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1 Introduction

An estimate of the capability of a detector to reconstruct and identify particles of interest is essential

to ensure the reliability of the data and the precision of measurements. A crucial measure of the

performance of both the detector and its reconstruction algorithms is the efficiency, which is a required

correction for any measurement of cross sections or particle yields. Efficiency is defined as a fraction

of a given species of particles within the detector acceptance that are successfully reconstructed

with a given set of selection criteria. The efficiency could be estimated using Monte Carlo (MC)

simulations, where the particles present in the event are known a priori. However, estimates from

MC simulations assume an accurate description of a detector and its interaction processes, which

may have characteristics that are challenging to quantify. Rather than relying solely on detector

simulations, data-driven approaches for estimating efficiencies have been developed. We use the



data-driven tag-and-probe method that has been successfully used in various analyses in proton-proton
(pp), proton-lead (pPb), and lead-lead (PbPb) collisions performed by the CMS detector at the CERN
Large Hadron Collider (LHC) [1-3]. Performance studies of the CMS detector have been carried
out since the beginning of LHC operations in pp collisions [4, 5], and we now extend these studies
to pPb and PbPb collisions.

We use heavy ion collisions to gain insight into the collective thermodynamic properties of cold
and hot QCD matter, including the color-deconfined quark-gluon plasma (QGP) [6]. Resonances
that decay into muons (e.g., J/¥, Y, Z) provide information about the QGP, because its presence has
measurable effects on particle yields and distributions. Muon measurements are more challenging in
the high-occupancy environments of heavy ion collisions. One quantifiable indicator of occupancy
is the charged particle multiplicity of the event, which in PbPb collisions is highly correlated
with the collision impact parameter (distance between the centers of the two nuclei in the plane
perpendicular to the beam line). For the collisions with near-zero impact parameter (central events),
the multiplicities can be hundreds of times larger than those observed in a single pp collision [7].
These central events result in extremely high multiplicity per unit area, especially in the innermost
CMS subdetectors used for tracking. Consequently, any degradation in tracking performance is
likely to affect the muon measurements, despite the fact that the occupancies in the outermost CMS
muon subdetectors remain low.

In this paper we report on the performance of muon reconstruction, identification (ID), triggering,
dimuon-mass resolution, and dimuon-mass scale. The reference physical processes are the decays
of Z and J/y resonances, whose decay muons cover a wide kinematic range, thus providing a
good data sample for measuring the muon performance in the CMS detector. The efficiencies are
estimated using a tag-and-probe method, which is described in detail in section 5. The efficiencies are
reported in sections 6—8; the mass resolution and scale are presented in section 9. We summarize
the paper in section 10.

2 CMS detector

A detailed description of the CMS detector is reported in ref. [8]. A schematic view of the detector
is shown in figure 1. Muon reconstruction is performed using the all-silicon inner tracker at the
center of the detector immersed in a 3.8 T solenoidal magnetic field, and with up to four stations of
gas-ionization muon detectors installed outside the solenoid and sandwiched between the layers of the
steel flux-return yoke. The inner tracker is composed of a pixel detector and a silicon strip tracker, and
measures charged-particle trajectories in the pseudorapidity range || < 2.5. The muon system covers
the pseudorapidity region |n| < 2.4 and performs three main tasks: triggering on muons, identifying
muons, and improving the momentum measurement and charge determination of high transverse
momentum (pt) muons. Drift tube (DT) detectors and cathode strip chambers (CSC) detect muons in
the n regions of || < 1.2 and 0.9 < |n| < 2.4, respectively, and are complemented by a system of
resistive-plate chambers (RPC) covering the range of || < 1.9. The coverage of the DT and CSC
detectors defines three regions, referred to as barrel (|| < 0.9), overlap (0.9 < || < 1.2), and endcap
(1.2 < |n| < 2.4) regions. The electromagnetic calorimeter (ECAL) and the hadron calorimeter
(HCAL), divided into barrel and endcap sections, are also shown in figure 1. The hadron forward
(HF) calorimeters extend the absolute pseudorapidity range of the HCAL to 5.0, and are commonly
used in trigger algorithms and estimates of the collision impact parameter.
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Figure 1. Longitudinal layout of one quadrant of the CMS detector. The drawing shows four DT stations in the
muon barrel (MB1-MB4, yellow), four CSC stations in the muon endcap (ME1-ME4, green) and the RPC
stations (RB1-RB4 and RE1-RE4, blue).

Events of interest are acquired using a two-tiered trigger system [9]. The first level (L.1), composed
of custom hardware processors, uses information from the calorimeters and muon detectors to select
events at a rate of around 100 kHz for pp and pPb collisions (30 kHz for PbPb collisions) within
a fixed latency of 4 us [10]. The second level, known as the high-level trigger (HLT), consists of
a farm of processors running a version of the full event reconstruction software optimized for fast
processing. The HLT algorithms, which are seeded by the L1 triggers, further reduce the rate of data
collection to around 24 kHz for the pp collisions used in this study. The corresponding HLT rate is
up to 20 kHz for pPb collisions and 7 kHz for PbPb collisions.

3 Data and Monte Carlo samples

The data used in this paper were taken during the dedicated heavy ion run periods of Run 2 between
2016 and 2018. The events were recorded from pPb collisions in 2016 at a nucleon-nucleon center-
of-mass energy of y/syn = 8.16 TeV, from pp collisions in 2017 at 4/s = 5.02 TeV, and from PbPb
collisions in 2018 at 4/snn = 5.02 TeV. In addition, a smaller pPb data sample at \/sxy = 5.02 TeV
was collected in 2016, which allowed us to quantify the difference between 5.02 TeV and 8.16 TeV
collisions. All studied events are from hadronic collisions.

Results from the data are compared with those obtained from MC samples, in which the simulation
includes the full CMS detector response using the GEaANT4 package [11]. The software used to generate
the nucleon-nucleon interactions that produce the particle of interest depends on the process and
collision system: for J/y» mesons we use PYTHIAS (v2.3.0) [12]; for Z bosons in PbPb, pPb, and
pp collisions we use MADGRAPHS_amc@nLo (v2.4.2) [13], POWHEG v2 [14-17], and PYTHIAS,
respectively. Differences in the details of the simulation of the hard process have a negligible
impact on the studies presented in this paper. In the case of the pPb and PbPb MC samples, the



hard-scattering nucleon-nucleon events were embedded into an underlying heavy ion collision that
was simulated with either eros LHc (v3400) [18] (pPb) or HYDIJET v1.9 [19] (PbPb). After the
detailed simulation of the CMS detector response with GEanT4, MC events were processed through
the trigger emulation and reconstructed by the same algorithms that were used for the collision data
sample for a given year and collision system.

3.1 Possible effects of detector and alignment changes

The reconstruction performance is influenced not only by varying the collision system from pp to
PbPb, but also by the changes in the detector during the years when the data were collected. The
most significant addition affecting the data was the pixel-detector upgrade after the pPb data-taking
period at the end of 2016. As part of the upgrade, an extra layer was added to the pixel detector in the
midrapidity region, and an additional disk was added to both sides of the tracker [20].

The alignment conditions in the pixel and silicon-strip tracker detector differ across the data
sets as well. The pPb and PbPb samples considered here were reconstructed using the alignment
configurations that were derived during data taking. In contrast, the pp sample takes advantage of
the improved end-of-year reconstruction, in which the alignment constants are rederived using the
data collected during the entire year. Two examples of measurements that could be sensitive to
the alignment conditions are those of the mass scale and of the mass resolution (section 9). The
details of the alignment procedure and the effects of the alignment conditions on the Z boson mass
reconstructed via muons were studied in ref. [21]. Although the Z boson decays are used in the
alignment procedure, its mass is not fixed to a specific value. In particular, the alignment parameters
obtained for a given system are identical irrespective of the multiplicity of the collision. Hence, the
Z boson remains a useful probe into differences in resolution and scale. It was verified in one of
the studies discussed in ref. [21] that the difference in the reconstructed Z boson mass between the
alignment conditions derived during data taking and those derived at the end of the year was <0.1%.
Based on the small size of the effect, we conclude that the alignment differences do not significantly
affect the comparisons among the pp, pPb, and PbPb data sets.

4 Muons in the heavy ion environment

The main difference among the collision systems that affects the detector performance is the number
of charged particles produced per collision. The variable Ny4cks, Which is obtained by counting
tracks in the pseudorapidity range || < 2.4, characterizes the total charged particle multiplicity. The
distributions of Nycks in pp, pPb, and PbPb collision events are shown in the left panel of figure 2.
In PbPb collisions, events with a large number of tracks correspond to the most central collisions
(large nucleus-nucleus overlap, small impact parameter), whereas a small number of tracks indicates a
peripheral collision (small nucleus-nucleus overlap, large impact parameter). Centrality is a variable
used to characterize the amount of overlap between colliding nuclei. The centrality bins are given in
percentile ranges of the total inelastic hadronic cross section, calculated from the energy deposited
in the HF calorimeters, such that 0% centrality corresponds to the most central collisions and 100%
corresponds to the most peripheral (see ref. [22], figure 3, where the centrality definition used in CMS
is discussed). To illustrate the highest multiplicities achievable in PbPb collisions, the distribution of
Niracks in the 0-20% most central PbPb collisions is shown in green. Similarly, larger multiplicities
than those of pp collisions are seen in the pPb system. We also compare the Ny, distributions
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Figure 2. Left: Distribution of Nyacks in pp collisions at 4/s = 5.02 TeV (black); pPb collisions at VSNN =
5.02 TeV (magenta) and at 8.16 TeV (blue); and PbPb collisions at y/syn = 5.02 TeV (red). The distribution of
Niracks 1n the 0-20% most central PbPb collisions is shown in green. The values are not corrected for efficiency.
Right: Translation of the centrality in PbPb collisions at 4/sxw = 5.02 TeV into an equivalent pileup in pp
collisions at 4/s = 14 TeV.

for pPb collisions at 4/sny = 5.02TeV and at 8.16 TeV. We see that an increase of 63% in +/snn
results, on average, in the creation of 24% more tracks.

The pp collisions involve only two participating nucleons. However, pileup (mean number of
collisions per bunch crossing) is significant in the pp environment due to the high instantaneous
luminosities, and this affects the shape and extent of the Nycks distribution. Even with pileup, the pp
collisions analyzed in this paper generate far fewer tracks than PbPb and pPb collisions. The average
number of reconstructed tracks in a given event, (Nyacks), in PbPb collisions at 4/syy = 5.02 TeV
corresponding to each centrality range is tabulated in table 1, and the procedure for obtaining the
(Niracks) 18 described in appendix A. The pileup for each collision system is shown in table 2, which
also shows other important characteristics of the collisions discussed in this paper. The pileup in PbPb
collisions is negligible, but must be taken into account in pp collisions. The multiplicities quoted
in table 1 include pileup present in the event. As seen in the table, the 0—10% most central PbPb
collisions have an average number of tracks (Niacks)o-109% = 2345. Taking the pileup into account
(3 collisions per bunch crossing, as noted in table 2), a single pp collision at v/s = 5.02 TeV has an
average multiplicity of (Nyacks) = 19/3 = 6. This makes the multiplicity in each 0-10% central PbPb
event roughly equivalent to 2345/6 ~ 400 pp collisions occurring simultaneously. The equivalent
pileup, (Niracks)PbPb/ {Niracks )pp» for a given PbPb collision centrality is plotted in the right panel of
figure 2 as a red curve. The calculation uses a simulation of pp collisions at the highest planned
energy for the LHC, 14 TeV, instead of 5.02 TeV. The increase in multiplicity due to this greater pp
energy results in a smaller equivalent pileup for the most central PbPb events of ~300. The expected
pileup for pp collisions in the high-luminosity phase is 200, shown as a black dashed line. Therefore,
the central PbPb collisions correspond to charged particle multiplicities that exceed those expected
even in the high-luminosity phase of the LHC.



Table 1. Average number of reconstructed tracks, (Nyacks), in our data sets. The values are not corrected for
pileup nor efficiency. Two columns are shown for PbPb collisions. The left column shows the values that are
obtained from a minimum-bias data set, and correspond to distributions shown in the left panel of figure 2. The
right column shows the values in muon-triggered data, and correspond to the location of points shown in the
performance plots of this paper. The values for pPb are for illustrative purposes only; pPb results are binned
directly in Ny, cks. Details of the centrality conversion to {Nyacks) are provided in appendix A.

<N tracks>
System Centrality range minimum-bias muon-triggered
0-10% 2345 2397
10-20% 1721 1782
20-30% 1224 1271
PbPb, /sy = 5.02 TeV 30.40% 219 %65
40-50% 503 536
50-60% 279 299
60-100% 33 112
pPb, v/snn = 5.02 TeV 39
pPb, v/snn = 8.16 TeV 48
pp, Vs = 5.02 TeV 19

Table 2. Characteristics of selected collisions collected during LHC Run 2. More information on the
corresponding luminosity measurements can be found in refs. [23-26].

System pPb pp PbPb
Year 2016 2017 2018
Vsnn (TeV) 8.16 5.02 5.02
Bunch spacing (ns) 100-200 25 75-150
Average pileup 0.25 3 0.0004
Peak instantaneous luminosity (cm™%s71)  8x10% 1x10%  6x10%
Integrated luminosity (nb~!) 1.73x 10> 3.04x10°  1.70
Peak interaction rate (kHz) 2% 103 4% 10% 50

A typical dimuon event in the heavy ion environment is displayed in figure 3. The inner part of
the detector reconstructs the large number of tracks produced in the collision, shown as blue lines in
the figure. The electromagnetic and hadronic energy captured by the calorimeters is shown as the
semitransparent towers surrounding the inner tracks (the endcap calorimeters are hidden for clarity).
Most of the event activity is contained within the inner detectors. Two muons are displayed as two
long red tracks reaching the outermost part of the detector, where the muon chambers are located.
The high occupancy in the inner detector might impact the performance of the pixel detector and
silicon strip tracker and reduce the muon tracking efficiency.

Most tracks in PbPb collisions originate from a single primary vertex, in contrast to high-
luminosity pp collisions, where the tracks originate from vertices with different positions along the
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Figure 3. Dimuon event from a PbPb collision in the CMS detector. Particles reconstructed in the inner tracker
are colored blue; two muons from a Z boson candidate are colored red. See text for details.

beam line. The separation between vertices in pp collisions is used to mitigate the effect of pileup
on the reconstruction. The single-vertex origin, together with higher multiplicity, are factors that
were addressed in the reconstruction of PbPb events.

4.1 Muon triggers in the heavy ion environment

An important component of all muon measurements involves an eflicient selection of collision events
that contain muons. The real-time (online) muon reconstruction algorithms in heavy ion collisions are
generally identical to those used in pp collisions. This is true for both the L1 trigger and the HLT.
There are three different types of muons defined in the CMS trigger system, commonly referred to
as L1, L2, and L3 muons. An L1 muon is identified by the hardware-based L1 trigger system using
solely the muon detectors. The L2 and L3 muons are defined within the HLT: an L2 muon uses only
information from the muon detectors, while an L3 muon additionally matches the track from the muon
detectors to a track from the inner tracker. In each subsequent level, the momentum resolution and
purity (defined in section 7.2) are improved, as studied in ref. [27].

The heavy ion runs are characterized by a much smaller instantaneous luminosity and interaction
rate when compared with 13 TeV pp runs. The lower rate allows the use of looser trigger requirements
in PbPb: lower pr thresholds are used for muons, as well as lower quality requirements (e.g., no
isolation criterion). Relaxing the requirements benefits the physics program that is based on heavy ion
muon data, focusing on open heavy flavor, quarkonium, and electroweak boson production; particularly
by increasing the quarkonium acceptance in the low-pr part of the spectrum.

Two main triggers used in analyses involving muons are studied in this paper: a high-pr single-
muon trigger (designed for the measurements of electroweak bosons and top quarks), and a low-pTt
double-muon trigger (for quarkonia and B mesons). Each of these triggers is described in more detail
in sections 7.2 (high-pr single-muon) and 8.2 (low-pt double-muon). To quantify the performance
of these triggers, we collected an independent sample of muons using monitoring triggers. The
monitoring triggers were single-muon HLT triggers with varying pr thresholds. The single-muon
triggers were used because any muon that satisfies the trigger can be used as a tag, and any other



muon in the event can be used as a probe, since it has no trigger requirement imposed on it. Thus,
the monitoring triggers allowed us to collect a muon-rich sample that is minimally biased for the
purpose of the tag-and-probe analyses.

5 Extraction of efficiencies

We express the total muon efficiency, €,, as the product of three contributions: muon reconstruction
efficiency (€recoftrack)> identification efficiency (€pjreco), and triggering efliciency (€yigip), such that:

€1 = €recoltrack €ID|reco €trig|ID (5.1)

Each efficiency is calculated as the fraction of muons that pass the specific selection in eq. (5.1). The
numerator in one step (e.g., muon passing the identification requirements) is used as a denominator
in the next step (e.g., trigger), ensuring the factorization of the total efficiency. Therefore, the
particular efficiencies are relative rather than absolute, showing the efficiency with respect to the
previous step. In the case of the first step, €recojiracks the denominator consists of tracks from the
silicon tracker with minimal quality requirements, such that very few genuine muons are removed
from the denominator. The efficiency related to finding the tracks in the inner tracker, €yqack, S
investigated separately (see ref. [28], where €,k is obtained for pp collisions using simulated single
muons). For purposes of this paper it is not included in eq. (5.1). The variable €ecojrrack quantifies
the reconstruction efficiency in the outer muon detectors and the efficiency of matching tracks from
the silicon tracker to tracks from the muon detectors.

The muon efficiencies are calculated using the data-driven tag-and-probe method (an example
of its use in CMS is presented in ref. [4]). First, we select events where a resonance, such as the
J/y meson or the Z boson, was likely to have decayed into a muon pair, producing a distinct peak
in the dimuon invariant mass distribution. In these events, the ‘tag’ muon is a muon that satisfies
strict requirements, such that its probability of being a genuine muon is as high as possible. Once
we have ‘tagged’ a muon with a high level of confidence, we pair it with a second muon picked with
much more relaxed requirements, in order to ‘probe’ its properties. The requirements placed on the
probe muon define the denominator of the efficiency and are thus chosen in accordance with the
factorization in eq. (5.1). With one tag muon and one probe muon, we construct tag-probe pairs and
obtain an invariant mass distribution. The left panel of figure 4 shows an example of this invariant
mass distribution, in which we have reconstructed the Z boson mass peak to study the probe muons in
the kinematic region of 15 < pt < 200 GeV. Next, we apply to the probes the selection criteria that
we want to study. The subset of muons that pass these selection criteria are labeled ‘passing probes’,
which then define the numerator in the efficiency. Those muons that fail the selection in question
are dubbed ‘failing probes’. We construct invariant mass distributions for each, seen in the middle
panel of figure 4 for passing probes, and in the right panel for failing probes.

We perform a simultaneous fit to passing and failing distributions to measure the efficiency.
The simultaneous fit includes both a signal and a background component for each invariant mass
distribution. Only contributions from the signal peaks are considered in the efficiency calculation.
The signal yields from the fit are denoted as Niotal, Npass, and Ny for total, passing, and failing probes,
respectively. Since the sum of passing and failing probes equals the total of all probe muons contained
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Figure 4. Example of a fit to the data in PbPb collisions. The three panels show invariant mass distributions of
the tag-and-probe pairs in central 0—10% collisions fitted with the sum of signal and background components.
Left panel: total spectrum. Middle panel: spectrum for pairs where the probe passed the muon identification
selection. Right panel: spectrum for muon pairs where the probe failed the selection. The vertical scale
of the failing probes is enhanced by a factor of 5 compared with the other panels for visibility. The yields
displayed in the legends of the figures correspond to the Z boson signal as extracted from the fitting procedure
described in the text. The efficiency is retrieved directly from the simultaneous fit and in this particular case is
€ =0.968 = 0.002.

in the signal peak, the corresponding yields are related as follows:

Npass = € Nootal (5.2)
Niait = (1 = €) Niotal (5.3)

We can obtain the efficiency, €, by appropriately including it as a parameter in the simultaneous fit.
The statistical uncertainty of the efficiency is calculated directly in the fitting procedure, and takes
into account the uncertainties in the parameters that describe both the signal and the background.
The systematic uncertainty is obtained by choosing alternative functions to describe the signal and
background shapes and by varying the fitting range. The systematic uncertainty obtained from
the signal-shape variation is typically <0.1% when binning the data as a function of Nyqcks. The
corresponding uncertainty for the background-shape variation is <0.4%, and for the fitting-range
variation it is <0.4%. When studying the uncertainty in a specific kinematic region, the uncertainty in
a few cases can reach up to a few percent. The comparisons among the different collision systems
are not significantly affected by the systematic uncertainties, given their small size. Furthermore, we
analyzed the fits such as those in figure 4 across all collision systems using the same signal shape
and fitting ranges to minimize the effects of the signal and mass range selection on the efficiency
comparisons. The remaining source of systematic uncertainty, the background shape, can be different
due to the varying amounts of combinatorial background for each collision system. Overall, the effects
of systematic uncertainty are smaller than the size of the statistical uncertainty in the data, and are
therefore not shown in the figures. For the MC simulations, the sizes of the statistical uncertainties
are generally smaller than the symbols.

Events with muon pairs from decays of Z boson and J/i resonances are used to measure the
efficiencies. Because of the different mass of these particles, the decay muons have different pr
spectra, allowing for the study of efficiencies in different kinematic regimes. In particular, muons
from the Z boson peak are used in the pt range 15-200 GeV, whereas the muons from the J /i peak



are used for studies in the low-pt range 0.8-25 GeV. The efficiency corrections obtained from the
tag-and-probe method are then applied to each muon that enters a CMS analysis, under the assumption
that the muon detection efficiency is independent of the type of parent particle that produces the
decay muon. This assumption holds when the two decay muons are sufficiently separated in (177, ¢),
where ¢ is the azimuthal angle in radians, such that the detection of the one muon is independent of
the detection of the other. The efficiencies can also be used for muons that come from a secondary
vertex (such as those from nonprompt J/yr decays) as long as the analysis applies selections that are
consistent with those used to derive the efficiencies. With these considerations, the tag-and-probe
method is used in section 6 for studying the muon reconstruction efficiency, and in sections 7 and 8 for
identification and trigger efficiencies using the Z and J/i resonances, respectively.

6 Muon reconstruction

The algorithms for offline muon reconstruction for 13 TeV pp data in Run 2 are documented in ref. [29].
The same algorithms are used for the reconstruction of pPb data, as well as of pp reference data for
heavy ions. The algorithms used in 2018 PbPb data taking were based on the pp algorithms with only
minor customizations related primarily to the track selection. The customized pp algorithms worked
in the PbPb environment, despite the large increase in detector occupancy, because the addition of a
fourth layer to the pixel detector, as mentioned in section 3.1. The fourth layer allowed the use of
higher quality four-hit seeds for the first tracking step, which significantly reduced the rate of spurious
combinations of hits and thus the processing time needed per event.

The CMS muon reconstruction starts by creating ‘tracker tracks’, which are tracks reconstructed
using only information from the inner tracker; and ‘standalone muons’, which are reconstructed only
from the muon system. Two approaches are then used [4, 30]:

e Global muon reconstruction (outside-in): reconstruction starts with a standalone muon, which
is then used to look for possible track matches in the inner tracker. A ‘global muon’ is then
obtained from fitting the combined hits of the two track components.

* Tracker muon reconstruction (inside-out): a complementary approach starts with all tracker
tracks with pt > 0.5GeV (pt > 0.8 GeV for PbPb collisions) and momentum p > 2.5 GeV.
These are extrapolated to the muon system, and if at least one matching muon segment is
found, the track is qualified as a ‘tracker muon’. The principal advantage of this approach is
that it reconstructs lower-momentum muons more efficiently than the outside-in method. The
drawback is that the algorithm starts with a much higher number of tracks, as the occupancy in
the tracker is much larger than in the muon detectors.

Almost all of the muons (*99%) in the detector’s kinematic range are successfully reconstructed
as global or tracker muons [4].

Reconstructed muons are used as input into the CMS particle-flow (PF) algorithm [31], which
combines information from all CMS subdetectors to identify and reconstruct all individual particles
for each event, including electrons, photons, neutral hadrons, charged hadrons, and muons. For muons,
the PF algorithm applies a set of selection criteria to candidates reconstructed with the standalone,
global, or tracker muon algorithms [29].
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Figure 5. Muon reconstruction efficiency (defined as the probability that a given muon that produced a tracker
track will be reconstructed as both a global and a PF muon) plotted as a function of the number of tracks in pp,
pPb, and PbPb collisions. Open symbols are the MC results corresponding to each data set. Lower panel shows
the ratio between data and MC simulation. Only statistical uncertainties are shown.

Figure 5 shows the reconstruction efficiency €recojtrack for muons with pt > 15 GeV in pp, pPb,
and PbPb collisions as a function of Ny, obtained from fits to the Z boson resonance. In this
case, probes are defined as any track reconstructed in the inner tracking system with a set of basic
quality requirements (at least one hit in the pixel detector and a signal in at least six tracker layers).
The passing probe satisfies both global-muon and PF-muon requirements. The reconstruction has
high efficiency (297%) across the range of occupancies, although it exhibits a minor deterioration
towards the most central PbPb collisions, both in collision data (filled points) and MC simulations
(open points). We note that the track multiplicity increases by about 2 orders of magnitude from pp to
central PbPb collisions, while the efficiency drops only 2 percentage points. To obtain the tracking
efficiency in the inner tracker specifically, which can be added to eq. (5.1) to account for the tracking
efficiency factor, €yack, We can use a standalone muon as a probe and a corresponding inner track
as a passing probe. From this complementary approach (not shown) we find that the inner tracking
efficiency is high (297%) even in the large multiplicity environment. The results indicate that the
CMS muon reconstruction is robust against large increases in the inner detector occupancy.

7 Studies in the Z boson kinematic region

The dimuon decay of the Z resonance is used to study the efficiencies for muons in the kinematic
range 15 < pr < 200 GeV. The pr range is bounded by the kinematics of the Z boson decay muons
and by the number of such decays in the studied data set. The efficiencies obtained from the Z boson
peak region have been used for several high-momentum analyses in pPb and PbPb collisions, such
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Table 3. Overview of muon identification and triggers used in the Z boson kinematic region (e.g., Z, W, and t
analyses) and in the J/y kinematic region (e.g., J/y and Y analyses). A description of muon identification and
triggers is given in the text.

Region Collision system  Muon ID Trigger
Z pp/pPb/PbPb Tight Single muon; pr > 12 GeV; decision at HLT
PP Hybrid-soft Double muon; no pt requirement; decision at L1
Iy pPb Soft Double muon; no pr requirement; decision at L1
PbPb Hybrid-soft Double muon; pt, mass, and AR requirements; decision at HLT

as the studies of Z boson [32, 33], W boson [34], and tt production via t — W*b — u*vb [35].
Table 3 summarizes the settings that are commonly used in CMS analyses with muons in the Z
boson kinematic region, and in the J/¢ kinematic region (section 8). Following eq. (5.1), muon
identification efficiency in the Z boson kinematic range starts with the set of muons that satisfy
both the global and the PF muon requirement (€epjreco denominator). This is done because the set
constitutes the passing probes in the previous step (€recolrack NUMerator). Section 7.1 explains the
muon ID and section 7.2 discusses the trigger.

7.1 Muon identification efficiency

The majority of the CMS heavy ion results that are using muons in the 15-200 GeV pr range apply the
‘tight-muon’ selection, which is identical to that used in pp analyses [4]. The selection is as follows:

* Global muon and PF muon: The muon is reconstructed as both a global and a PF muon, as
outlined in section 6.

* Fit y%/dof < 10 and number of muon hits >0: The global muon fit must be of good quality to
reduce the number of muons from nonprompt hadron decays and the number of hadrons that
traverse the inner detectors and pass through the magnet, reaching the muon chambers (hadronic
punch-through). The selection places a limit on the fit y2/dof (where dof stands for degrees of
freedom) and requires at least one muon detector hit included in the fit.

e Number of matched muon stations >2: At least two muon stations must be matched to the muon
to further reduce hadronic punch-through.

* Number of pixel hits >0 and number of strip layers >5: To further improve the muon track
quality and provide a good pt measurement, minimal numbers of pixel hits and strip layers
with hits are required.

* Dyy <0.2cmand D, < 0.5cm: An upper limit on the distance of closest approach between the
primary vertex and the muon track in the transverse plane, Dy, is used. This requirement selects
muons from prompt decays and reduces contributions from cosmic rays and from nonprompt
decays of hadrons. The corresponding limit in the longitudinal direction D, is larger, due to
coarser resolution of the tracker in the z coordinate.

Figure 6 displays the Nyqcks dependence of the tight muon ID efficiency. The efficiencies in pp,
pPb, and PbPb collisions are in good agreement with each other. The values are consistent with a
constant in the full range of Ny4cks reached in pp and pPb collisions, but exhibit a minor drop for the
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Figure 6. Tight ID efficiency for global and PF muons as a function of the number of tracks in pp, pPb, and
PbPb collisions. Open symbols are the MC results corresponding to each data set. Lower panel shows the ratio
between data and MC simulation. Only statistical uncertainties are shown.

central PbPb collisions. Even with track multiplicity over 2000, the efficiency only falls to about
96%. Figure 7 shows the kinematic dependence. The efficiency in PbPb collisions is comparable
with that from lower multiplicity collisions in most of the studied kinematic range. However, the
PbPb efficiency is 1-2% lower in the region of 15 < pt < 40 GeV and in the barrel-endcap overlap
region (0.9 < |g| < 1.2). This loss of efficiency is caused primarily by the tight ID requirement of
at least two matched muon stations. This requirement is met by fewer muons when the occupancy
is high, which is the reason for the slight efficiency decrease in central collisions seen in figure 6.
The two-matched-stations requirement is also the primary cause for the small difference between
the data and MC results in both figures 6 and 7. Even though the MC description of the tight muon
identification slightly overestimates its efficiency, it captures all the trends visible in data.

7.2 Muon trigger efficiency and purity

The tag-and-probe method is used to measure the efficiency of both trigger levels (L1+HLT) combined.
In all the collision systems, the HLT studied here is a single-muon trigger with a requirement of
pr > 12GeV at the HLT. The L1 seed was tailored to the specific conditions of each data-taking
run. In PbPb collisions, the seed has a pt threshold of 3 GeV; in pp and pPb collisions only L1
muons with pr > 7GeV were considered by the HLT.

Figure 8 shows the trigger efficiency as a function of Ny,cks. The probes for the trigger efficiency
(denominator) are the tight muons; the passing probes (numerator) are those tight muons that also pass
the trigger requirement, following the factorization scheme of eq. (5.1). The quantitative comparison
among all three data sets is affected by the upgrades to the detector between each corresponding
run. In addition, the 2018 PbPb data set is affected by the optimizations of the HLT that were done
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Figure 7. Tight ID efficiency as a function of n (left) and pr (right) in pp, pPb, and PbPb collisions. The probe
is both a global muon and a PF muon. Open symbols are the MC results corresponding to each data set. Lower
panels show the ratio between data and MC simulation. Only statistical uncertainties are shown.
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collisions. Lower panels show the ratio between data and MC simulation (MC points are omitted in the upper
panels for clarity). Only statistical uncertainties are shown.

between 2017 and 2018 [27]. The combination of the detector upgrades and trigger optimizations
increased the overall efficiency in PbPb data when compared with the pp and pPb data taken in previous
years, as seen by the efficiency shift from pPb to peripheral PbPb in the figure. With these changes
taken into consideration, the efficiency is effectively flat in the N, ks range covered by pp and pPb
collisions, but begins to decline in more central PbPb events after the number of tracks in the detector
surpasses several hundred. This drop is more pronounced for the trigger efficiency than was observed
for muon ID (figure 6), suggesting that the former is more sensitive to detector occupancy than the
latter. The MC simulations (open symbols) describe the general trends in data fairly well, however
the trigger simulation for PbPb collisions overestimates the efficiency for central events. Figure 9
shows the efficiency dependence on the muon kinematics. We observe similar trends to those for
the ID efficiency: the trigger in PbPb collisions is less efficient in the intermediate pseudorapidity
region (1.0 < || < 1.6). While the efficiency stays mostly flat as a function of pt in pp and pPb
events, it decreases towards low pt in PbPb events. In both pp and pPb collisions the trigger efficiency
reaches a plateau at ~95% for muons with pr > 20 GeV. The PbPb muons at 20 GeV have a trigger
efficiency of about 89%; the efficiency rises until pt = 40 GeV, at which point it reaches a plateau.
From the data to MC simulation ratio, we can infer that the simulation captures the trends fairly well,
but overestimates the efficiency in PbPb events for muons with pt < 70 GeV. The n-dependence of
the data/simulation ratio for PbPb collisions is reasonably flat; the overall shift in the results of the
simulation is caused by the overestimation in the high-Ni,cks low-p region that was previously noted.

The trigger purity, which quantifies the capability to avoid triggering on particles that are not
genuine prompt muons, is an important component for the determination of the trigger rate. We
explore the purity of the three online muon definitions described in section 4.1 — L1, L2, and L3
— to illustrate improvements in purity at each subsequent trigger stage. We define the purity as a
ratio of the numbers of muons in the two samples. The sample in the denominator is the set of
online muons passing the relevant trigger step and having an online pt > 15 GeV requirement in
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online muon must have pr > 15 GeV and the offline muon matched to it must pass the tight ID selection and
have || < 2.4. Details of the purity definition are given in the text. Statistical uncertainties are smaller than the
symbol sizes.

order to focus on muons from the Z boson decay. The numerator is meant to be genuine muons,
which in our case are the subset of online muons consisting of those matched geometrically within
AR = V(A$)? + (An)? < 0.3 (0.1 for L3) to an offline muon that must satisfy the tight ID requirement.
Offline muons must have || < 2.4 without an additional pt requirement. For our study, muons were
collected with dimuon triggers that utilize L1/L2/L3 trigger selections. Although the exact values of
the purity are dependent on the details of the trigger that was used to collect the muon sample, the
study provides useful qualitative comparisons among the collision systems and trigger steps. The
results of the purity study are shown in figure 10. The purity values in pp and pPb collisions are
similar, whereas the purity in PbPb collisions is lower. The figure also illustrates how the purity
improves in each successive and more complex trigger step, thus reducing the rate. Although the rate
is reduced, the HLT maintains a very high efficiency, as seen earlier in figure 8. Backgrounds to the
purity include primarily muons from long-lived hadron decays. For the L3 trigger, the background
also includes muons where a track from the muon chambers is matched to one inner track online, but
offline it is matched to a different track. This occurs more often in high multiplicity PbPb collisions.

8 Studies in the J/¢ kinematic region

The J/y resonance is used to derive the efficiencies for low-pt muons. The acceptance at low-pr is
limited by the material in front of the muon stations [36] and by the strength of the CMS magnetic field.
Figure 11 details the acceptance regions commonly used for the various collision systems. The green
curves, with higher-pr thresholds, pertain to analyses that use the most frequently employed muon
trigger in heavy ion collisions. The red curves, with lower thresholds in p, are used for muon selection
by those analyses that use only muon identification and do not use a dedicated muon trigger (e.g., they
use a jet trigger or a minimum-bias trigger to collect their data samples). The existence of the two
distinct acceptance regions in each collision system arises from the better low-pr efficiency of muon
identification compared with that of the muon trigger. The lower portion of table 3 summarizes muon
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Figure 11. Regions of the CMS detector commonly used in the heavy ion muon analyses for pPb (left) and
PbPb (right) collisions. For each panel, the combined reconstruction and identification efficiency for simulated
muons is plotted as a function of generated muon |n| and pt. The lower-threshold curves (red) are for muon
identification, and are used only by those analyses that do not use a dedicated muon trigger. The higher-threshold
curves (green) are used by most analyses (those using the muon trigger information).

ID selections and triggers commonly used in the J/i kinematic region in the various collision systems.
The muon ID selections are explored in section 8.1 and the triggers are discussed in section 8.2.

8.1 Muon identification efficiency

The ‘soft muon’ ID [4, 29] denotes a set of selection criteria that is commonly used within CMS
for low-pt muons. The selection has been further optimized for the heavy ion environment and the
resulting selection is called ‘hybrid-soft muon’. The hybrid-soft muon ID is used in PbPb analyses,
as well as for pp reference data, and consists of the following requirements:

* Tracker muon and global muon: The muon is reconstructed as both a tracker and a global muon
(defined in section 6) to reduce the misidentification rate.

* Number of pixel layers >0 and number of strip layers with hits >5: To further improve muon-
track quality, we impose a minimum on the numbers of pixel layers and strip layers associated
with the track.

* Dyy <0.3cmand D, < 20cm: An upper limit on the distance of closest approach between
the event vertex and the muon track in the transverse plane, Dyy, selects muons from prompt
decays, and reduces contributions from cosmic rays and from nonprompt hadron decays. The
variable D; is the corresponding longitudinal component of the distance of closest approach,
and the requirement on D, is very loose.

The soft muon ID differs from the hybrid-soft ID by having a high-purity requirement [37] applied
to the tracker tracks, instead of requiring the muon to be a global muon. The soft muon ID is used
in pPb and other pp collisions in general, as it allows reaching lower-pt than does hybrid-soft ID.
The soft muon ID is not ideal for PbPb collision data, since the high-purity requirement has a low
efficiency in the central collisions.
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Figure 12. Hybrid-soft ID efficiency for global muons as a function of 7 (left) and pr (right) in pp and PbPb
collisions. The muons are restricted in acceptance as shown by the red line in the right panel of figure 11. Lower
panels show the ratio between data and MC simulation. Only statistical uncertainties are shown.

Figure 12 shows the pseudorapidity and pr dependence of the efficiency of the hybrid-soft
selection. The kinematic reach at low pr is better in the endcap region (as seen in figure 11). The
efficiency is comparable between the pp and PbPb collisions, except for the region of || > 2 and
pt < 5GeV, where the occupancy in the tracker is the highest. We found that the drop occurs
primarily in central PbPb events (not shown), in which the high number of tracks in the tracker leads
to a decrease in matching efficiency with the standalone muons. This trend is well-described by the
MC simulations (open points), indicating that they successfully model this behavior.

8.2 Muon triggers

The muon trigger used for quarkonia (e.g., J /¢ and Y mesons) studies in pPb and for reference pp data
sets is as loose as possible: a double-muon trigger at L1. It simply required two tracks in the muon
system, with only very loose quality requirements and no explicit pt threshold. The trigger decision is
taken at L1 with no further filtering at the HLT stage. In PbPb collisions, the rate of this double-muon
trigger at L1 was above the acceptable limit, so that additional quality requirements had to be placed at
the HLT level to reduce the rate. One of the two muons was required to be an L2 muon; the other was
required to be an L3 muon. This was done as a compromise between reducing the rate and keeping
the efficiency as high as possible for low-pt quarkonia. Two main HLT paths were used: one for
charmonia and one for bottomonia. The charmonia path required the invariant mass of the dimuon to
be within 1 and 5 GeV, and required a AR < 3.5 between the two muons to suppress uncorrelated
muons. The bottomonia path required a minimum mass of 7 GeV to cover the bottomonia mass region
around 9.4-10.5 GeV, and minimum pT requirements of 2.0 GeV for the L2 muon and 2.5 GeV for the
L3 muon. Both triggers required that the muons in the pair have opposite charge. To complement the
two main HLT trigger paths, centrality-gated triggers were used to select peripheral events, which
have the smallest occupancy in PbPb collisions. Therefore, the data-stream size was able to be kept
sufficiently low to satisfy bandwidth and storage limitations. The differences among the triggers used
in pp, pPb, and PbPb collisions preclude meaningful comparisons of the trigger efficiency.
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9 Mass resolution and scale

The masses of the Z boson and the J /i meson are well known from other results [38]. Measuring these
particles via their dimuon decay can provide additional information about the muon reconstruction. The
dimuon mass resolution provides a suitable window into the precision of the momentum measurement;
the mean value of the mass peak is sensitive to the momentum scale of the detector. The momentum
calibration procedure for our data sets is described in ref. [21]. The mass resolution is obtained
from the width of the fitted dimuon resonance. We apply the same selection as we did for the
trigger-efficiency evaluation, described in sections 7 and 8 for each corresponding resonance. To study
the absolute scale of the momentum calibration, we plot the reconstructed mass of the resonance
obtained from the fit, mg, scaled by the world-average mass obtained by the Particle Data Group
(PDG), mppg [38]. Since measurements of particle masses using heavy ion data are rare, a small
bias in the momentum scale has had little effect on the success of the overall program. In contrast,
heavy-ion measurements are more sensitive to momentum resolution. For example, a degraded
resolution would impact the signal-to-background ratio for resonances.

For the Z boson, the signal peak is described by a Breit—-Wigner (BW) function convolved with a
Crystal Ball (CB) function. The CB function consists of a Gaussian peak with a power-law tail grafted
onto the lower-valued side, such that the function and its derivative are continuous [39]. In this case,
the reconstructed mass, mgg, is a common parameter between the CB and the BW functions that is both
the mean of the Gaussian core of the CB function and the location parameter of the BW function. The
width of the BW function is fixed to the natural width of the Z boson (I'z =~ 2.5 GeV). The Gaussian
width of the CB function, ocg, is a free parameter in the fit and summarizes our information about the
muon resolution in the detector. We plot the parameter ocg divided by the Z boson PDG mass, mppg.

For the J /iy meson, the BW function is not used because the natural width is negligible. Instead,
the signal is described by a sum of a CB and a Gaussian function. In this case, the reconstructed
mass, mgg, 1s @ mean common to the Gaussian core of the CB and to the additional Gaussian function.
The two Gaussian width parameters of the signal function are kept distinct to account for the varying
resolution in the barrel and endcap regions of the detector. To estimate the mass resolution of the J /¢
peak, we use the average of these two Gaussian widths, weighted by the amount of signal contained in
each of the two functions. The extracted width is then divided by the corresponding mppg.

The estimated mass resolution is plotted in figure 13 as a function of Ny,cks for the Z boson (left)
and the J/y meson (right). The resolution in both cases is consistent with a constant value, which
indicates that the resolution is not affected by the level of occupancy in the tracker. The estimated mass
scale is plotted in figure 14 as a function of Nk for the Z boson (left) and the J /¢ meson (right). The
reconstructed mass is lower than the true mass for both particles, but this scaling is consistent across the
different collision systems and for all values of Ncks, indicating that the momentum scale is accurate
to approximately 0.3% and is unaffected by the level of occupancy in the tracker or the data-taking
year. A change in the mass scale of this order does not generally affect heavy ion measurements, but
there are cases (e.g., ref. [40]) in which such a change can be indicative of interesting physics.

The mass resolution and mass scale versus dimuon rapidity, y##, are shown in figures 15 and 16,
respectively. The resolution varies significantly with rapidity due to the varying angle between the
magnetic field B and the particle velocity v. At forward rapidity, where v and B are almost collinear, a
smaller Lorentz force reduces the magnetic bending. The resulting smaller sagitta leads to a greater
uncertainty in the momentum measurement. Since the resolution is not constant, for signal description
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tracks from MC simulations (open points) and collision data (filled points) in pp, pPb, and PbPb collisions. The
mass resolution is scaled by the world-average mass mppg. Lower panels show the ratio between data and MC
simulation. Only statistical uncertainties are shown.
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Figure 14. Mass scale at the Z boson peak (left) and the J/y peak (right) as a function of the number of tracks
from MC simulations (open points) and collision data (filled points) in pp, pPb, and PbPb collisions, calculated
as the measured mass mg; divided by the world-average mass mppg. Lower panels show the ratio between data
and MC simulation. Only statistical uncertainties are shown.

we use the two distinct Gaussian parameters mentioned earlier. The mass scale decreases slightly with
rapidity at the J/y peak in data but not in MC simulations. At the Z boson peak, the corresponding
decrease is more prominent and is present in both data and MC simulations. In most rapidity bins, the
mass scale values tend to be slightly reduced (=0.2%) in data when compared with the MC results.
The results are consistent among the pp, pPb, and PbPb collision systems and display the same trends.

Previous estimates of mass resolution and mass scale were carried out on a pp data set at a
center-of-mass energy /s = 7 TeV in 2010 [41]. A comparison of these results with our data is shown
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Figure 16. Mass scale at the Z boson peak (left) and the J/¢ peak (right) as a function of |y*#| from MC
simulations (open points) and real data (filled points) in pp, pPb, and PbPb collisions, calculated as the measured
mass mg; divided by the PDG mass mppg. Lower panels show the ratio between data and MC simulation. Only
statistical uncertainties are shown.

in figure 17 as a function of muon pseudorapidity |#|. In order to plot the mass resolution and
scale versus pseudorapidity of a single muon, each value of the dimuon mass is entered twice in the
distribution used to extract these results: once with the pseudorapidity of the first muon, and then with
the pseudorapidity of the second muon. The results of ref. [41] were averaged over the forward and
backward pseudorapidity bins. The comparison shows that the muon momentum scale and resolution
have been remarkably stable throughout the lifetime of the experiment, indicating that the differences
in center-of-mass energy, collision system, accelerator/detector conditions, and kinematic coverage
have been successfully addressed by the CMS calibration and reconstruction frameworks.
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Figure 17. Mass resolution (left) and mass scale (right) versus the muon pseudorapidity |7#| at the J /i peak

in pp collisions. The values are scaled by the world-average mass mi,/I;//G. The filled points are collision data

and the open points are MC simulations. Our results (black diamonds) are compared with measurements from
a previous pp analysis done at 4/s = 7 TeV (blue crosses) [41]. Only statistical uncertainties are shown. See
details in text.

10 Summary

We have presented efficiencies of muon reconstruction, identification, and triggering, as well as
measurements of the dimuon mass scale and resolution of the CMS detector. The efficiencies were
estimated using the data-driven tag-and-probe technique. Mass scale and resolution were derived
through fits to the invariant mass spectra of J/¢ and Z boson resonances. We have extended previous
studies of the muon performance in pp collisions to the heavy ion environment using PbPb data
at y/snn = 5.02TeV and pPb data at \/syy = 8.16 TeV. All the results were also measured in pp
data at /s = 5.02TeV for comparison across all collision systems as a function of the charged
particle multiplicity, Nyacks-

The efficiencies are high (typically above 90%) in all cases, even at extremely high occupancy. In
the low-pr region, the muon-identification efficiency is comparable between pp and PbPb collisions,
except in the region of highest occupancy at very low pt (<5GeV) and forward pseudorapidity
(In] > 2). This drop in efficiency is expected because the high number of tracks in the inner parts of
the detector complicates the matching of tracks between the muon chambers and the tracker. In the
high-pr region, we observe a slight drop (1-2%) in the muon-identification efficiency in the most
central PbPb events at multiplicities that are unattainable in pPb or pp events. A slight decrease
(=3%) in the reconstruction efficiency at high occupancies is also observed. Additionally, the trigger
efficiency decreases in the most central PbPb events. A relative reduction of ~8% in the trigger
efficiency occurs between the lowest and highest Nyacks bins in PbPb collisions. This reduction is more
pronounced than the corresponding decrease in the muon identification and reconstruction efficiencies,
suggesting that the CMS single-muon trigger is more sensitive to detector occupancy. In most cases,
the efficiencies calculated using Monte Carlo simulations capture the trends seen in data, indicating
that the main features are contained in the detector simulation. In a few instances, the MC efficiencies
overestimate those obtained from collision data (by up to 4 percentage points), highlighting the need
for independent techniques of efficiency estimation based directly on collision data.
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The excellent muon performance of the CMS detector has made possible a robust muon
and dimuon program in the heavy ion environment, leading to many muon-based measurements,
where some examples include heavy quarkonia, heavy-flavor mesons [3, 42-52]; and electroweak
bosons [32-34, 53, 54].
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A  Converting centrality to number of tracks

It is common in analyses of PbPb collisions to study observables in bins of centrality, whereas in pp
and pPb collisions it is common to do o0 in bins of Ny In order to compare the existing efficiency
results in all three collision systems as a function of a common event activity variable, we converted the
PbPb centrality bins to corresponding average values of Niacks, Which we label (Ngqcks) in tables and
figures. The Nyacxs variable was chosen because it is suitable for studying occupancy-related effects.
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Figure 18. Distributions of Nycs in the PbPb collisions for various ranges of centrality in a minimum-bias
(left) and a muon-triggered (right) data set.

The conversion was done by plotting the distribution of Ny, in the PbPb data set for each
centrality bin and taking the mean of this distribution as the value of Ni,cks for that efficiency datum
point. Examples of the conversion procedure are shown in figure 18. The plot on the left was generated
from a minimum-bias data set, which required that events must have a coincidence signal in both the
positive-z and negative-z side of the HF. The plot on the right was from a muon-triggered data set,
which required that events must have at least two muons passing various selection criteria common
to dimuon analyses. Requiring two muons biases the average Nyucks toward higher values. The
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triggered data are used to translate centrality bins to Nyacks because they describe most accurately

the occupancy conditions of the detector for our data samples.
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