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CMS muon system
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muon reconstruction
tracker track

global muon

tracker muon
pixel+strip hits

tracker track matched 
to muon segment

pixel + strip + muon hits

•  general complimentary techniques used for muon identification:
•  start with tracker and match to segments in the muon system
•  start with stand-alone muon and fit all hits with to search for a compatible   

tracker track

stand alone muon
muon hits
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lessons from cosmics
•  use cosmic-ray muons to mimic di-muon event properties 
•  treat muons in the top and bottom half of the detector as a di-muon
• extract resolution estimates, efficiencies, even a full physics measurement

3.4 Muon identification 5
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Figure 1: Event display of a cosmic muon crossing CMS: the side view (left) and a part of
the transverse view (right). “MB” and “ME” labels indicate positions of the muon barrel and
the muon endcap stations, respectively. The solid blue curve represents a 1-leg global muon
reconstructed using silicon tracker and muon system hits in the whole detector. Small green
circles indicate hits in the silicon tracker. Short red stubs correspond to fitted track segments in
the muon system. Energy deposits in the electromagnetic and hadron calorimeters are shown
as (thin) magenta and (thick) blue bars, respectively.

each fit.
• Tune P, which is similar to TMR, but includes the result of the “picky” fit in the

selection.

3.4 Muon identification

An approach complementary to global muon reconstruction, referred to as muon identification,
consists of considering all tracker tracks to be potential muon candidates and checking this
hypothesis by looking for compatible signatures in the calorimeters and the muon system.

Tracker tracks for which at least one matched segment in the muon system is found are called
“tracker muons”. Tracker muons have a rather low purity and necessitate further selection
requirements before they can be considered viable muon candidates. Two sets of such require-
ments, compatibility-based and cut-based, are currently defined:

• In the compatibility-based selection, two “compatibility” variables are constructed,
one based on calorimeter information and the other based on information from the
muon system. A tracker muon is considered to be a muon candidate if the value of
a linear combination of these variables is larger than a pre-defined threshold. Two
versions of the selection, with a lower (CompatibilityLoose) and a higher (Compatibili-
tyTight) threshold, are available.

• In the cut-based selection, cuts are applied on the number of matched muon seg-
ments and on their proximity to the extrapolated position of the tracker track. In the
LastStation method, one makes use of the fact that the penetration depth of muons
is larger than that of hadrons by requiring that there be well-matched segments in

top muon

bottom muon
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reconstruction and identification

muon reconstruction and 
identification in the barrel
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Figure 12: Muon reconstruction and identification efficiencies in the barrel region of the detec-

tor (|η| < 0.8) as a function of pT of the reference track, for a) cosmic-muon algorithms and

b) algorithms developed for muons produced in beam collisions, for tracker tracks (solid line),

standalone muons (open circles), global muons (small filled circles), and the loose versions of

the compatibility-based and cut-based muon identification algorithms (large filled circles and

squares, respectively).
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Figure 13: Reconstruction efficiencies for LHC-like a) standalone (ppSTA) and b) global muons

as a function of η of the reference track. Efficiencies in data are shown as points with error bars;

efficiencies predicted by the Monte Carlo simulation are depicted as histograms. Statistical

uncertainties for simulated points are similar to those in data.

for muons selected by the tight version of the cut-based identification algorithm. The measured

value of the key efficiency, namely that for LHC-like global muons (and, therefore, for the refits

and selectors described in Section 3.3), exceeds that predicted by the MC simulation by (2.1 ±
0.8)%.

5.2 Measurements of standalone-muon efficiency with tracker tracks

In addition to the efficiency studies described above, the efficiency of the standalone muon

reconstruction was measured relative to the number of tracks in the tracker and compared

to the efficiency expected from the Monte Carlo simulation. Events triggered by the DT or

barrel RPC detectors and containing at least one tracker track reconstructed by the CosmicTF

reconstruction and identification

5.1 Efficiency measurements with tracks in opposite detector hemispheres 15
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Figure 11: Muon identification efficiencies as a function of η of the reference track, for a)

cosmic-muon algorithms and b) algorithms developed for muons produced in beam collisions.

The efficiencies for loose (CompatibilityLoose) and tight (CompatibilityTight) versions of the

compatibility-based selection of tracker muons are shown in open and small filled circles, re-

spectively. The efficiencies for loose (LastStationLoose) and tight (LastStationTight) versions

of the cut-based selection of tracker muons are shown in large filled circles and in squares,

respectively. For comparison, the efficiency for tracker tracks (upper line) is also shown.

Table 1: Summary of muon reconstruction and identification efficiencies (in %) for cosmic-

muon algorithms and algorithms developed for muons produced in beam collisions at the

LHC, for muons in the region |η| < 0.8. Errors represent statistical uncertainties only. Num-

bers in parentheses show efficiencies calculated by a simple (non-weighted) averaging of the

efficiencies in η bins.

Algorithm Cosmic-muon algorithms Beam collision algorithms

Data Simulation Data Simulation

Reconstruction algorithms

Tracker-only 99.2 ± 0.2 (99.2) 99.9 ± 0.1 (99.9) 98.3 ± 0.5 (98.3) 99.1 ± 0.3 (98.8)

Standalone muon 96.1 ± 0.3 (95.2) 91.5 ± 0.3 (92.7) 98.8 ± 0.4 (98.7) 96.2 ± 0.5 (96.8)

Global muon 95.4 ± 0.3 (94.5) 91.3 ± 0.3 (92.5) 97.1 ± 0.6 (96.9) 95.0 ± 0.5 (95.5)

Identification algorithms

CompatibilityLoose 98.9 ± 0.2 (98.5) 98.8 ± 0.1 (98.7) 98.1 ± 0.5 (97.8) 97.9 ± 0.4 (97.4)

CompatibilityTight 97.6 ± 0.2 (96.5) 97.2 ± 0.2 (97.0) 96.4 ± 0.7 (95.9) 96.6 ± 0.5 (96.2)

LastStationLoose 94.7 ± 0.4 (92.0) 94.6 ± 0.3 (94.8) 94.6 ± 0.8 (93.3) 93.2 ± 0.6 (93.1)

LastStationTight 91.7 ± 0.4 (87.8) 84.9 ± 0.4 (84.1) 94.2 ± 0.8 (92.2) 92.0 ± 0.7 (91.2)

The dependence of the efficiencies of the various muon reconstruction and identification algo-

rithms on the pT of the reference muons at the PCA is shown in Fig. 12. None of the studied

algorithms show a strong pT dependence in the range above 10 GeV/c, as expected.

Measured efficiencies were compared with those obtained by applying the same method of

evaluating efficiencies to the simulated samples of cosmic muons. Two examples of such com-

parisons are displayed in Fig. 13, showing the η dependence of efficiencies for standalone and

global muons reconstructed by the standard algorithms. MC efficiencies integrated over the

barrel region of the detector are compared in Table 1 to efficiencies measured in the data.

In general, the results are in good agreement. In several cases, the measured efficiencies are

slightly larger than the predicted ones: in particular, this is the case for standalone muons and

identification efficiency

14 5 Reconstruction and Identification Efficiency
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Figure 10: Muon reconstruction efficiencies as a function of η of the reference track, for a)

cosmic-muon algorithms and b) algorithms developed for muons produced in beam collisions

at the LHC. Plot a) shows efficiencies of 2-leg CosmicCKF tracker tracks (solid line), Cosmic-

STA standalone muons (open circles), 2-leg global muons (small filled circles), and 2-leg global

muons with an additional χ2
cut applied (large filled circles). Plot b) shows efficiencies of

ppCKF tracker tracks (solid line), ppSTA standalone muons (open circles), LHC-like global

muons (small filled circles), and LHC-like global muons with an extra χ2
cut (large filled cir-

cles).

the dedicated cosmic-muon reconstruction algorithm (Fig. 10a) was found to be (95.4 ± 0.3)%.

The main source of efficiency loss is an inefficiency of about 4% in the cosmic standalone muon

reconstruction, mostly in the gaps between the barrel wheels. The efficiencies of the Cosmic-

CKF tracker-track reconstruction and of the tracker-track to standalone-muon matching are

both larger than 99%. The efficiency of the standard global muon reconstruction algorithm in

the barrel region (Fig. 10b), evaluated on a sample of collision-like cosmic muons, was mea-

sured to be (97.1 ± 0.6)%. The small inefficiency stems mainly from the component tracks of

global muons: for events in which both the tracker track and the standalone-muon track are

found, the efficiency to reconstruct the global muon is (99.7 ± 0.1)%. Figure 10 also shows the

efficiency for the global muons with an additional requirement applied to the normalized χ2

of the fit, χ2
/ndf < 10; this cut is expected to strongly suppress hadronic punch-throughs and

muons from decays of π- and K-mesons in collision events. The results for LHC-like global

muons in Fig. 10b confirm that the proposed cut value leaves the efficiency for prompt muons

almost intact: the corresponding decrease in efficiency is on the order of 2%.

The efficiencies for the loose and tight versions of the compatibility-based and cut-based muon

identification algorithms are compared with the efficiencies of tracker tracks in Fig. 11 as a

function of η of the reference track. For both cosmic-muon and standard track reconstruc-

tion methods, the efficiency of CompatibilityLoose tracker muons is very similar to that of the

tracker tracks: the overall efficiency reduction caused by the CompatibilityLoose selection does

not exceed 0.3%. The loss of efficiency due to the CompatibilityTight selection criteria is also

small, of the order of 2%. The average efficiencies of the loose and tight versions of the Last-

Station variant of the cut-based selection are all above 90%. All measured efficiency values

are summarized in Table 1. To evaluate a possible bias from correlations between reference

and probe tracks, average efficiencies were calculated in two ways: by dividing the number of

probe tracks found by the number of reference tracks, and as an arithmetic mean of efficiencies

in η bins, neglecting their statistical uncertainties. As can be seen in Table 1, the efficiencies

obtained by the two methods agree within 1–2% in most cases.

reconstruction efficiency

2008 cosmic ray data
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20 6 Momentum and Angular Resolutions

Figure 16: Widths of Gaussian fits to the distributions of the relative residuals, R(q/pT), for
various muon reconstruction algorithms, as a function of pT of the reference track.

Table 2: Summary of figures characterizing R(q/pT) residuals for the studied muon reconstruc-
tion algorithms, evaluated on a sample of 567 muons with reference-track pT > 200 GeV/c: the
width of the Gaussian fit; the value of the RMS truncated at ± 0.5; the number of events with
R(q/pT) < −0.5; the number of events with R(q/pT) > 0.5.

Fit/selector Fitted σ (%) RMS (%) R(q/pT) < −0.5 R(q/pT) > 0.5
Tracker-only fit 5.5 ± 0.1 7.6 ± 0.2 1 1
Global fit 6.1 ± 0.2 9.5 ± 0.3 8 14
TPFMS fit 5.2 ± 0.1 6.9 ± 0.2 4 3
“Picky” fit 5.5 ± 0.2 6.9 ± 0.2 0 0
Sigma switch 5.3 ± 0.1 7.4 ± 0.2 1 1
TMR 5.1 ± 0.1 7.3 ± 0.2 0 1
Tune P 5.0 ± 0.1 6.5 ± 0.2 0 1

dalone muons rather well, its prediction for muons reconstructed by the “Tune P” method (as
well as other combined tracker-muon fits) is better than the measured resolution at all pT val-
ues. The difference is about 10% at low pT, mostly due to a slightly too optimistic description
of the tracker alignment, and is about a factor of two in the highest-pT bin, where both the
tracker and the muon alignment play a role. Comparisons with predictions for the ideal align-
ment confirm the results of other studies [16, 17] demonstrating that the alignment precision
achieved in CRAFT for the barrel tracker and muon system is already quite good, although
there is some room for improving the resolution further, notably at high pT. The resolution
tails are rather well reproduced, as can be seen from the data-MC comparison for the R(q/pT)
distribution for “Tune P” muons shown in Fig. 18.

12 7 Results

p (GeV/c)   
10 210 310

R

1.1

1.3

1.5

1.7
CMS 2006-2008 GLB

 STA

 MTCC

 combined

CMS 2006-2008

(a)

 (GeV/c)   Z! cos"p 
10 210 310

R

1.1

1.3

1.5

1.7
CMS 2006-2008 CMS

 MINOS
 Utah
 OPERA
 L3+C
 Schreiner et al
 CMS fit

CMS 2006-2008

(b)

Figure 6: (a) The three CMS results, and their combination, as a function of the muon mo-
mentum. Data points are placed at the bin average, with the points from the standalone and
global-muon analyses offset horizontally by ±10% for clarity. (b) The CMS result, as a function
of the vertical component of the muon momentum, together with some previous measurements
and a fit of the pion-kaon model to the CMS data.

7.1 Charge ratio below 100 GeV/c

In the region p < 100 GeV/c there are measurements in six p bins. Three bins are covered by
all three analyses, with the surface-based MTCC analysis extending the reach to three lower-
momentum bins. These twelve data points are combined into a single value of the charge ratio
using the same prescription and scenario for correlations as for the overall combination de-
scribed in the above section. This yields a charge ratio of 1.2766± 0.0032 (stat.)± 0.0032 (syst.),
with a χ2/ndf = 7.3/11, in good agreement with previous measurements [2–5] and represent-
ing a significant improvement in precision.

Repeating this fit in the p cos θz region below 100 GeV/c yields a charge ratio of 1.2772 ±
0.0032 (stat.)± 0.0036 (syst.), with a χ2/ndf = 15.3/11. The higher χ2/ndf indicates that the
data in this p cos θz region have a lower probability of being consistent with a flat charge ra-
tio. Fitting just the region p cos θz < 70 GeV/c yields a charge ratio of 1.2728 ± 0.0039 (stat.)±
0.0040 (syst.) with a χ2/ndf = 4.0/8, consistent with the flat charge ratio hypothesis.

7.2 Charge ratio in the 5 GeV/c to 1 TeV/c momentum range

Considering the full p cos θz range measured, a rise in the charge ratio is seen, as shown in
Fig. 6 (b). Comparing to previous measurements in the same momentum ranges, the CMS
results agree well where there is overlap: with the L3+C measurement [5] below 400 GeV/c, and
with the UTAH [1], MINOS [6] and OPERA [8] measurements above 400 GeV/c. Measurements
by other experiments in the range 5–20 GeV/c [2–5, 30] are not shown in the plot; they are
consistent with the constant value fitted in the CMS data.

Models of cosmic ray showers provide an explanation for the rise in charge ratio at higher mo-

18 6 Momentum and Angular Resolutions

6 Momentum and Angular Resolutions
The muon momentum resolution was studied using 2-leg muons. A pure sample of muons
with a topology similar to that of muons produced in beam collisions at the LHC was obtained
by requiring that each of the muon tracks has at least 1 hit in the pixel detector and at least 8
hits in the silicon-strip detector. To further suppress contamination from events in which one
could inadvertently compare tracks from different muons, only events with exactly one pair of
tracks were considered. Since the alignment of the muon endcaps has not been completed, the
small subset of events with muons in the CSCs was removed explicitly. Finally, events with
muons having hits in several DT chambers in the horizontal sectors that could not be aligned
to satisfactory precision [17] were discarded. Overall, 23 458 events were selected.

For each pair of muon tracks in the selected events, the relative q/pT residual, R(q/pT), was
calculated as

R(q/pT) =
(q/pT)upper − (q/pT)lower

√
2(q/pT)lower , (1)

where (q/pT)upper and (q/pT)lower are the ratios of the charge sign to the transverse momentum
for muon tracks in the upper and lower detector halves, respectively. The

√
2 factor accounts

for the fact that the upper and lower tracks are reconstructed independently and with a similar
precision. The normalized q/pT residual (or pull), P(q/pT), was defined as

P(q/pT) =
(q/pT)upper − (q/pT)lower
�

σ2
(q/pT)upper + σ2

(q/pT)lower

, (2)

where σ(q/pT)upper and σ(q/pT)lower are the estimates of q/pT errors for the upper and lower muon
tracks, respectively. The values of q/pT and the corresponding errors were evaluated at the
point of closest approach of each track to the nominal beam line. Since the momentum res-
olution for standalone muons is expected to be significantly worse than that obtained using
the other muon reconstruction algorithms [13], the residuals and pulls for standalone muons
were estimated by comparing q/pT of each standalone muon reconstructed in the lower de-
tector hemisphere with q/pT of the global muon in the same hemisphere (and omitting

√
2 in

Eq. (1)). Since the momentum vector of a tracker muon is the same as that of the correspond-
ing tracker track, the results for tracker tracks shown in this and the next section are valid for
tracker muons as well.

The widths of the pull distributions were examined to verify the accuracy of the estimated
track-parameter errors. These estimates depend, among other things, on the so-called align-
ment position errors (APEs) accounting for the precision with which the positions of different
detector components are known [16]. The available sample of 2-leg muons was subdivided
into several subsamples according to the pT of the muon track reconstructed in the lower hemi-
sphere (the reference track), and a Gaussian fit to the P(q/pT) distribution for each subset was
performed. Figure 15 shows the widths of these Gaussian fits as a function of reference-track
pT for muon tracks reconstructed by various algorithms described in Section 3. If all errors
were calculated correctly, these widths should be 1.0. The widths of the pulls for standalone
muons are greater than unity at all pT values because the muon APEs, which were not yet fully
implemented, were all set to zero in the reconstruction. The widths of other pulls are consis-
tent with unity in the region of pT � 40 GeV/c, confirming that the estimates of errors for the
low-pT region are accurate. In the higher-pT region, the widths of the tracker-only pulls are
larger than 1.0, indicating that the tracker APEs are underestimated. As the muon pT increases,
so does the importance of the muon system in the momentum measurement, and the widths

! ! "

#$%&'(!&%)*+!+,!-.+/!,&+-!0+1-*0!&%21

! #34!-(%1.&(5!)$(!&%)*+!+,!6+1*)*7(!)+!/('%)*7(!-.+/!
,8.9(1!,&+-!0+1-*0!&%21!

! :%)%!%0;.*1*)*+/!%)!'&+./5!8(7(8!<3=##>??@A!%/5!
./5(&'&+./5!<#BCD=?"A

! 3.+/!-+-(/).-!&%/'(!EF(GH0!I!J!=(GH0

! #34!-(%1.&(-(/)!*1!*/!%'&((-(/)!K*)$!-+5(81!%/5!
6&(7*+.1!-(%1.&(-(/)1!<8%1)!%/5!-+1)!6&(0*1(!&(1.8)!
L(,+&(!#34!*1!,&+-!3MNO4A

! =$(!&%)*+!*1!*/5*6(/5(/)!,&+-!)$(!-.+/!-+-(/).-!L(8+K!
J??!F(GH0

! "#
$

#% &'!"#$%%(&"&&'# " "#$#%&(&"&&'# " "&"#%&

%
&P

*7
QJ

?
?
E
RE

S
S
>
7
J
!1

.
L
-

*)
)(

5
!)
+
!T

$
2
1
*0
1
!U

(
))
(
&1

!V

• measure the transverse momentum resolution 
using residuals between the top and bottom halves 
of the detector
•low-pt regime is dominated by multiple scattering
• measure the ratio of positive to negative muon

 fluxes using cosmics
• done by averaging the top and bottom legs and 

 fully reconstructing as one long muon
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luminosity and run selection
•  perform quality checks on all sub-detectors
•  data are certified at the level of run and luminosity section  
•  require good data quality from muon and tracker sub-detectors
•  stable beam, no major problems in drift tubes, 

  cathode strip chambers, or tracker
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selection criteria

• apply low-level selection criteria on tracker tracks 
• some typical track selection criteria 
•number of tracker hits
•impact parameter, 
•common vertex
•!2
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single-muon event display

 Mario Pelliccioni - PLHC 2010 5

From one muon...
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impact parameter distributions

dxy

Global MuonsTracker Muons

Decays in 
flight

Heavy 
flavors 

dz
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muon pseudo-rapidity

Global Muons
(18 000 tracks)

Tracker Muons
(90 000 tracks)

mostly low-pT muons from light hadron decays
η distribution peaks in forward region because of 
lower pT thresholds
good data-MC agreement including heavy-flavor 
decays, hadronic punch-throughs, and mistags
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Heavy flavors 
(25%)

Decays in flight  
(73%)

Global Muons

Decays in flight  
(84%)

Heavy flavors 
(9%)

Tracker Muons

p and pT spectra
Global MuonsTracker Muons
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To two muons...di-muon event display
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di-muon invariant mass distribution (J/Ψ) 
• track selection based on:
• impact parameter, 
• number of tracker hits
• common vertex
• !2

• no trigger requirement 
• extended ML fit
•signal:  crystal ball
•background: exponential

Signal events: 1230 ± 47
Sigma: 42.7 ± 1.5 (stat.) MeV  
M0: 3.092 ± 0.001 (stat.) GeV
S/B = 5.4 (M0 ± 2.5σ)
χ2/ndof = 1.1

data
signal+background fit
background-only fit

Lint = 15 nb-1
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summary

acceptance, efficiency, and luminosity 
measurements are all key to developing physics 
analyses
handles on muons in CMS coming developing in 
7 TeV running but go back as far as cosmic ray 
analyses low-mass di-muon resonances and 
distributions are blooming at the LHC
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