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Abstract: The CMS muon detector system, muon reconstruction software, and high-level trigger
underwent signi�cant changes in 2013�2014 in preparation for running at higher LHC collision
energy and instantaneous luminosity. The performance of the modi�ed system is studied using
proton-proton collision data at center-of-mass energy

p
s = 13TeV, collected at the LHC in 2015

and 2016. The measured performance parameters, including spatial resolution, e�ciency, and
timing, are found to meet all design speci�cations and are well reproduced by simulation. Despite
the more challenging running conditions, the modi�ed muon system is found to perform as well as,
and in many aspects better than, previously. We dedicate this paper to the memory of Prof. Alberto
Benvenuti, whose work was fundamental for the CMS muon detector.
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1 Introduction

The Compact Muon Solenoid (CMS) detector at the CERN LHC is a general purpose device de-
signed primarily to search for signatures of new physics in proton-proton (pp) and heavy ion (proton-
ion and ion-ion) collisions. Since many of these signatures include muons, CMS is constructed with
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subdetectors to identifymuons, trigger the CMS readout upon their detection, andmeasure their mo-
mentumand charge over a broad range of kinematic parameters. In this paper, the compositewhole of
muon subdetectors is called themuon detector, and the software algorithms used to combine the data
from all CMS subdetectors to characterize the physics objects created in collisions are collectively
referred to as particle reconstruction. Previous published studies of the performance of the CMS
muon detector [1] and muon reconstruction [2] were based on data from pp collisions at center-of-
mass energy

p
s = 7TeV. These datawere collected in 2010, the �rst full year of LHCoperations (the

�rst year of �Run 1�, which lasted from 2010 to 2012). To prepare for the higher collision energy and
luminosity of the subsequent running period (�Run 2�, beginning in 2015), signi�cant improvements
weremade to themuon system in 2013�2014 during the long shutdown period betweenRuns 1 and 2.
These improvements will be described in section 2. The present paper describes the performance of
the Run 2 CMSmuon system, and covers the subdetectors, the reconstruction software, and the high-
level trigger. It is based on data collected in 2015 and 2016 from pp collisions at

p
s = 13TeV with

instantaneous luminosities up to 8 � 1033 cm�2 s�1. As a result of these improvements to the muon
detector and reconstruction algorithms, and in spite of the higher instantaneous luminosity, the per-
formance of the muon detector and reconstruction is as good as or better than in 2010. Moreover, all
performance parameters remain well within the design speci�cations of the CMSmuon detector [3].

An extensive description of the performance of the muon detector and the muon reconstruction
software has been given in ref. [1] and ref. [2]. Therefore, in this paper, representative performance
plots from individual muon subsystems are shown and results from the other subsystems, when
pertinent, are described in the text. A description of the di�erent subdetectors forming the CMS
muon detector is given in section 2. The muon reconstruction, identi�cation, and isolation algo-
rithms are outlined in section 3, followed by a short description of the data and simulation samples
used in section 4. The performance of individual muon subdetectors and that of the full system is
described in detail, particularly with regard to spatial resolution (section 5), e�ciency (section 6),
momentum scale and resolution (section 7), and timing (section 8). The design and performance
of the high-level trigger is described in section 9. The results are summarized in section 10.

2 Muon detectors

A detailed description of the CMS detector, together with a de�nition of the coordinate system
and the relevant kinematic variables, can be found in ref. [4]. A schematic diagram of the CMS
detector is shown in �gure 1. The CMS detector has a cylindrical geometry that is azimuthally (�)
symmetric with respect to the beamline and features a superconducting magnet, which provides
a 3.8 T solenoidal �eld oriented along the beamline. An inner tracker comprising a silicon pixel
detector and a silicon strip tracker is used to measure the momentum of charged particles in the
pseudorapidity range j� j < 2:5. The muon system is located outside the solenoid and covers the
range j� j < 2:4. It is composed of gaseous detectors sandwiched among the layers of the steel
�ux-return yoke that allow a traversing muon to be detected at multiple points along the track path.

Three types of gas ionization chambers were chosen to make up the CMS muon system: drift
tube chambers (DTs), cathode strip chambers (CSCs), and resistive plate chambers (RPCs). A
detailed description of these chambers, including gas composition and operating voltage, can be
found in ref. [1]. The DTs are segmented into drift cells; the position of the muon is determined by

� 2 �
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Figure 1. An R-z cross section of a quadrant of the CMS detector with the axis parallel to the beam (z)
running horizontally and the radius (R) increasing upward. The interaction point is at the lower left corner.
The locations of the various muon stations and the steel �ux-return disks (dark areas) are shown. The drift
tube stations (DTs) are labeled MB (�Muon Barrel�) and the cathode strip chambers (CSCs) are labeled ME
(�Muon Endcap�). Resistive plate chambers (RPCs) are mounted in both the barrel and endcaps of CMS,
where they are labeled RB and RE, respectively.

measuring the drift time to an anode wire of a cell with a shaped electric �eld. The CSCs operate
as standard multi-wire proportional counters but add a �nely segmented cathode strip readout,
which yields an accurate measurement of the position of the bending plane (R-�) coordinate at
which the muon crosses the gas volume. The RPCs are double-gap chambers operated in avalanche
mode and are primarily designed to provide timing information for the muon trigger. The DT and
CSC chambers are located in the regions j� j < 1:2 and 0:9 < j� j < 2:4, respectively, and are
complemented by RPCs in the range j� j < 1:9. We distinguish three regions, naturally de�ned by
the cylindrical geometry of CMS, referred to as the barrel (j� j < 0:9), overlap (0:9 < j j� j j < 1:2),
and endcap (1:2 < j� j < 2:4) regions. The chambers are arranged to maximize the coverage and to
provide some overlap where possible. An event in which two muons are reconstructed, one in the
barrel and one in the endcap, is shown in �gure 2.

In the barrel, a station is a ring of chambers assembled between two layers of the steel �ux-
return yoke at approximately the same value of radius R. There are four DT and four RPC stations
in the barrel, labeled MB1�MB4 and RB1�RB4, respectively. Each DT chamber consists of three
�superlayers�, each comprising four staggered layers of parallel drift cells. The wires in each layer
are oriented so that two of the superlayers measure the muon position in the bending plane (R-�)
and one superlayer measures the position in the longitudinal plane (R-�). However, the chambers in
MB4 have only the two R-� superlayers. The two innermost RPC barrel stations, RB1 and RB2, are
instrumented with two layers of RPCs each, facing the innermost and outermost sides of the DT. For
stations 3 and 4 the RPCs have only one detection layer. The RPC strips are oriented parallel to the

� 3 �
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Figure 2. A pp collision event with two reconstructed muon tracks superimposed on a cutaway image of the
CMS detector. The image has been rotated around the y axis, which makes the inner tracker appear o�set
relative to its true position in the center of the detector. The four layers of muon chambers are interleaved
with three layers of the steel �ux-return yoke. The reconstructed invariant mass of the muon pair is 2.4 TeV.
One muon is reconstructed in the barrel with a transverse momentum (pT) of 0.7 TeV, while the second muon
is reconstructed in the endcap with pT of 1.0 TeV.

wires of the DT chambers that measure the coordinate in the bending plane. From the readout point
of view, every RPC is subdivided into two or three � partitions called �rolls� [5]. Both DT and RPC
barrel stations are arranged in �ve �wheels� along the z dimension, with 12 �-sectors per wheel.

In the endcap, a station is a ring of chambers assembled between two disks of the steel �ux-
return yoke at approximately the same value of z. There are four CSC and four RPC stations in
each endcap, labeled ME1�ME4 and RE1�RE4, respectively. Between Run 1 and Run 2, additional
chambers were added in ME4 and RE4 to increase redundancy, improve e�ciency, and reduce
misidenti�cation rates. Each CSC chamber consists of six staggered layers, each of which measures
the muon position in two coordinates. The cathode strips are oriented radially to measure the muon
position in the bending plane (R-�), whereas the anode wires provide a coarse measurement in R.
The RPC strips are oriented parallel to the CSC strips to measure the coordinate in the bending
plane, and each endcap chamber is divided into three j� j partitions (rolls) identi�ed by the letters
A, B, and C. In the radial direction, stations are arranged in two or three �rings� of endcap RPCs
and CSCs. In the inner rings of stations 2, 3, and 4, each CSC chamber subtends a � angle of 20�;
all other CSCs subtend an angle of 10�.
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