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1 Introduction

The CMS (Compact Muon Solenoid) [1] is a general purpose detector that is used to search for
evidence for physics events from and beyond the standard model of particle physics exploring the
data collected from proton-proton and heavy ions collisions at LHC (Large Hadron Collider) in
CERN. The topologies of a big fraction of the interesting events contain muons in its final states
where the muon transverse momentum varies in a large range between a few GeV to ∼ 1 TeV.
Because of this, a highly performing and redundant muon spectrometer is of crucial importance for
muon reconstruction and identification, including pT measurement, muon charge assignment, and
robust muon trigger [2].

2 CMS Muon System

An R − z cross section of a quadrant of the CMS detector is shown on figure 1. The CMS muon
system currently exploits three different gaseous detector technologies - Drift Tubes (DT) in the
barrel (central) region, Cathode Strip Chambers (CSC) in the endcap (forward) region, and Resistive
Plate Chambers (RPC) in both barrel and endcap, covering a pseudorapidity region of |η| < 2.4. A
detailed description of the CMS muon system is available in [3] and in this paper are given only the
main layouts of it.
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Figure 1. An R− z cross section of a quadrant of the CMS detector. The interaction point is in the lower left
corner. The z axis, parallel to the beam, is horizontal and the radius R increases upward. The DT stations are
labeled MB (Muon Barrel) and shown in orange, and the CSCs are labeled ME (Muon Endcap) and shown
in green. The RPCs are shown in blue and labeled RB in the barrel and RE in the endcaps. The steel flux
return disks are shown in gray.

2.1 Drift Tube Chambers (DT)

The Drift Tube Chambers are used as tracking and triggering detectors. As a working gas they use
8515% ArCO2 gas mixture. There are 250 DT chambers distributed among 5 barrel wheels. Each
wheel consists of four concentric stations segmented into 12 sectors, where every sector covers
∼ 30o in φ. The top sectors in the forth station are equipped with two additional DT chambers.
Every DT chamber in the first three stations consists of 12 layers of drift cells forming three super-
layers (every super-layer is built of four layer). Two of them are parallel to the beam line and
measure the coordinate in the CMS bending plane r − φ. The other one provides information about
the z coordinate. The chambers in MB4 have only two r − φ super-layers. The design resolution is
∼ 250 µm for reconstructed hits and ∼ 100 µm for reconstructed segments.

2.2 Cathode Strip Chambers (CSC)

There are 540 Cathode Strips Chambers mounted in the four endcap stations of the muon system.
72 of them have been installed in the outermost disks layers during LS1 (Long Shutdown 1) in order
to complete its design layout [4]. The CSCs operate with a 405010%ArCO2CF4 gas mixture. In
rings ME21, 31, and 41, each chamber covers 20o in φ while all other chambers cover 10o in φ.
The CSCs have a trapezoidal shape and each chamber is built with 6 layers of anode wires enclosed
between cathode planes. The cathodes are segmented in radial strips and provide measurements
in the r − φ plane. The anode wires are orthogonal to the strips and used to measure the radial
coordinate. The CSC strip design resolution for single reconstructed hits is expected to be less than
150 µm.
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2.3 Resistive Plate Chambers (RPC)

The CMS RPCs are used mainly as trigger detectors. They are 1056 double gap chambers installed
in both the barrel and endcap regions. The two innermost barrel stations are equipped with two
RPC layers while the third and fourth have only one RPC layer. In the endcap, RPCs are installed
on the second and third ring on every station. During LS1 the fourth stations were completed with
additional 144 chambers adding one more layer in order to improve the trigger efficiency. The CMS
RPCs have Bakelite plates with a bulk resistivity in the range of 1010 − 1011Ω·cm. The chambers
work in a avalanche mode and the intrinsic time resolution is ≈ 2 ns [5]. The working gas mixture
is composed by 95.2% Freon (C2H2F4), 4.5% Isobutane (iC4H10), and 0.3% S F6.

3 Performance of the muon detectors during LHC Run-2

The first run of the LHC data taking (Run-1) lasted from 2010 till 2012. With the start of Run-2
in 2015, the center of mass energy increases from 8 to 13 TeV and the instantaneous luminosity
reaches values more than 2 × 1034 cm−2s−1. The average number of the pile-up events during a
proton-proton collision is ∼ 38 [6]. Keeping the best performance of the muon detectors in a harsh
condition requires permanent monitoring of the main detector parameters, such as hit and trigger
efficiency and spatial resolution. They have been studied with proton-proton collision data. As
a main method for efficiency calculation the Tag-and-Probe (T&P) technique has been used [7].
Wherever needed, other techniques have also been applied..

3.1 Hit and segment reconstruction efficiency

The DT hit efficiency measured with proton-proton collision data at
√

s =13 TeV is shown in figure
2. It was defined and measured as the ratio between the number of detected and expected hits. A
probe set of track segments reconstructed in both φ and θ views has been used to determine the
positions of the expected hits. At least 7 (for φ segments) or 3 (for η) hits were required to be
associated to a segment in layers other than the one under study. The intersection of such a high
quality track segment with the layer under study determines the expected position. The cell was
considered efficient if a detected hit was found within it. To avoid any bias, segments crossing
known dead cells were rejected. As can be seen from the plot, the DT hit efficiency is high, with an
average value of more than 97% for almost of the chambers.

The RPC hit efficiency has been studied with the T&P method. Oppositely charged muon pairs
have been selected from data that passed the single-muon trigger. The tag muon was required to
pass tight identification and isolation criteria. Another muon (probe) is selected to pass the tracker
track quality requirements and to form a Z → µµ resonance pair with the tagged one. The RPC hit
efficiency for all the chambers is shown in figure 3. The left plot shows a comparison between the
efficiency distributions for the barrel chambers during the three years of the Run-2 data taking and
the right plot relates to the endcap chambers. As can be seen from the plot the RPC hit efficiency is
higher than 95%, better than the CMS requirements, and has been stable over the years. The small
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differences are caused by variations of the working gas mixture. There is a small fraction (∼ 5%
out of total 1056) of chambers with known problems and efficiency lower than 70%. These are
mainly the chambers switched OFF in order to reduce gas leaks.

Figure 2. DT hit efficiency distribution: 1 entry per chamber. Dead channels are not taken into account.
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Figure 3. RPC overall efficiency distribution in the barrel (a) and endcap (b).

The DTs and CSCs are multilayer detectors. A segment in a CSC or DT is a straight-line track
segment reconstructed from the hits on particular layers of the CSC in the endcap and DT in the
barrel. The segments are used as seeds for the full CMS muon track reconstruction algorithm, in
combination with tracks reconstructed in the Silicon Tracker, in both the CMS High-Level Trigger
(HLT) and CMS offline muon reconstruction. The segment efficiencies are calculated with the T&P
method. More details about the kinematic and selection criteria to the tagged and probed muons
are given in [2]. For the DT segment efficiency calculation, the inner components of probes that
passed the selection criteria have been propagated to each station of the DT detector and checked
to have segments matched in ≥ 1 muon stations different from the one under study. A DT chamber
crossed by a probe track is considered efficient if a reconstructed segment is found within 15 cm
distance of the extrapolated track in the R−φ plane. For the CSC segment efficiency calculation the
probe track is projected into the CSC system and a matching segment is searched for in each CSC
the track traverses. To reduce backgrounds and ensure that the probe actually enters the CSC under
consideration, compatible hits are also required in a downstream CSC. The DT segment efficiency

– 4 –



as a function of the pseudorapidity η is given in figure 4. Since here the efficiency is integrated over
φ, the presence of gaps between sectors has the effect of lowering the efficiency observed within the
η acceptance. Station 4 does not have φ gaps between most sectors, therefore its efficiency, within
the η acceptance, is higher than the other stations. Figure 5 shows the CSC segment efficiency
of each Cathode Strip Chamber. There are a few (out of the total 540) chambers with known
inefficiency usually due to one or more failed electronics boards that cannot be repaired without
major intervention and dismantling of the system. There are also occasional temporary failures of
electronics boards, lasting from periods of hours to days, which can be recovered without major
intervention. Both contribute to lowered segment efficiency. Nevertheless the segment efficiency
of the muon system is high and above 95%.
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Figure 4. Segment Reconstruction Efficiency in the four muon barrel (MB) stations, computed within the
full solid angle, as a function of the probe’s η. Variations are dominated by the presence of gaps between
wheels, not covered by drift tube chambers.

3.2 Space Resolution

The single hit resolution for the DTs is shown in figure 6(a)and for the CSCs in 6(b). The CSC
spatial resolution per station measured for all chamber types in 2017 and early 2018 is shown in
figure 6(b). It has been estimated by fitting a Gaussian to the residual distributions for every ring.
The residuals were calculated as the difference between the positions of the reconstructed hit in a
given layer in a chamber and the segment reconstructed in all the other layers in the same chamber.
Depending on the chamber type, the CSC spatial resolution varies from 45 µm for the first ring of
the first station and 145 µm for the last station, which meet the design requirements. A comparison
between 2017 and 2018 data shows no change with respect to the previous year. A similar approach
has been used to compute the DT single hit resolution, measuring the widths of the distributions of
the distances between every reconstructed hit and the fitted segment it belongs to. Hits reconstructed
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Figure 5. The efficiency (in %) of each Cathode Strip Chamber in the CMS endcap muon detector to provide
a reconstructed muon track segment.

within the same station of the same wheel were added together. In order to take into account the
geometrical differences φ (measuring in R − φ plane) and θ SL (R − Z plane) super-layers (SL)
are kept separately. In Wheel 0 (W0) most of the tracks coming from the interaction points are
normal to all layers and the resolution is the same for both the φ and θ SL. Going from z=0 towards
the forward regions, the inclination angle increases the track path within the tube along the wire
direction in φ SL, thus increasing the ionization charge and improving the resolution. There is no θ
SL in the last fourth barrel station (MB4) and no position information is available in the direction
parallel to the wires. Because of this, no corrections for the signal propagation along the wire was
applied to this station, which is the reason for relatively poorer resolution compared to the first three
stations.

CMS Preliminary (Data 2016)                                                  13 TeV. 4.42 fb-1 
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Figure 6. Single hit resolution for DT (a) and CSC (b) stations measured with proton-proton collision data
in Run-2. MB depicts the muon barrel station numbers while W corresponds to the wheels. ME relate to
the muon endcap stations. Statistical uncertainties from the fits are negligible, and systematic uncertainties
∼ 1 − 2 µm dominate.
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By design the RPCs are used mainly as trigger detectors. Nevertheless they contribute and com-
plement the information about the φ space measurements and evaluation of the bending angle. The
RPC single hit resolution has been studied with the help of the Segment extrapolation method [8]
where the segments built in the nearest DT or CSC chamber have been extrapolated to the plane of
the RPC under study. Gaussian fits to the distributions of the differences between the positions of
the extrapolated and reconstructed hits have been performed. The obtained widths depend on the
strip pitch and vary between 0.93 cm for the innermost stations and 1.4 cm for the outermost. The
Cluster size (CLS) for RPCs is defined as the number of adjacent fired strips in a given time window
of 25 ns. The position of the reconstructed hit is determined in the gravity center of such clusters
and thus the single hit resolution depends on the CLS. In order to reject possible noisy events, which
may affect the φ bending angle estimations, the hits with CLS > 3 are cut on the trigger level. As
can be seen from figure 7, the average CLS is ∼ 2 and it is kept below the trigger requirements.

0 1 2 3 4 5 6 7 8 9 10
Cluster size

0

0.1

0.2

0.3

0.4

0.5

0.6

N
or

m
al

iz
ed CMS

Preliminary
2018 data

 (13 TeV)-112.10 fb

Entries    26544927
Mean                2.39
RMS                 1.09

(a)

0 1 2 3 4 5 6 7 8 9 10
Cluster size

0

0.1

0.2

0.3

0.4

0.5

0.6

N
or

m
al

iz
ed CMS

Preliminary
2018 data

 (13 TeV)-112.10 fb

Entries    10102864
Mean                2.39
RMS                 1.03

(b)

Figure 7. RPC cluster size distribution in the barrel (a) and endcap (b).

3.3 Muon Level1 Trigger Upgrade

To cope with the new Run-2 conditions and reduce the increased event rate while maintaining a high
efficiency in the same time, the first level of the trigger system (L1 trigger) has been upgraded. The
muon L1 upgrade began in 2016 moving from a muon detector-based scheme (DT, RPC, and CSC)
to a geometry-based system. The new trigger logic combines the information – hits and segments
from all muon detectors and sends it to three different track finders – BMTF (Barrel Muon Track
Finder), OMTF (Overlap Muon Track Finder) and EMTF (Endcap Muon Track Finder). BMTF
uses information from DTs and RPCs and covers the pseudorapidity region up to |η| ≤ 0.83. In the
overlap region, 0.83 < |η| ≤ 1.24, OMTF combines the information from all three muon subsystems
– DT, RPC and CSC. In the region with |η| < 1.24, EMTF uses information from the CSCs and
RPCs [9]. The three track finders send muons to the global trigger (µGMT) which sorts and cancels
duplicate muons. The upgrade system reduces the trigger rate roughly by a factor of 2 and slightly
increases the overall trigger efficiency [10, 11]. Figure 8(a) shows the rates of L1 muons passing
the threshold from 25 GeV as measured in 2017 data compared with the emulated legacy trigger
(2015) as a function of η. As can be seen from the plot, the rate reduction reaches ∼ 80% in the
very forward regions. Figure 8(b) shows the efficiency of all muon track finders measured with
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proton-proton collision data in 2018 as a function of the muon pT . The efficiency is measured to be
greater than 90% for all track finders for the muons with pT > 22 GeV, which is the most common
single-muon trigger threshold used in CMS analyses. The upgrade was completed in 2017, with
the addition of combined DT+RPC trigger primitives from the TwinMux [12] system in the barrel
region, and RPC primitives from CPPF (Concentrator Pre-Processor and Fan-out ) in the endcap.
Additional RPC layers on the first and second muon barrel stations allow the construction of “RPC
pseudo-segments” that improve the trigger efficiency for these stations. Such an effect is shown in
figure 8(c), where the DT Local Trigger Efficiency in the four MB stations is plotted as a function
of the probe’s η. Variations are dominated by the presence of gaps between wheels not covered
by drift tube chambers. Far from these gaps, the efficiency is near 99% for MB1 and MB2. It is
95 − 96% for MB3 and MB4, where the RPC-only primitives are not implemented [13].

(a) (b) (c)

Figure 8. (a): The distributions of L1 muons with pT > 25 GeV as a function of η built by the three track
finders in the upgraded L1 muon trigger (2017), and compared with the emulated legacy trigger (2015), in
arbitrary units. (b): the efficiency for all muon track finders vs muon probe’s pT . (c): DT Local Trigger
Efficiency in the four MB stations, computed within the full solid angle, as a function of the probe’s η.

4 Conclusion

The main detector parameters of the CMS muon system have been studied with proton-proton
collision data at

√
s= 13 TeV (almost twice the amount compared to Run-1) and instantaneous

luminosity reaching more than 1034 cm−1 s−1 (approaching the design luminosity of 5 × 1034 cm−1

s−1) during LHC Run-2. The new detection layers added in LS1 (Long Shutdown 1) and the
trigger algorithm changes improved the redundancy of the system. Thus the efficiencies for muon
measuring and triggering have been kept within the designed requirements and comparable with
the performance during Run-1. Thanks to the stable operation of the entire CMS detector, and
in particular the muon system, more than 134.4 fb−1 have been collected during Run-2, providing
valuable data for physics analyses and searches.
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