (i.e. RPC, cf. Section 3.4.3).

During the fall 2008 period only five out of 1,110 MDT chambers were not included
in the data taking: two were not yet connected to services and three had problems
with the gas system [42]. This illustrates the fact that cosmic data allowed for a full
commissioning of the ATLAS MDT chambers.

1z-axis is along the beamline, x-axis point towards center of the LHC ring (cf. Section 3.1.1).
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Performance of the Muon Spectrometer with cosmic-ray data

Figure 4.1: x and z-coordinates of cosmic-ray muons extrapolated to the surface level.

Run Trigger B-field N of Evts Period

89106 TGC Off 0.4 M Fall ’08

89403 TGC Off 0.4 M Fall ’08

91060 RPC Off 17 M Fall ’08

91060 TGC Off 0.2 M Fall ’08

91803 TGC On 50 k Fall ’08

91890 RPC On 16 M Fall ’08

113860 RPC Off 6 M Spring ’09

121080 RPC On 21 M Summer ’09

Table 4.1: Data taking periods used for cosmic analysis as reported in [42].
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4.3 Sagitta resolution

4.3 Sagitta resolution

4.3.1 Introduction

The Muon Spectrometer (MS) consists of three layers of MDT chambers (cf. Chapter 3).
The reason behind this layout is to measure the muon at three points, reconstruct a muon
track and determine the track curvature. This curvature is inversely proportional to the
muon momentum.

The sagitta, s, is a measure for the curvature and is defined as the deviation from
a straight line as is schematically illustrated in Figure 4.2. In ATLAS the curvature
of path L normally is the result of the Lorentz force acting on the muon, due to the
presence of a magnetic field B. But in the datasets used for the sagitta resolution studies
no B-field was present in the MS2. A nonzero sagitta can then be the result of various
causes, such as a misalignment of the detector and multiple scattering of the muon in
the detector material.

sagitta

(s)
α

r

L

Figure 4.2: Definition of the sagitta. The dots schematically represent the three
chamber layer measurements within the ATLAS Muon Spectrometer.

An alignment campaign with cosmic-ray data was ongoing at the time of data taking.
Although the final alignment results were not yet available in the reconstruction used in
our analysis, the results did benefit from this effort. Figure 4.3 illustrates the effect of
the alignment corrections on the measured sagitta distributions in the endcap regions.
More information on the alignment campaign can be found in ref. [42].

There is a significant difference in material that is crossed for muons in large and
small MDT chamber sectors: in the small sectors the toroid magnet coils have to be
traversed. The contribution of the multiple scattering to the sagitta resolution in the
small sectors is therefore about twice as large. In the analysis following hereafter large
and small sectors are treated separately.

2The solenoid was however operational allowing for a momentum measurement in the Inner Detector.
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Performance of the Muon Spectrometer with cosmic-ray data

Figure 4.3: The sagitta distribution for cosmic-ray muons reconstructed in the endcap
regions with nominal geometry and after alignment corrections.

4.3.2 Event, track and segment selection

The sagitta resolution analysis is based on muon tracks. Events, tracks and segments
for the analysis are selected with a few well understood selections:

• events are discarded if they contain more than 20 segments, thereby rejecting
cosmic showers;

• exactly one Inner Detector (ID) track per event is required to ensure an unam-
biguous (and thus correct) matching between ID and MS tracks;

• all hits on a track need to be within the same φ-sector, preventing effects from
possible misalignments between different φ-sectors3;

• the track should contain at least two RPC φ-layer hits, providing an unambiguous
measurement of the φ-angle of the track;

• the fit-χ2/D.O.F. of the MS track is required to be smaller than 5;

• the MS track is required to have segments in all three MDT chamber layers;

• the inner, middle and outer segments should each contain at least 5, 4 and 4 hits,
respectively. To ensure high quality segments a successful t0 refit is required (cf.
Section 3.5.5).

3This also ensures the separation between large and small MDT chambers.
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4.3 Sagitta resolution

4.3.3 Analysis of the sagitta resolution

The Sagitta Analysis [47] starts with a selected muon track and divides the hits on the
track in two groups: hits from the inner+outer chambers and hits from the middle
chamber. The two groups of hits are used to obtain straight line fits, resulting in
one straight line through inner+outer chamber hits and one line through the middle
chamber hits. Both of the straight lines are projected in the precision plane of the MS.
The sagitta s is then defined as the distance between the center of the line through the
middle chamber and the line through the inner+outer chambers, as illustrated in Figure
4.4. It is calculated for each muon passing the selections mentioned in Section 4.3.2.

Outer

Middle

Inner

s

Figure 4.4: Illustration of the performed measurement of the sagitta, s.

The sagitta distributions obtained in this way are used to evaluate the performance
of the MS. A double Gaussian function, with a common mean value, is fitted to the
sagitta distribution. An example of such a fit is shown in Figure 4.5.

The narrow Gaussian describes the resolution in the core of the sagitta distribu-
tion. The standard deviation of the narrow Gaussian is taken as the sagitta resolution.
The broader Gaussian describes the tails of the sagitta distribution and predominantly
contains contributions from low-pT , i.e. multiple scattering dominated, muons. The
fraction of events in the narrow Gaussian is fixed to 70%, resulting in the best fits.
By using the momentum measurement of the matched tracks from the ID (where the
momentum is determined from the curvature in the solenoidal field) one can study the
sagitta resolution versus momentum.
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Performance of the Muon Spectrometer with cosmic-ray data
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Figure 4.5: Sagitta distribution for φ-sector 05 in run 91060.

4.3.4 Results

Figure 4.5 shows an example of a sagitta distribution, for φ-sector 05 at the top of the
Muon Spectrometer, in run number 91060. The mean value of −0.027 ± 0.009 mm is
compatible with the design goal for alignment precision of 30 µm [45].

Fits are performed for successive momentum intervals ranging from 10 to 350 GeV,
covering the momentum range of cosmic-ray muons. A comparison to simulation is
performed by running the analysis on a simulated cosmic-ray sample. The simulation
uses a dedicated event generator based on the work described in ref. [48] and the standard
GEANT4 detector simulation [24].

The obtained sagitta resolution as a function of momentum for top sectors is shown
in Figure 4.6 for data and simulation. The curves are fitted using the parametrization

σs =
K0

p
⊕K1, (4.1)

where K0 and K1 represent the multiple scattering and intrinsic resolution term, respec-
tively.

The obtained values for K0 and K1 in cosmic-ray data and simulation are listed in
Table 4.2. Note that the multiple scattering term is on average indeed about twice as
large for small compared to large sectors as was mentioned in Section 4.3.1.
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4.4 Momentum resolution
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Figure 4.6: Sagitta resolution as a function of muon momentum for top sectors in (a)
data and (b) simulation. The curve indicates the fitted function as described in the text.

Chamber type Sample K0 [mm×GeV] K1 µm

Large Data 8.6± 0.2 114± 6

Simulation 7.0± 0.1 84± 2

Small Data 19.2± 0.8 160± 3

Simulation 17.0± 0.3 151± 8

Table 4.2: Results of the sagitta resolution analysis on cosmic-ray data and simulation.

Both K0 and K1 show differences between the values obtained for data and simu-
lation. The difference for K0 can be understood as a deficit in material used in the
simulated sample. For K1 the difference arises from various causes, including align-
ment, chamber deformations and calibrations. Both differences are also observed in the
momentum resolution studies and will be discussed in Section 4.5.

4.4 Momentum resolution

4.4.1 Introduction

In addition to the sagitta resolution studies with straight tracks, the performance of the
Muon Spectrometer (MS) was further studied using curved tracks.
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Performance of the Muon Spectrometer with cosmic-ray data

If a cosmic muon is energetic enough it can traverse the full ATLAS detector and two
tracks can be reconstructed: one in the top and one in the bottom sectors of the MS.
It is this category of energetic cosmic muons that is used in the momentum resolution
analysis. The analysis exploits the fact that there are two momentum measurements
obtained for the same cosmic muon, i.e. pup and pdown.

Each muon momentum measurement can be expressed at two locations in the ATLAS
detector: at the Interaction Point (IP) and at the entrance of the MS. The latter is
defined as the MS measurement closest to the interaction point4. When expressing the
momentum at the IP energy loss corrections have to be applied to account for the energy
lost by the muon when traversing the calorimeter. In the barrel region the typical energy
loss correction is 2.5 GeV (4 GeV) for a muon of 10 GeV (1 TeV) [45].

Δp

Figure 4.7: Distribution of the difference in momentum between up and down tracks
for tracks with pT > 15 GeV and momenta expressed at the entrance of the MS.

Figure 4.7 shows ∆p ≡ pup − pdown for momenta expressed at the entrance of the
MS. The average value of this distribution is 6.3 GeV, corresponding to about twice the
average energy lost when a muon traverses the calorimeter material. A non-Gaussian
tail due to energy loss fluctuations can be observed. This particular shape is described
by a Landau distribution in the resolution analysis. Figure 4.8 shows the momentum dis-
tributions for up and down tracks before and after energy loss corrections, i.e. expressed
at the entrance to the MS and at the IP respectively.

The momentum resolution analysis uses the relative momentum difference to measure
the momentum resolution directly. In fact the relative transverse momentum difference
will be used as this is the more convenient measure in hadron collider experiments:

∆pT
pT
≡ 2

pTup − pTdown

pTup
+ pTdown

. (4.2)

4The definition is with the assumption that the muons are from collisions.
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4.4 Momentum resolution

The transverse momentum resolution is equivalent to the momentum resolution if
the angles θup and θdown are approximately equal, as is the case for cosmic-ray muons.

(a) (b)

Figure 4.8: Momentum distributions for up and down tracks showing (a) the measure-
ments at entrance to the Muon Spectrometer and (b) the measurements after extrapo-
lation to the interaction point.

4.4.2 Event and track selection

The following selections are applied on events and tracks:

• the event should contain two tracks;

• the tracks should be back to back, i.e. ∆θ < 10◦ and ∆φ < 10◦.

The above selections are designed to obtain a sample of candidate cosmic-ray muon
tracks, where each muon leaves back to back tracks in the upper and lower hemisphere
of the MS. In addition each track is required to pass the following selections:

• at least 17 MDT hits, of which ≥ 7 in inner, ≥ 5 in middle and ≥ 5 in outer
chamber stations;

• at least two RPC φ-layer hits;

• all MDT hits should be within the same φ-sector;

• polar angle: 65◦ < θ < 115◦;

• impact parameters: z0 < 2 m and |d0| < 1 m, where |d0| ≡
√
x2

0 + y2
0 .
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Performance of the Muon Spectrometer with cosmic-ray data

These selections provide high quality tracks with incident polar angle and impact
parameters that are expected for cosmic-ray muons. Each track is required to be within
a single φ-sector to remove possible effects from overlap between sectors. The selections
resulted in approximately 19,000 cosmic-ray events.

4.4.3 Analysis of the momentum resolution

The momentum resolution as a function of pT is obtained by performing fits to ∆pT /pT
distributions (cf. Equation 4.2) in eleven bins of pT . The fitting function is a double
Gaussian with common mean. The double Gaussian is chosen for the same reasons as
in the sagitta resolution studies: the narrow Gaussian describes the core and the broad
Gaussian describes the tails of the distribution. In this analysis, however, the narrow
Gaussian is convoluted with a Landau function to account for the non-Gaussian tails
arising from energy loss fluctuations in the extrapolation to the IP (cf. Section 4.4.1).

The contribution of these energy loss fluctuations to the momentum resolution de-
creases for increasing bins of muon momenta. For lower momenta the non-Gaussian
tails of the ∆pT /pT distribution are more pronounced and therefore the relative fraction
of the narrow Gaussian (convoluted with a Landau) is fixed to 95% in this momentum
regime. For higher momenta (pT > 10 GeV) the energy loss fluctuations form a negligi-
ble contribution to the ∆pT /pT distribution and the fraction of the narrow Gaussian is
lowered to 70%, as was the case for the fits to the sagitta distributions.

Applying standard error propagation rules and neglecting higher order terms we
see that the resolution of the ∆pT /pT distribution gives us the relative pT resolution,
σ(pT )/pT , which is obtained from the standard deviation of the narrow Gaussian and
the width of the Landau as

σ(pT )

pT
=

√
σ2
Gauss + σ2

Landau√
2

, (4.3)

where the
√

2 comes from the fact that we are using two momentum measurements.

4.4.4 Results

Since the average energy loss is approximately 6.3 GeV (cf. Figure 4.7) the dependence
on the Landau term in the distributions of ∆pT /pT should become less pronounced when
going to higher momenta. In the fits in Figure 4.9 this can indeed be observed.

A parametrized fit is performed to describe σ(pT )/pT as a function of pT :

σpT
pT

=
P0

pT
⊕ P1 ⊕ P2 · pT . (4.4)

The uncertainty on the energy loss corrections is denoted by P0, the multiple scattering
term by P1 and the intrinsic resolution term by P2. The obtained values in cosmic-ray
data for P0, P1 and P2 are listed in Table 4.3, showing a comparison to results from an
analytic calculation [45]. Differences between data and calculation are observed for the
multiple scattering and the intrinsic resolution term, similar to what was found in the
sagitta resolution analysis. These differences are discussed further in the next section.

4
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4.4 Momentum resolution

Figure 4.9: The ∆pT /pT distributions in eleven bins of increasing pT . The dots indicate
the data, the curve indicates the fitted function as described in the text.

Sample P0[GeV ] P1 [%] P2 [10−4 GeV −1]

Data 0.35± 0.02 0.038± 0.001 2.0± 0.3

Calculation 0.35 0.035 1.2

Table 4.3: Momentum resolution analysis results for data and analytic calculation [45].
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4.5 Discussion

In the sagitta and momentum resolution analyses presented in this chapter differences
between cosmic-ray data and simulation were observed. The multiple scattering term
contributing to the resolution was found to be higher in data than in simulation for both
analyses, indicating an underestimation of the multiple scattering term in simulation
due to a material budget deficit of about 10 − 15% in the detector description. Recent
studies show that by adding passive material (such as detector services, rails and trigger
boxes) the discrepancy reduces in the barrel region [49].

The obtained results from Table 4.3 are illustrated in Figure 4.10. The measured
momentum resolution shows good agreement with the analytic calculation for transverse
momenta below about 40 GeV. For high momenta larger discrepancies can be observed.
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Figure 4.10: Muon Spectrometer momentum resolution for data and calculation [45].

In Section 3.6 we addressed some contributions to the muon momentum resolution.
Figure 3.14 shows that for pT > 50 GeV the contributions to the intrinsic resolution,
e.g. alignment and calibration, form the most significant contributions. Several causes
have been identified to explain a higher measured intrinsic resolution term:

• the magnetic field integral is significantly lower in the large MDT chambers com-
pared to the small MDT chambers. This causes a degradation of the momentum
resolution in the high-pT region; 70% of the MS tracks used for the analysis are
measured within the large chambers;

• the single tube resolution was affected by imperfect calibrations and the additional
time jitter. The latter is a feature of cosmic-ray events as opposed to pp collision
data and is not completely removed by the t0 refit procedure (cf. Section 3.5.5).
It has been checked that removing tracks with bad convergence in the t0 refit
decreased the intrinsic term by 30%;

4
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4.6 Results of combined cosmic data taking

• the alignment was not yet at the required level at the moment of data taking. The
optical alignment system alone provided a precision at the level of 200 µm. When
calibrated with sufficient statistics, the optical system is able to monitor chamber
movements with a precision of 50 µm [42]. With the datasets used for the analysis
this was only possible for the top sectors in the MS;

• several other effects were not yet corrected for in the data processing chain, such as
chamber deformations, wire sagging and single chamber geometrical defects. How-
ever, these contributions are expected to have a small impact on the momentum
resolution.

4.6 Results of combined cosmic data taking

Further studies [46] have been performed with cosmic-rays comparing the three basic
momentum measurements: Muon Spectrometer (MS), Inner Detector (ID) and combined
(CB) reconstruction algorithms. As discussed in Section 3.5 the MS and ID algorithms
perform independent measurements of the muon track parameters. The CB algorithm
uses the MS and ID tracks as input and performs a refit. Figure 4.11 shows the final
result for σ(pT )/pT of these studies, again for the barrel region only due to limited
statistics in the endcaps. The data is fitted according to Equations 4.4, 4.5 and 4.6 for
MS, ID and CB algorithms, respectively.

σpT
pT

= P1 ⊕ P2 · pT (4.5)

σpT
pT

=
P0 · pT√

1 + (P3 · pT )2
⊕ P1 ⊕ P2 · pT (4.6)

P0, P1 and P2 are defined as before and P3 is needed for a correct description of the
intermediate region where MS and ID resolutions are comparable.

From Figure 4.11 it can be seen that the ID provides the best resolution (about 2%)
for the region below 40 GeV. This is expected because of the high resolution detector
components that can measure soft (muon) tracks with high precision. Above 100 GeV
the MS provides the best resolution measurement because of its larger bending power.

The obtained ID momentum resolution from cosmic-ray data is in fair agreement with
previous studies using single muon tracks reconstructed with the aimed final calibration
and perfect alignment [50]. The obtained MS momentum resolution, and the reason-
able agreement with expectation at low-pT and disagreement at high-pT , was already
discussed in Section 4.5.

In all pT regions it can be observed that the CB follows the best available resolution
measurement, as it is designed (and thus expected) to do. In the intermediate region
the ID and MS contribute equally to the CB resolution. For example, at 90 GeV the
individual ID and MS resolutions are 5% and 4.5% respectively. One thus expects the
CB resolution to be about 1/

√
(1/0.05)2 + (1/0.045)2 ≈ 3.34% which is approximately

what we observe in Figure 4.11. The intermediate region is of particular interest to the
Z → µ−µ+ studies which will be further discussed in Chapter 5.
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Figure 4.11: Fitted values for σ(pT )/pT for MS (circles), ID (squares) and CB muons
(triangles). All curves are fitted as described in the text.

4.7 Summary

The performance of the ATLAS Muon Spectrometer has been studied using cosmic-ray
muons. Two complementary methods have been presented in this chapter. The results
of the sagitta analysis and the momentum resolution analysis are in agreement.

Both studies show a higher multiple scattering term in data, indicating a material
budget deficit of about 10− 15% in simulation/calculation. Further studies are needed
to improve the understanding of the ATLAS material budget.

In addition, both analyses show an intrinsic resolution term that is higher in data
than in simulation/calculation. This higher intrinsic resolution term causes the MS mo-
mentum resolution in data to be significantly higher than expected for pT > 50 GeV.
This indicates that there is quite some gain to be expected from improving the un-
derstanding of the various contributions to the intrinsic resolution term, including for
example the magnetic field description and alignment.

The cosmic-ray data were extensively used for obtaining a good understanding of
the ATLAS Muon Spectrometer. Already before the first proton-proton collision the
performance of the Muon Spectrometer was shown to be good and in fair agreement
with expectations for pT < 40 GeV.
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