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Abstract

The heavy ion (HI) physics program has proven to be an essential part of the overall
physics program at the Large Hadron Collider at CERN. Its main purpose has been
to provide a detailed characterization of the quark-gluon plasma (QGP), a deconfined
state of quarks and gluons created in high-energy nucleus-nucleus collisions. From
the start of the LHC HI program with lead-lead collisions, the CMS Collaboration has
performed measurements using additional data sets in different center-of-mass ener-
gies with xenon-xenon, proton-lead, and proton-proton collisions. A broad collection
of observables related to high-density quantum chromodynamics (QCD), precision
quantum electrodynamics (QED), and even novel searches of phenomena beyond the
standard model (BSM) have been studied. Major advances toward understanding
the macroscopic and microscopic QGP properties were achieved at the highest tem-
perature reached in the laboratory and for vanishingly small values of the baryon
chemical potential. This article summarizes key QCD, QED, as well as BSM physics,
results of the CMS HI program for the LHC Runs 1 (2010–2013) and 2 (2015–2018).
It reviews findings on the partonic content of nuclei and properties of the QGP and
describes the surprising QGP-like effects in collision systems smaller than lead-lead
or xenon-xenon. In addition, it outlines the scientific case of using ultrarelativistic HI
collisions in the coming decades to characterize the QGP with unparalleled precision
and to probe novel fundamental physics phenomena.
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1 Introduction

The Compact Muon Solenoid (CMS) detector [1], optimized for studies of high transverse-
momentum (pT) particle production in high-luminosity proton-proton (pp) collisions at the
CERN Large Hadron Collider (LHC), has proven to be a versatile tool with significant po-
tential in other areas of research. From the very beginning [2], it was realized that its muon
acceptance and calorimetric 4π coverage, along with appropriate adaptations of its data ac-
quisition system and online event filtering, could lead to significant contributions in the field
of ultrarelativistic heavy ion (HI) collisions. In particular, the CMS detector is capable of per-
forming detailed investigations [3, 4] of the thermodynamic and transport properties of the
quark-gluon plasma (QGP), a deconfined state of quarks and gluons [5, 6] formed in such colli-
sions. These studies are based on numerous experimental probes measured in an extended pT

range from about 0.3 GeV up to a few TeV. Along with the ALICE [7], ATLAS [8] and LHCb [9]
experiments, CMS results cover a very broad range of experimental studies of ultrarelativistic
HI collisions at the LHC.

The study of proton-nucleus (pA) interactions, which are intermediate in terms of the system
size between pp and HI collisions, was initially considered a means to provide a baseline of
“cold nuclear matter”– a non-QGP system considered to be form in such collisions– to better
understand the observations made in HI collisions. Studies of pA and high multiplicity pp
collisions have since become a fascinating area of research in their own right. It has become
increasingly evident that the likely partonic systems produced in pA collisions and in very
high multiplicity events formed in pp collisions offer valuable information and play a crucial
role in unraveling the small-size limit of the QGP [10]. Additionally, the capabilities of the CMS
detector have allowed research into numerous non-QGP-related physics phenomena, such as
photon-photon (γγ) and photon-nucleus (γN) interactions.

This article provides a comprehensive overview of the multiyear efforts undertaken by the
CMS Collaboration in the field of HI physics, summarizing the key physics results and dis-
coveries. It delves into the partonic structure of the nuclei and properties of the QGP, the un-
expected QGP-like effects observed in small collision systems, and other important findings.
The article concludes with possible future directions for the CMS experiment to address open
questions in the field in a unique or complementary way.

The organization of this article is as follows:

• This Introduction presents the physics motivations behind studying HI collisions at
LHC energies, and in particular how data from the CMS detector can be used to
address fundamental questions related to the high-density matter that is created in
these strong interactions, governed by quantum chromodynamics (QCD).

• Section 2 outlines the experimental challenges associated with the overall data-taking
strategy and the subsequent reconstruction of HI events. It also describes the var-
ious detectors, filters (triggers), and offline software techniques used to select the
events of interest and to provide data samples for physics analysis.

• Section 3 focuses on studies of the initial state of the collisions, in particular on con-
straints of nuclear parton distribution functions (nPDFs), and on searches for gluon
saturation phenomena at small values of parton fractional momenta (Bjorken x), by
means of particles produced in processes with a large squared momentum transfer
Q2 (“hard probes”) and diffractive photoproduction of vector mesons.

• Section 4 describes the bulk observables that provide information on the geometry,
entropy, energy density, and other collective properties of the medium produced in
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HI collisions for various collision systems and LHC energies. Searches for chiral
symmetry restoration are also discussed.

• Section 5 presents the interesting physics in the high-Q2 realm, in particular how
hadrons, jets, and particles containing heavy quarks can act as “tomographic” probes
of the medium formed in the HI reactions.

• Section 6 highlights the paradigm-shifting findings made by CMS in studies of small
collision systems, such as the emergence of collectivity for unidentified, light- and
heavy-flavor hadrons.

• Section 7 details the results related to photon-induced processes in electromagnetic (EM)
nucleus-nucleus (AA) interactions.

• Finally, Section 8 provides a comprehensive summary of the results obtained by
CMS in the first two LHC runs and discusses an outlook for future discoveries using
the CMS detector.

• Appendix A contains a glossary defining all of the acronyms used in this review.

1.1 Evolution of the field: From first studies to CMS and beyond

Soon after the demonstration of asymptotic freedom as a fundamental property of QCD gauge
theory, it was realized that strongly interacting matter at finite temperature and/or net-baryon
density can exist in different thermodynamic phases [11, 12]. Early predictions based on finite-
temperature simulations of QCD on the lattice [13] indicated a transition to a new phase of
QCD matter, the QGP [14], in which the quarks and gluons are no longer confined in hadrons
and chiral symmetry, a global symmetry of QCD, is restored. More recently, lattice QCD calcu-
lations considering realistic light-quark masses have shown that chiral symmetry is restored in
a crossover transition at a vanishingly small net-baryon density and at a precisely determined
“pseudocritical” temperature (as opposed to a critical temperature in fixed order transitions) of
Tc = 156–158 MeV [15, 16]. These same calculations estimated that the critical energy density
at Tc is ǫc = 0.3–0.4 GeV/fm3.

It had already been conjectured in Ref. [14] that this regime of the QCD phase transition could
be accessible by investigating high-energy HI collisions, where extremely hot and dense QCD
matter could be produced by concentrating a substantial amount of energy in the center-of-
mass overlap region of the two nuclei. For center-of-mass energies larger than 5 GeV, the initial
energy density in a large overlap area of two heavy nuclei is expected to significantly exceed
ǫc [17]. Studying collisions of nuclei at high energies looked attractive for at least two reasons:
i) the large amount of energy liberated in the collision of highly Lorentz-contracted nuclei is
distributed over a very small volume, as defined by their transverse size, and ii) these interac-
tions are expected to provide very high densities of soft partons. From pA and AA interactions
at high energies, one may therefore gain insight into many aspects of the strong interaction in
the QCD framework. Despite the fact that QCD theory remains unchallenged since the discov-
ery of asymptotic freedom [17], a complete and deep understanding of the nature of its phase
transitions is still lacking.

Almost four decades of experimental and theoretical research have followed a scientific strat-
egy aimed at the discovery and characterization of the QGP. Significant progress in the experi-
mental field was made in the early period using fixed-target experiments at the BNL AGS [18]
and the CERN SPS [19]. The BNL RHIC, a dedicated HI collider that provides interactions up
to a center-of-mass energy per nucleon pair (NN) of

√
s

NN
= 200 GeV, started operating in the

year 2000. With their much higher achievable center-of-mass energies, HI colliders are better
suited to provide the appropriate conditions for the study of highly excited quark-gluon matter.
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An integral part of the CERN LHC experimental program has been devoted to HI collisions,
such as lead-lead (PbPb) and proton-lead (pPb) collisions up to

√
s

NN
of 5.36 and 8.16 TeV, re-

spectively. Since the inauguration of RHIC and the LHC (year 2009), these facilities and their
experiments have continuously upgraded their capabilities, collecting a wealth of data across
a wide range of collision energies and various colliding systems [20, 21].

Although the experimental conditions in HI collisions are tailored to create a hot and dense sys-
tem, this medium cannot be formed under controlled thermodynamical conditions (such as the
formation of water vapor from liquid water), but rather follows a dynamical trajectory across
the QCD phase diagram [22]. Contrary to what was initially believed, the medium produced in
HI collisions has been shown to not be a nearly free gas of quarks and gluons [6, 23, 24]. Within
a time of the order of 1 fm (in natural units), the conditions that prevail in a HI collision lead
to the formation of a strongly coupled liquid with a nonuniform energy density, which then
evolves according to the laws of viscous relativistic hydrodynamics [25]. The plasma retains its
asymptotically free character, since quarks and gluons are free to diffuse and are not confined.
At the same time, these partons remain strongly coupled with the neighboring constituents in
the QGP, behaving as a nearly perfect fluid with small viscosity. Hydrodynamics converts ini-
tial spatial anisotropies into momentum space via pressure gradients [26]. These anisotropies
persist because of the small specific viscosity of the QGP [27]. The observation of a strong
anisotropy known as “elliptic flow”, in which final-state hadrons exhibit preferential emission
with respect to a specific azimuthal angle, not only contributed to shedding light on the exis-
tence of the QGP but also characterized it as “the most perfect fluid known” [28–32]. A wealth
of experimental data, such as unidentified particle and heavy-flavor quark pT distributions,
as well as two-particle and multiparticle correlations, have elucidated the “bulk” properties
of this medium across a variety of energy- and volume-dependent colliding systems [33–35].
The strongly coupled nature of the QGP is also investigated on a wide range of length scales
by taking advantage of the rapid “energy loss” by highly energetic partons traversing it (more
accurately, a redistribution of energy to the surrounding medium) [36, 37].

Over the past few years, experiments at RHIC and the LHC, including CMS, performed in-
creasingly precise “soft” (low-Q2 processes) and hard (high-Q2 processes) measurements of
the bulk properties and jet modifications in HI collisions. Concurrently, advances in both
the macroscopic (long-wavelength dynamical description) and microscopic (short-wavelength
dynamical description) theories of interactions within the QGP are beginning to transform
the abundant data into insights regarding the structure and properties of this state of matter.
Notable success has been achieved in data-to-theory comparisons, particularly within well-
defined frameworks in subfields such as the physics of soft probes [25–27]. These achievements
guide ongoing and future studies of the QGP nature, on a wide range of length scales [38]. Such
an exploration is facilitated by the extensive nuclear data sets currently available and others
forthcoming at RHIC and the LHC.

1.2 HI operation at the LHC

In most years since the start of its operations in 2009, the LHC has been reconfigured for a
month-long HI run [39]. The first two PbPb collision runs were performed during LHC Run 1
(years 2010–2013) at

√
s

NN
= 2.76 TeV in 2010 [40] and 2011 [41].

Following these initial runs, the LHC HI physics community requested that the next run during
this one-month period provide pPb collisions. Asymmetric collisions were not included in the
LHC design, and are nontrivial since the “2-in-1” magnet design requires the two beams to
have identical rigidity. This leads to unequal beam energies in the laboratory frame, since



6

the ratio of the atomic over mass numbers for the lead nucleus, Z/A, is only about 40% of
that for protons. The original physics case [10] was based on a target luminosity of 1.15 ×
1029 cm−2 s−1 at a beam energy of 7Z TeV (“design” parameters). However, to better match√

s
NN

for future PbPb runs, a value of 4Z TeV was chosen, with the exact number determined
by accelerator requirements. Following a feasibility test and pilot physics fill in October 2011
and September 2012, respectively, the first pPb run took place in January 2013. This one month

data-taking period provided the four major LHC experiments with approximately 36 nb−1 of
pPb integrated luminosity at

√
s

NN
= 5.02 TeV [42]. This first pPb run represented a gain of

about a factor of 25 in collision energy compared to previous asymmetric collisions studied at
RHIC, one of the largest energy leaps in the history of particle accelerators. Together with a
“reference” pp run at

√
s = 2.76 TeV (i.e., at the same

√
s

NN
as the previously collected PbPb

data), these runs were the last physics operations before the first LHC shutdown in years 2013
and 2014.

The LHC Run 2 (2015–2018) operational period with HI collisions started with a reference pp
run with beams of 2.51 TeV to obtain the same center-of-mass energy as in the pPb run of 2013
(
√

s
NN

= 5.02 TeV). For the same reason, the ensuing PbPb operation in November–December
2015 was carried out at

√
s

NN
= 5.02 TeV, that is, an energy of 6.37Z TeV [43] (slightly less than

the maximum possible value at that time of 6.5Z TeV). A second pPb run at
√

s
NN

= 5.02 TeV
occupied part of the period devoted to HI physics in November–December 2016.

Based on a range of crucial physics questions that emerged from the earlier pPb data, as well as
the opportunity to measure various heavy elementary particles, the remainder of the 2016 pPb
run was at a higher

√
s

NN
. Despite the complex strategy for repeated recommissioning and op-

eration of the LHC, a plan to satisfy most requirements was implemented [44] by successfully
exploiting the different beam lifetimes at two

√
s

NN
values of 5.02 and 8.16 TeV. In the latter

case, the peak luminosity surpassed the design value by a factor of almost 8.

As shown in Fig. 1, the subsequent 2018 PbPb run [47] provided more than three times the
integrated luminosity than was collected in 2015, bringing the LHC one step closer to its high-
luminosity era (HL-LHC) with heavy ions. A series of improvements, both in the LHC and in
its injector chain, including an increase in the average colliding bunch intensity and a decrease
in the nominal bunch spacing, resulted in reaching about six times higher instantaneous lumi-
nosity than the design value of 1.0 × 1027 cm−2 s−1, and delivering to the CMS experiment an

integrated luminosity of 1.89 nb−1 of PbPb data (note the multiplicative factor mentioned in
the caption of Fig. 1).

1.3 CMS detector design and implementation

The CMS detector [1] is one of the two general-purpose detectors at the LHC and is located
at interaction point 5 (IP5). It has an overall length of 22 m, a diameter of 15 m, and weighs
14 000 tons. The detector uses a right-handed coordinate system, with the origin at the nominal
interaction point, the x axis pointing to the center of the LHC ring, the y axis pointing up
(perpendicular to the LHC plane) and the z axis along the counterclockwise beam direction.
The azimuthal angle φ is measured in the x–y plane, with φ = 0 along the positive x axis, and
φ = π/2 along the positive y axis. The radial coordinate in this plane is denoted by r, while
the polar angle θ is defined in the r–z plane with respect to the z axis. The pseudorapidity
is given by η = − ln (tan (θ/2)). For particles whose momentum and pT are much higher

than their invariant mass, η ≈ y, where y = 1
2 ln

E+pz
E−pz

is the rapidity and E and pz the energy

and the particle momentum parallel to the z axis, respectively. The shape of any distribution
as a function of y is invariant under Lorentz boosts in the beam direction. The component
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Figure 1: Integrated luminosity delivered to the CMS experiment with PbPb and pPb collisions
at

√
s

NN
= 5.02 [45] and 8.16 TeV [46], respectively, as a function of time during the LHC Run 2

period. The years of data collection shown correspond to 2015 (purple), 2016 (orange), and 2018
(navy blue). This plot shows the proton-equivalent luminosity, i.e., the values for the PbPb data
have been scaled by A2 = 2082 and the values for the pPb data by A = 208.

of the momentum transverse to the z axis is denoted by pT, whereas the missing transverse
momentum pmiss

T is the vectorial sum of the undetectable transverse momenta of the particles.
The transverse energy is defined as ET = E sin θ.

The key elements of the detector are as follows.

• A large solenoidal magnetic field magnetic field of 3.8 T to measure the momentum
of charged particles and to separate the calorimeter energy deposits of charged and
neutral particles.

• A fine-grained tracker providing efficient reconstruction of charged particle trajec-
tories.

• A highly segmented electromagnetic calorimeter (ECAL) allowing energy deposits
of charged hadrons, neutral hadrons, and photons to be clearly separated from each
other. The ECAL combines efficient photon identification with high resolution in
both energy and position.

• A hermetic hadron calorimeter (HCAL) with a modest energy resolution and a coarse
segmentation, but still sufficient to separate charged and neutral hadron energy de-
posits.

• A muon tracking system delivering efficient and high-purity muon identification,
regardless of the surrounding particle density.

• Two forward subdetectors, the Centauro And STrange Object Research (CASTOR)
and Zero Degree Calorimeter (ZDC), enhance the hermeticity of the CMS detector
during HI data-taking periods.
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Figure 2 displays a simplified sketch of the acceptance of the various components of the CMS
detector in η–φ coordinates. The characteristics of the CMS subdetectors are described in more
detail in Section 2.

η−8 −6 −4 −2 0 2 4 6 8
0

φ = 2π

jet

Tracker

ECAL

HCAL

MuonsCASTOR
ZDC ZDC

Figure 2: A simplified sketch of the acceptance in η and φ for the tracking, calorimetry
(ECAL, HCAL, CASTOR, and ZDC) and muon identification (“Muons”) components of the
CMS detector. In the lower section, the central elements (that is, excluding ZDC and CAS-
TOR) are arranged based on their proximity to the beam, with the tracker being the closest
element of the central detectors, and the muon detectors positioned farthest away. The size
of a jet cone with R = 0.5 (to be discussed in Section 2.10) is also depicted for illustration.
(Figure adapted from Ref. [4].)

The CMS experiment is optimized as a general-purpose detector to explore the standard model (SM)
and to search for physics beyond the SM (BSM) at the TeV scale. In addition, it is equally ca-
pable of studying the properties of strongly interacting matter produced in nuclear collisions
at the highest energy densities ever reached in the laboratory. The detector subsystems were
designed with a resolution and granularity adapted to cope with the high number of simulta-
neous collisions per bunch crossing that occur during high-luminosity pp running. As a result,
the detector is also able to deal with the very large charged particle multiplicities that can be
created in a single PbPb collision. Therefore, CMS provides a range of remarkable capabilities,
some of which are unique, to the HI effort at the LHC [4].

• Acceptance: Broad coverage near midrapidity (|η| < 2.5, full φ coverage) for layered
detection of charged and neutral hadrons as well as muons, electrons, and photons,
over a wide range of pT.

• Resolution: Exceptional dimuon mass resolution at midrapidity, leading to a clean
separation of the various heavy quarkonium states and an improved signal-over-
background ratio, also coupled with excellent charged particle momentum resolu-
tion over a wide pT and η range.

• Calorimetry: Full electromagnetic and hadronic calorimetry for complete jet trigger-
ing and reconstruction over a very large solid angle, leading to large event samples
for measurements of individual jets (discussed in Section 2.10) and jet + X chan-
nels along with the recoiling pT in them, where X could be another jet, an elec-
troweak (EW) boson, etc.



1.4 Key QCD emergent phenomena that can be probed by CMS 9

• Forward coverage: Unparalleled forward physics and global event capabilities thanks
to the forward hadronic (HF) calorimeters (3 < |η| < 5), CASTOR (−6.6 < η <

−5.2), and the ZDCs (|η| > 8.3).

• Optimized online and offline operation: The data acquisition (DAQ) system is ca-
pable of delivering almost every PbPb event to a two-tier trigger system, allowing
maximum flexibility to select “bulk” and rare probes.

1.4 Key QCD emergent phenomena that can be probed by CMS

This section presents a concise historical overview, both experimental and phenomenological,
of the observables that were considered to be essential measurements for CMS prior to the
inauguration of the LHC. Capitalizing on previous discoveries at energy forefront at RHIC, the
LHC experimental program with PbPb and pPb collisions has significantly advanced the state
of the art in both the soft- and hard-physics sectors. Sections 3–7 describe in detail the physics
analyses motivated by the priorities introduced here, as well as significant extensions that far
surpassed the initial goals.

At the LHC, the pPb and PbPb center-of-mass energies exceed those at RHIC by factors of
roughly 25, thereby accessing a completely uncharted regime. Initial expectations were pri-
marily driven by the fact that this regime could be characterized by the following properties.

• An initial state dominated by high-density parton distributions. The relevant range
of the parton momentum fraction x reaches as low as ∼10−4 (at midrapidity) for
values of the squared momentum transfer Q2 as large as Q2≈106 GeV2. This small-
x range is expected to be dominated by nonlinear gluon dynamics governed by a
characteristic saturation scale that is a factor of 2–3 times larger than that probed at
RHIC [48].

• Important aspects of particle production and the early time evolution of the system
were expected to be governed by classical chromodynamics, as described, e.g., in
the color-glass condensate (CGC) framework [49], an approximation of the quantum
theory (“effective field theory”) of the dense initial-state partonic wavefunctions.

• Since the initial energy density, temperature, volume, and lifetime of the QGP were
expected to be much larger than those at RHIC, parton dynamics were expected to
drive the evolution of the medium [50, 51]. Partonic degrees of freedom should thus
dominate the QGP expansion and the collective features of the resulting hadronic
final state.

• The higher yield of hard probes (e.g., prompt EW bosons, jets produced by hard-
scattered partons, high-pT hadrons, heavy-flavor hadrons) should provide direct in-
formation on the nPDFs of the colliding ions. Since their production cross sections
can be calculated with high accuracy using perturbative QCD (pQCD), these probes
provide a “calibrated” reference for final-state interactions in the medium. Any ob-
served attenuation would give precise “tomographic” information about the QGP
and its eventual disintegration into hadrons.

• Because of the very large electric charge of the Pb ions, the induced EM processes
provide unique possibilities for studying high-energy γγ and γA interactions in
unexplored regions of phase space, thus complementing the QCD physics aspects
listed above.

The initial emphasis was placed on measurements that could assist in clarifying some of the
previously unresolved issues from RHIC results. For example, even before the start up of RHIC,
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predictions for the charged-particle multiplicity per unit of rapidity at midrapidity dN/dy
∣

∣

y=0

(largely based on extrapolations of SPS measurements) varied widely. This observable is re-
lated to the entropy density produced in the collision, which impacts the global properties of
the medium. Although the initial predictions for RHIC were mostly overestimations, the ex-
pected values for the maximum design energy of the LHC were later refined to dN/dη

∣

∣

η=0
≈1.5×

103 [50, 51]. Therefore, these lower particle multiplicities at the LHC would be more easily
manageable by the CMS detector.

Measurements of the properties of momentum anisotropies in PbPb collisions at the LHC were
deemed of primary importance to confirm or reject the interpretation of the fluid-like state
found at RHIC. At LHC energies, the contribution from the QGP phase to the collective mo-
mentum anisotropy was expected to be more dominant than at RHIC. Consequently, interpre-
tations of the properties of the QGP might be less dependent on the details of the later hadronic
phase.

Among the most exciting results of the RHIC physics program was the observation of a large
suppression of the yields of high-pT hadrons in head-on AuAu collisions, compared to the
expectations from an incoherent superposition of pp collisions [52]. The capability to fully
reconstruct jets at the LHC was expected to result in a better understanding of the mechanisms
leading to high-pT hadron suppression. The measurement of jets recoiling opposite prompt
EW bosons as well as performing high-precision studies in the heavy-flavor sector (using both
jets and identified particles) were also of utmost importance. These observations could both
clarify some apparently conflicting results at RHIC (e.g., on the energy loss flavor dependence)
and also provide accurate information on the transport properties of the QCD matter. The
LHC measurements were also crucial for resolving surprising findings, such as the similar
amount of J/ψ yield modification observed at SPS and RHIC energies [53, 54], and the rapidity
dependence of that modification [55]. In addition, the more abundant production of particles
containing bottom quarks, including the Υ states, at LHC energies, coupled with the excellent
reconstruction capabilities of the CMS detector, would enable a unique opportunity to extend
the study of the behavior of heavy quarks in the QGP.

Finally, the high “photon fluxes” produced by the large electric charge of the relativistic Pb
nuclei [56, 57] also opened up possibilities for γγ as well as γA studies, reaching energies that
had not been explored at colliders prior to the LHC [58–60]. Interesting physics within the SM,
including both QCD and quantum electrodynamics (QED) studies, would thus be possible [61–
63]. Additionally, states with high invariant mass could be explored, where the detection of
new particles could potentially fall within the phase space region probed by CMS. In general,
events with far-grazing collisions, so-called “ultraperipheral collisions” (UPC), characterized
by relatively small outgoing particle multiplicities and a small background, offered a very wide
range of possibilities [64–75].
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In the region |η| < 1.74, the HCAL cells have widths of 0.087 in pseudorapidity and 0.087 in
azimuth (φ). In the η–φ plane, and for |η| < 1.48, the HCAL cells map on to 5×5 arrays of ECAL
crystals to form calorimeter towers projecting radially outwards from close to the nominal
interaction point. For 1.74 < |η| < 3.0, the coverage of the towers increases progressively
to a maximum of 0.174 in ∆η and ∆φ. Within each tower, the energy deposits in ECAL and
HCAL cells are summed to define the calorimeter tower energies, which are used as inputs to
the jet-finding algorithms determining the energies and directions of hadronic jets.

The two halves of the HF calorimeter are located 11.2 m from the interaction region, one on
each end, and together they provide coverage in the range 3.0 < |η| < 5.2. They also serve
as luminosity monitors. Two subdetectors, CASTOR and ZDC, enhanced the hermeticity of
the CMS detector during the HI data-taking periods by extending the rapidity coverage. The
single CASTOR detector, a Cherenkov sampling calorimeter with no segmentation, was located
14.37 m from IP5 and about 1 cm from the beam line, covering the region −6.6 < η < −5.2.
The two ZDCs, made of quartz fibers and plates embedded in tungsten absorbers, are installed
at 0◦ relative to the beam direction at the interaction point and between the two beam lines
140 m away from IP5. Their location behind the first bending magnets of the LHC allows for
detecting neutrons from nuclear dissociation events in the range |η| > 8.3. The first section of
each ZDC is segmented into 5 vertical slices, giving some information about particle direction.

Muons are measured in the pseudorapidity range |η| < 2.4, with four detection planes made
using three technologies: drift tubes (DT), cathode strip chambers (CSC), and resistive-plate
chambers (RPC). The reconstruction of muon tracks is described in Section 2.8. During Run 1,
matching muons to tracks measured in the silicon tracker results in a relative transverse mo-
mentum resolution, for muons with 20 < pT < 100 GeV, of 1.3–2.0% in the barrel and better
than 6% in the endcaps. The pT resolution in the barrel is better than 10% for muons with pT

up to 1 TeV [81]. For Run 2, the corresponding numbers are pT resolutions of 1% in the barrel
and 3% in the endcaps for muons with pT up to 100 GeV and better than 7% in the barrel for
muons with pT up to 1 TeV [82].

The global event reconstruction (also called particle-flow (PF) event reconstruction [83]) aims
to reconstruct and identify each individual particle in an event, with an optimized combination
of all subdetector information. In this process, the identification of the particle type (photon,
electron, muon, charged hadron, neutral hadron) plays an important role in the determination
of the particle direction and energy. Photons (e.g., coming from π0 decays or from electron
bremsstrahlung) are identified as ECAL energy clusters not linked to the extrapolation of any
charged-particle trajectory to the ECAL. Electrons (e.g., coming from photon conversions in the
tracker material or from b hadron semileptonic decays) are identified as a primary charged-
particle track, and potentially several ECAL energy clusters corresponding to this track extrap-
olation to the ECAL and to possible bremsstrahlung photons emitted along the way through the
tracker material. Muons (e.g., from quarkonium and EW boson decays) are identified as tracks
in the central tracker consistent with either a track or several hits in the muon system, and
associated with calorimeter deposits compatible with the muon hypothesis. Charged hadrons
are identified as charged-particle tracks neither identified as electrons, nor as muons. Finally,
neutral hadrons are identified as HCAL energy clusters not linked to any charged-hadron tra-
jectory, or as a combined ECAL and HCAL energy excess with respect to the expected charged
hadron energy deposit. Details on how the PF objects are used as input in jet reconstruction
can be found in Section 2.10.

The energy of photons is obtained from the ECAL measurement. The energy of electrons is
determined from a combination of the track momentum at the main interaction vertex, the cor-
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responding ECAL cluster energy, and the energy sum of all bremsstrahlung photons attached
to the track. The energy of charged hadrons is determined from a combination of the track
momentum and the corresponding ECAL and HCAL energies, corrected for the response func-
tion of the calorimeters to hadronic showers. Finally, the energy of neutral hadrons is obtained
from the corresponding corrected ECAL and HCAL energies. Details about the methods to
reconstruct and identify electrons and photons can be found in Section 2.9.

During Run 1, the barrel section of the ECAL achieved an energy resolution of about 1% for un-
converted or late-converting photons in the tens of GeV energy range. The energy resolution of
the remaining barrel photons is about 1.3% up to |η| = 1, increasing to about 2.5% at |η| = 1.4.
In the endcaps, the energy resolution is about 2.5% for unconverted or late-converting pho-
tons, and between 3 and 4% for photons converting in the tracker material before reaching the
ECAL [84].

For Run 2, the electron momentum is estimated by combining the energy measurement in
the ECAL with the momentum measurement in the tracker. The momentum resolution for
electrons with pT ≈ 45 GeV from Z → ee decays ranges from 1.6 to 5%. It is generally better in
the barrel region than in the endcaps, and also depends on the bremsstrahlung energy emitted
by the electron as it traverses the material in front of the ECAL [85, 86].

Jets are reconstructed offline from the energy deposits in the calorimeter towers or PF objects,
clustered using the anti-kT algorithm [87–90] with a distance parameter of 0.4 (discussed in
Section 2.10). When combining information from the entire detector, the jet energy resolution
in pp collisions amounts typically to 15–20% at 30 GeV, 10% at 100 GeV, and 5% at 1 TeV [91].

2.2 Luminosity measurement techniques and luminosity-dependent corrections

For many analyses of the HI program performed at the LHC, a precise knowledge of the inte-
grated luminosity is essential to achieve the high-precision cross sections needed to both test
and, in many cases, improve relevant theory calculations. Although a key parameter for any
particle collider, the task of calibrating the absolute scale of the luminosity has proven to be
particularly challenging at hadron colliders. Knowing the instantaneous luminosity during
data acquisition is also essential to monitor the beam condition and accelerator performance.

To determine the absolute luminosity, a technique based on varying the separation of the two
LHC beams is used, the so-called “van der Meer scans” [92]. These scans allow for a determi-
nation of the luminosity per colliding bunch pair directly from the machine parameters. With
the exception of special, reference proton and HI runs, these scans are performed either un-
der carefully controlled conditions, with tailored beam parameters, or during normal physics
operation. In both cases, the target precision is set to O(1–2%) [92].

The CMS experiment used a system consisting of up to five detectors to monitor and mea-
sure the luminosity delivered by the LHC during LHC Runs 1 and 2. Real-time monitoring
of the luminosity was achieved with three of them: the fast beam conditions monitor, HF, and
pixel luminosity telescope detectors, each with its own high-rate data acquisition system. Two
additional systems, the silicon pixel detector and the drift tube chambers, feature very low
occupancy and good stability over time. The absolute luminosity is determined by integrat-
ing the subdetector rate of these two systems as a function of beam separation, which corre-
sponds to an approximate van der Meer scan precision of O(1%). The dominant uncertainty
in the absolute luminosity is typically related to how well the beam bunch density profiles
can be factorized. For the measurements highlighted in this report, a small total uncertainty
of O(1.5–2.0%) [45, 46, 93, 94] was achieved, including the time stability of the van der Meer
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calibrated subdetector response.

2.3 Online event selection

During Runs 1 and 2, the CMS detector was used to collect a large quantity of data for the
different colliding systems provided by the LHC as part of its HI program. A beam of Pb nu-
clei in one LHC ring collided with either a second counterrotating Pb beam or with a proton
beam. A small event sample of colliding xenon (Xe) nuclei was also collected. The resulting
integrated luminosities (L) are summarized in Table 1. A comparison of the integrated lumi-
nosity delivered by the LHC (5th column) to that collected by the CMS detector (last column)
shows that the detector acquired more than 95% of the available data (with the exception of
the very first run in 2010, for which the fraction was 90%). In addition to the HI runs shown in
Table 1, special pp runs were required by the HI program in order to provide the so-called “pp
reference data” for comparison to the HI results (Table 2). These were taken with similar de-
tector conditions to those used in the HI runs, and with the same colliding energy per nucleon
pair (which is lower than that used in the high-energy pp program). In addition, pp data were
collected under conditions that yielded a very small number (≪1) of concurrent interactions in
the same bunch crossing (pileup, PU). These low-PU data were required for studies searching
for the possible existence of a hot and dense medium in events which produced a very large
number of charged particles, the so-called “high-multiplicity events.” Table 3 summarizes the
integrated luminosities collected for the low-PU pp collisions.

Table 1: Summary of HI data-taking periods during Runs 1 and 2.

LHC Run Year Colliding system
√

s
NN

(TeV) Delivered L (nb−1) Recorded L (nb−1)

2010 PbPb 2.76 9.69 × 10-3 8.70 × 10-3

Run 1 2011 PbPb 2.76 0.184 0.174

2013 pPb 5.02 36.14 35.5

2015 PbPb 5.02 0.59 0.56

2016 pPb 5.02 0.530 0.509

Run 2 2016 pPb 8.16 188.3 180.2

2017 XeXe 5.44 3.50 × 10-3 3.42 × 10-3

2018 PbPb 5.02 1.89 1.79

Table 2: Summary of reference pp data-taking periods during Runs 1 and 2. To compare with
the nucleon-nucleon-equivalent luminosities from Table 1, it is important to note that the listed
integrated luminosities should be divided by factors of either A2 (for the PbPb case) or A (for
the pPb case), where A = 208 is the Pb mass number.

LHC Run Year
√

s (TeV) Recorded L (pb−1)

Run 1
2011 2.76 0.200
2013 2.76 5.40

Run 2
2015 5.02 27.4
2017 5.02 304

To deal with the large amount of data delivered by the LHC, online event selection is performed
by the CMS trigger system [95] that was developed to quickly and precisely select the events
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Table 3: Summary of low-PU pp data-taking periods during Runs 1 and 2.

LHC Run Year
√

s (TeV) Recorded L (pb−1)

Run 1 2010 7 6.2

Run 2

2015 5.02 1.0
2015 13 2.0
2017 13 1.3
2018 13 10.2

of interest. The trigger operates in two stages, the first of which (level-1 or L1) is a hardware-
based trigger that examines every collision using a set of event selections implemented directly
in the firmware. The L1 trigger uses energy deposited in the towers of the calorimetry system
and signals from the muon detectors to construct various physics objects, and then uses that
information to make the initial event selection. In order to suppress noncollision-related noise,
cosmic rays, prefiring triggers [96], and beam backgrounds, the L1 trigger is required to accept
events in coincidence with the presence of both colliding ion bunches in the interaction region.
The next stage is the high-level trigger (HLT), a software-based trigger running on a computer
farm composed of ≈30 k computer central processing units (CPUs). The HLT uses informa-
tion from the L1 trigger and performs additional event filtering using sophisticated computer
algorithms executed similarly to those used for the offline physics analyses. This processing
in the HLT takes ≈250 ms and ≈350 ms on average for pp and PbPb events, respectively. In
pp collisions, the L1 trigger reduces the event rate from 40 MHz to 100 kHz, while the HLT
further reduces the rate from 100 kHz to around 2 kHz on average in pp collisions. In PbPb
and pPb collisions on average the rates are reduced to 8 kHz and 20 kHz, respectively. During
Run 2, event rates of around 30 kHz were delivered for PbPb collisions, while around 100 kHz
were delivered for both pp reference and pPb collisions. The trigger system output rates are
optimized to fill as much bandwidth as the DAQ can support (around 6 GB/s maximum dur-
ing Run 2) [97]. Between Runs 1 and 2, the L1 trigger system was updated significantly and
restructured [98].

In order to optimize the performance of the trigger system in HI collisions, several modifica-
tions and additions are made to the L1 and HLT setups used for pp collisions [99–101]. In
HI collisions, minimum bias (MB) triggers require at least one channel in both sides of HF
to have deposited energies that exceed a certain threshold. By triggering on the total energy
deposited in the HF calorimeters, events can be selected with different centrality. The rate of
the MB triggers in 2018 PbPb collisions were around 6 kHz, where one out of three MB events
were recorded. In addition, ultraperipheral events, where one of the colliding nuclei remains
intact, can be triggered by requiring activity on only one side of the HF. The jet background
subtraction at L1 is optimized for triggering on jets in the higher multiplicity HI environment.
To suppress the influence of underlying event (UE) fluctuations, the average UE contribution
to the jet energy is estimated by summing the energy over full calorimeter φ-rings sharing the
jet position in η. The sum is rescaled by the number of towers in the jet compared to the num-
ber of towers in the calorimeter φ-ring and then subtracted from the jet energy [102]. For the
electron/photon triggers, the isolation and selections were relaxed and the shape requirements
were bypassed at L1 to maintain a high efficiency in the high-occupancy environment of HI
collisions. Figure 4 shows the efficiency of the 50 GeV single-jet and 15 GeV photon triggers
during Run 1 PbPb data taking. In the HLT configuration for HI collisions, the track selection
requirements are loosened to be the same as the offline ones in order to reach higher efficiency
for the triggers utilizing track reconstruction (described in Section 2.7). Changes are also made
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for the muon triggers, where only outside-in tracking (see Section 2.8) is implemented, and for
the heavy-flavor triggers, in which the selection criteria are tightened to reduce the processing
time. The typical pT thresholds of the jet, photon, electron, and muon triggers in PbPb collisions
were 100, 40, 20, and 12 GeV, respectively.
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Figure 4: Left: Efficiency for the 50 GeV single-jet trigger as a function of the corrected leading
jet transverse momentum in PbPb collisions at 2.76 TeV. Right: Efficiency for the 15 GeV photon
trigger as a function of the corrected photon transverse energy in PbPb collisions at 2.76 TeV.
(Figure adapted from Refs. [103, 104].)

With the goal of studying the properties of high-multiplicity pPb and pp collisions (discussed
in Section 6.2), dedicated triggers were designed and implemented to capture the rare events
with a large number of produced particles. An L1 trigger which filters on the scalar sum of total
transverse momentum over the calorimeters (ETT, including both ECAL and HCAL) is used
to select events. Those events are passed to the HLT where track reconstruction is performed
using the pixel tracker and the number of found pixel tracks is used to select high-multiplicity
events. Figure 5 shows the L1 and HLT trigger efficiencies as functions of the number of tracks
reconstructed offline (Noffline

trk ) for 5.02 TeV pPb collision data taken in 2013.
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2.4 Minimum bias event selection

Hadronic interactions of HIs can occur over a broad range of overlaps of the two nuclei, from
head-on collisions (most central) to just barely grazing (most peripheral). Investigating the full
range of possibilities requires a MB event sample. The selection procedure for this sample in-
cludes both an online trigger (discussed in Section 2.3) as well as offline quality criteria. The
optimal selection maximizes the overall efficiency for the total inelastic hadronic cross section,
while mitigating contamination from non-hadronic collision sources, including beam-gas colli-
sions and electromagnetic interactions in peripheral and ultraperipheral collisions (UPC). The
first three filters listed below, namely the primary vertex (PV), cluster compatibility, and HF
coincidence filters were used as standard event selection for PbPb Run 2 analyses.

2.4.1 PV filter

The definition of MB interactions is limited to only those events in which at least one PV con-
taining at least two reconstructed tracks is found. Track reconstruction and vertex finding are
detailed in Section 2.7, whereas the centrality description is given in Section 2.5. For most of
the events, only tracks satisfying the high-purity quality criterion [78], with the additional re-
strictions pT > 0.7 GeV and d0 < 2 mm (where d0 is the transverse impact parameter of a track
with respect to the beam), are included in the PV filter. In more peripheral events, all recon-
structed tracks are used because the high-purity selection is too restrictive. For the most central
collisions, the minimum pT requirement was increased to pT > 1.0 GeV. These restrictions keep
the maximum number of fitted tracks less than about 40–60, thereby ensuring a time-efficient
reconstruction. The requirement of an accepted vertex removes a large fraction of the back-
ground events, especially beam-gas interactions, which can have large HF energy deposits but
very few pixel hits.

2.4.2 Cluster compatibility filter

A particle traversing a pixel module at some angle leaves a cluster with a width proportional
to its angle of incidence. That angle, and hence the expected width of the cluster, can be deter-
mined by the particle pseudorapidity and the position of the collision vertex along the beam
direction (z). This information can be used to determine the number of clusters in an event
that have a width compatible with particles originating from the vertex position. Alternatively,
this compatibility can be investigated without a predetermined vertex by scanning the z axis to
determine how many clusters are compatible with a vertex at each value of z. This technique
can be used to locate the most likely z position of the collision without the need for any recon-
structed tracks or, instead, to determine if the collision likely occurred outside the interaction
region. The cluster size is proportional to |sinh η|, where the η of the cluster is computed with
respect to the reconstructed vertex. A selection on this variable is performed as a function of
η [106].

2.4.3 Other filters

The HF coincidence filter requires at least two towers in both of the HF calorimeters (one on
each side of the interaction point) with a deposited energy above 4 GeV. This requirement
removes approximately 99% of the UPC events (discussed in Section 2.4.5).

Finally, the beam scintillation counter (BSC) [107] is a set of large-area scintillators mounted in
front of HF to provide beam halo information. A dedicated filter excluded events where any of
the BSC halo L1 trigger bits were set. This filter was only used for the Run 1 data samples.
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2.4.4 MB event selection efficiency

Along with the unwanted background, the event selection criteria described above also remove
some valid hadronic collision events. The selection efficiency is defined as the fraction of valid
events that pass the MB criteria applied to the data, and is found using a method based on
Monte Carlo (MC) simulations. The distribution in data, either the total energy deposited in
the HF calorimeters (which is not saturated in the more peripheral events) or the number of
pixel hits which pass the cluster size requirement, is compared to the respective distribution
found using simulated events. The two distributions are normalized in the higher-multiplicity
region and any differences at lower multiplicity are indicative of selection inefficiencies. The
uncertainty in this estimate is determined by varying the MC simulation parameters, particu-
larly those affecting the average multiplicity, and also by varying the normalization range. The
overall trigger and event selection efficiency for MB HI collisions is estimated to be 97 ± 3% in
PbPb collisions at 2.76 TeV (Run 1) [103] using events from the AMPT 1.26t5 simulation [108],
and 97 ± 1.5% in PbPb collisions at 5.02 TeV (Run 2) using HYDJET 1.9 simulations [109].

2.4.5 Electromagnetic contamination

When two nuclei pass each other with transverse impact parameters larger than the sum of
their nuclear radii, their hadronic interaction cross section is vanishingly small, but the nuclei
can still interact through their large EM fields. The EM interactions occurring in the UPC events
induce a level of contamination that is studied by using generated events from STARLIGHT 2.2
+ DPMJET 3.0 [110, 111] or STARLIGHT +PYTHIA8.2 [110, 112], passing them through a sim-
ulation of the CMS detector response based on GEANT4 [113], and then applying the same
reconstruction procedure as for the data. In order to estimate this contamination in the MB
sample, the number of events surviving different event selections are determined. Event rates
obtained by applying the PV plus cluster compatibility filters are used as a baseline. The HF
coincidence filter is then applied in data and simulations, but with varying requirements on
the number of towers and their energies. This variation is needed because the simulations do
not include UPC events. Any differences seen between the data and MC distributions with the
varying HF filters imply the presence of remaining UPC contamination in the MB sample. This
allows for the determination of the best HF coincidence filter to remove the overwhelming ma-
jority of the UPC events and also to estimate the remaining EM contamination. A STARLIGHT

sample simulating photoproduction events (including only single photon events) was used for
the efficiency determination. For Run 2 PbPb collisions, only 0.8% of the EM events survive
the selection criteria. The total expected photoproduction cross section in PbPb collisions at
5.02 TeV is 34 b, implying an EM contamination cross section of 0.27 b. Using the MB event
selection efficiency of 98%, combined with the hadronic cross section of 7.7 b, gives 7.5 b of
hadronic events. The ratio of the 0.27 b of EM contamination and the total hadronic plus EM
cross section of 7.77 b implies that the EM contamination in the selected MB sample is about
3.5%.

2.5 Centrality determination in nucleus-nucleus collisions

The degree of overlap of two colliding nuclei (called “centrality”), or equivalently their trans-
verse impact parameter (b), is a critical component in the study of HI collisions. Many proper-
ties of the interaction vary significantly with centrality. These include the shape of the overlap
region (varying from lenticular for peripheral collisions to roughly spherical for central ones)
and its size (or equivalently the number of participating nucleons, Npart). Other quantities of
interest include the average distance each nucleon traverses while passing through the other
nucleus, from which one can calculate the average number of interactions per nucleon and the
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total number of binary nucleon-nucleon (NN) collisions, Ncoll. The nuclear overlap function,
TAA, is then defined as Ncoll divided by the inelastic NN cross section σinel

NN . The value of TAA can
be interpreted as equivalent to the NN integrated luminosity per HI collision. These quantities
are essential for comparing data from different collision systems or different experiments, and
also for comparing data to theoretical calculations. The quantitative measure of centrality is
defined as the percentage of the total inelastic hadronic nucleus-nucleus cross section, with 0%
corresponding to full overlap and 100% corresponding to the nuclei just barely missing each
other. Values of b, Npart, and Ncoll cannot be experimentally measured, and so they need to be
deduced from the data using Glauber Monte Carlo models [114, 115]. To obtain these values,
experiments rely on other observables, such as the multiplicity of outgoing particles (or the
energy in the forward region), which are roughly proportional to Npart.

2.5.1 Glauber Monte Carlo model

The Glauber MC model estimates geometric quantities such as Npart, Ncoll, and the impact pa-
rameter. This method is used by experiments at both RHIC and the LHC [115] and is related
to, but distinct from, the original so-called “Glauber model”, which first used a variation of the
optical model of scattering theory to analytically derive the properties of collisions of protons
with nuclei (as described in Ref. [114] and references therein). The Glauber MC model first
assumes that, at ultrarelativistic energies, individual nucleons in one nucleus carry enough
momentum to not be deflected as they traverse the other colliding nucleus. The collisions are
assumed to happen over such a short time scale that there is no movement within the nuclei, so
the constituent nucleons move in independent linear trajectories parallel to the beam direction.
Finally, nucleons from opposite nuclei are assumed to interact if their relative transverse dis-

tance is less than the “ball diameter”, i.e., D =
√

σinel
NN /π, where σinel

NN is the inelastic hadronic
NN cross section at the NN center of mass energy. With these hypotheses, a MC model can
be used to find values for the interaction cross section of the two nuclei, as well as Npart and
Ncoll, in terms of the basic NN interaction. Individual events in the MC involve randomly
distributing the nucleons within each nucleus and then following their trajectories.

The probability density used to place the nucleons is based on Woods–Saxon distributions (i.e.,
Fermi–Dirac distributions applied to describe the nuclear density),

ρ(r) = ρ0
1 + w(r/R)2

1 + exp ( r−R
a )

, (1)

where ρ0 is the nucleon density in the center of the nucleus, R is the nuclear radius, a is the skin
depth, and w represents the deviation of the nucleus from a spherical shape. For 208Pb nuclei,
the parameter ρ0 is an overall normalization and w is equal to zero. The impact parameter of
the collisions is distributed by using dN/db ≈ b, considering a bmax around 20 fm. A new
parameter is introduced to require a minimum inter-nucleon distance between the centers of
the nucleons. Specifically, nucleons are distributed on a uniform 3-dimensional lattice with a
minimum nodal separation dnode = 0.4 fm. In this way, the position of each nucleon is deter-
mined stochastically, event-by-event, and the geometric quantities are estimated by averaging
over multiple events.

2.5.2 Centrality determination

The primary detector for centrality determination is the HF, which covers the forward rapidi-
ties 3 < |η| < 5.2, as described in Section 2.1. The transverse energies on both sides of this
detector are summed to give a variable that is monotonically increasing with charged-particle
multiplicity.



20

This sum of transverse energy ET in the HF calorimeters was the default centrality variable
during Runs 1 and 2 [103]. A set of ET boundaries was determined, which divided the full HF
distribution into 200 centrality bins, corresponding to centrality classes of width 0.5% of the
total inelastic hadronic cross section. The bin boundaries are calculated from a sample of MB
events with the trigger and event selections applied. To consider the event selection efficiency
and possible EM and UPC contamination, a HYDJET MC simulation [109] was used for events
with HF ET less than a threshold, above which the HF ET distributions for the data and HYDJET

MC have identical shapes. The MC distribution is scaled to match that of the data in the high
ET (central collision) region by minimizing the χ2 goodness-of-fit. This scaled MC distribution
can then be used to determine centrality bins in the low-ET (peripheral collision) region, where
inefficiencies and/or EM contamination can distort the distribution in data. The centrality class
for a selection of events is given as a range in percentage of the total inelastic hadronic cross
section.

The dependence of the charged-particle multiplicity density at midrapidity on the centrality
class is shown in Fig. 6. As expected, the multiplicity increases monotonically with increasing
overlap of the two nuclei (i.e., decreasing centrality percentage). Note the logarithmic scale
for the y axis, indicating that the multiplicity increases more rapidly as the collisions get more
central.

Figure 6: Charged hadron multiplicity density evaluated at η = 0 (dNch/dη|η=0) as a func-

tion of centrality class in PbPb collisions at
√

s
NN

= 2.76 TeV from the CMS (solid circles)
and ALICE [116] (open squares) experiments. The inner green band shows the measure-
ment uncertainties affecting the scale of the measured distribution, while the outer grey
band represents the full systematic uncertainty, i.e., affecting both the scale and the slope.
(Figure adapted from Ref. [106].)

The number of pixel hits is also considered in the centrality determination. Having the same
monotonic dependence as the energy measured in the HF, this quantity provides a good cross-
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check. In addition, the ZDC detector is used to test the quality of both variables. The total
energy in the ZDC is correlated to the number of spectator neutrons released in the interaction,
thus providing a variable that is correlated (anti-correlated) with the multiplicity of events in
peripheral (more central) events [114].

2.5.3 Uncertainties in centrality determination

The two major contributions to the centrality uncertainties are from the Glauber model pa-
rameters and the estimate of the event selection efficiency. The uncertainties in the Glauber
parameters are extracted by using the procedure described in Ref. [115], where Glauber MC
samples were produced with varying values of the parameters. The systematic uncertainties in
the four input parameters to the Glauber MC calculation are shown in Tables 4 and 5 for PbPb
collisions at 5.02 TeV, whereas similar conclusions hold for the other

√
s

NN
.

Table 4: Input parameters and their uncertainties for the PbPb 5.02 TeV Glauber Monte
Carlo [117].

Glauber parameter Value and uncertainty

R (nuclear radius) 6.68 ± 0.02 fm
a (skin depth) 0.447 ± 0.01 fm
dnode 0.4 ± 0.4 fm

σinel
NN 67.6 ± 0.6 mb

Table 5: Geometric quantities and their systematic uncertainties averaged over centrality
ranges in PbPb collisions at 5.02 TeV.

Centrality interval 〈Ncoll〉 〈Npart〉 〈TAA〉 ( mb−1)

0–5% 1737 ± 32 (1.8%) 382.3 ± 1.5 (0.4%) 25.70 ± 0.47 (1.8%)
5–10% 1379 ± 27 (2%) 331.5 ± 1.2 (0.36%) 20.40 ± 0.40 (2%)
0–10% 1558 ± 28 (1.8%) 356.9 ± 0.9 (0.25%) 23.05 ± 0.42 (1.8%)
10–20% 973.1 ± 20.6 (2.1%) 262.3 ± 1.3 (0.49%) 14.39 ± 0.30 (2.1%)
20–30% 594.7 ± 14.8 (2.5%) 188.2 ± 1.4 (0.75%) 8.798 ± 0.219 (2.5%)
30–40% 346.4 ± 10.8 (3.1%) 131.0 ± 1.4 (1.1%) 5.124 ± 0.159 (3.1%)
40–50% 187.7 ± 7.2 (3.8%) 87.19 ± 1.30 (1.5%) 2.777 ± 0.107 (3.8%)
50–80% 50.37 ± 2.52 (5.0%) 33.82 ± 0.81 (2.4%) 0.7452 ± 0.0373 (5.0%)

0–100% 381.9 ± 27 (2.0%) 113.7 ± 0.8 (0.67%) 5.649 ± 0.123 (2.2%)

2.6 Event classification methods in pp and pPb collisions

For pp and pPb collision data, an event selection similar to that described for PbPb events was
adopted. The integrated values for the combined trigger and event selection efficiency for pPb
collisions at 5.02 TeV are 90.7% based on EPOS LHC [118] simulations, and 95.0% when using
HIJING v2.1 [119], both with a systematic uncertainty of 3%.

In pp collisions, the events are characterized by bins in Noffline
trk , which is the multiplicity of

high-purity quality tracks within |η| < 2.4 and pT > 0.4 GeV. To mitigate effects from back-
grounds, a reconstructed track was considered as a primary-track candidate if the transverse
impact parameter significance (the value divided by its uncertainty) and the significance of the
separation between the track and the best reconstructed PV along the beam direction both have
an absolute value less than 3. In order to remove tracks with poor momentum estimates, the
relative uncertainty of the momentum measurement was required to be less than 10%.



22

Table 6: Fraction of MB triggered events after event selections in each multiplicity bin, and the
average multiplicity of reconstructed tracks per bin with |η| < 2.4 and pT > 0.4 GeV, before
(Noffline

trk ) and after (Ncorrected
trk ) acceptance and efficiency corrections, for pPb and PbPb collisions

at 5.02 TeV and 2.76 TeV, respectively [105].

pPb data at 5.02 TeV PbPb data at 2.76 TeV

Noffline
trk bin Fraction

〈

Noffline
trk

〉 〈

Ncorrected
trk

〉

〈Centrality〉
〈

Noffline
trk

〉 〈

Ncorrected
trk

〉

± RMS (%)

[0, ∞) 1.00 40 50 ± 2
[0, 20) 0.31 10 12 ± 1 92 ± 4 10 13 ± 1
[20, 30) 0.14 25 30 ± 1 86 ± 4 24 30 ± 1
[30, 40) 0.12 35 42 ± 2 83 ± 4 34 43 ± 2
[40, 50) 0.10 45 54 ± 2 80 ± 4 44 55 ± 2
[50, 60) 0.09 54 66 ± 3 78 ± 3 54 68 ± 3
[60, 80) 0.12 69 84 ± 4 75 ± 3 69 87 ± 4
[80, 100) 0.07 89 108 ± 5 72 ± 3 89 112 ± 5
[100, 120) 0.03 109 132 ± 6 70 ± 3 109 137 ± 6
[120, 150) 0.02 132 159 ± 7 67 ± 3 134 168 ± 7

[150, 185) 4 × 10-3 162 195 ± 9 64 ± 3 167 210 ± 9

[185, 220) 5 × 10-4 196 236 ± 10 62 ± 2 202 253 ± 11

[220, 260) 6 × 10-5 232 280 ± 12 59 ± 2 239 299 ± 13

[260, 300) 3 × 10-6 271 328 ± 14 57 ± 2 279 350 ± 15

[300, 350) 1 × 10-7 311 374 ± 16 55 ± 2 324 405 ± 18

For pPb collisions, the HF calorimeters could, in principle, be used for a centrality measure-
ment in the same way as was done for PbPb collisions. However, this is not particularly useful
since simulations show that the correlation between the HF energy and the number of partici-
pating nucleons is extremely broad [120]. So, data for pPb collisions are, for the most part, also
binned in Noffline

trk . The average multiplicity values, 〈Noffline
trk 〉 and 〈Ncorrected

trk 〉, where the latter

are corrected for efficiency and acceptance, are listed in Table 6 for each Noffline
trk interval. A

number of analyses have attempted to compare pPb and PbPb results for similar system “size”
by using identical bins in Noffline

trk . Table 6 also shows the corresponding average PbPb collision
centrality (as determined by the total energy deposited in the HF calorimeters), as well as the
same average multiplicities in bins of Noffline

trk .

2.7 Tracking and vertex reconstruction

The CMS Collaboration uses two approaches for offline reconstruction of charged particles
in HI collisions. One employs an iterative approach based on the combinatorial Kalman fil-
ter (CKF), resulting in a set of tracks called “general tracks” [78], whereas the other method
uses a single iteration based on the pixel detector only, known as “pixel detector tracks” [121].
The first method, similar to the one applied in pp collisions, considers both strips and pixel
detectors, and covers the charged-particle transverse momentum region above a few hundreds
of MeV. The pixel detector tracking is designed to reach the lowest possible transverse mo-
mentum. It accomplishes this by having a very reduced rate of misreconstructed tracks as
compared to the general tracks, even in events with very high charged-particle multiplicities.

For PbPb data taken during Runs 1 and 2, the total efficiency ǫeff of the general tracks (track
reconstruction, and track selection), folded with the detector acceptance, varied as a function
of the collision centrality and the transverse momentum of the particles in the range 10–75%
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(lower values in central collisions and the low-pT region down to 0.5 GeV). Similar trends are
observed for pixel tracking with total efficiency in the range 15–70% for 0.3 < pT < 1.0 GeV.
For misreconstructed tracks, the general tracks have ǫmisID values (ratio between the number of
reconstructed tracks that do not share more than 75% of their hits with a generator-level track
and the total number of reconstructed tracks) in the range 1–20% (higher in central collisions
and the low-pT region down to 0.5 GeV). Again, the results for pixel detector tracking are
similar, with ǫmisID values in the range 2–10% for 0.3 < pT < 1.0 GeV. The performance for pp,
pPb, and XeXe data samples is similar, especially when comparing events with similar track
multiplicity, as described in Refs. [78, 122].

In Run 1, the general track collection in PbPb collisions was built using a variation of the it-
erative tracking procedure used for pp data, including modified code and a different number
of steps in the algorithm, as described in Ref. [123]. As described in Ref. [78], the analyses in
Run 2 used the same code for track reconstruction for all colliding systems, as well as almost
the same number of iterations. An exception to this similarity is the algorithm dedicated to re-
constructing tracks whose origin was significantly displaced from the PV, e.g., particles created
in heavy-flavor hadron decay. However, the PbPb collision environment is considerably differ-
ent from that found in “typical” pp collisions with an average PU of 20, being much denser in
number of tracks (details are given in Sections 2.6 and 4.1). Therefore, the tracking parameters
used in the algorithms shared with pp analysis needed to be tuned for PbPb collisions in order
to have a good performance in terms of CPU time, storage, tracking efficiency, and the rate of
misreconstructed tracks. The sharing of algorithms between the various colliding systems is
very important because now all the developments implemented for pp collisions are generally
incorporated for PbPb data taking and vice-versa. This commonality will become increasingly
important since a central PbPb collision has a track density similar to that which will be created
by PU in pp collisions in future high-luminosity LHC running.

The offline PV reconstruction used in CMS analysis is based on a two-step procedure: vertex
finding using a deterministic annealing algorithm to produce clusters of tracks coming from
the same interaction vertex, followed by vertex fitting using the adaptive vertex fit to com-
pute the best estimate of the vertex position and the corresponding parameters of its associated
tracks [78]. The main challenge in the vertexing procedure is to avoid vertex merging and split-
ting (combining two independent vertices into one, or generating two separate vertices out of
a single collision). Compared to the method used for pp collisions, an additional track pT

requirement (pT > 1 GeV) was applied for the 20% most central PbPb collisions, with no addi-
tional selections added for other centrality classes. This requirement was used to reduce vertex
merging and splitting in central PbPb collisions, while maintaining high vertex reconstruction
efficiency in peripheral collisions.

2.8 Muon reconstruction

Final states containing muons are important components of many HI physics analyses, includ-
ing studies of quarkonia and electroweak bosons. The excellent performance of the CMS muon
detection system enables the reconstruction and identification of muons with high efficiency
and accuracy over a wide momentum range [81, 82, 124]. Details regarding the performance
of CMS muon reconstruction across collision systems during Run 2 can be found in Ref. [125].
This section summarizes the main findings related to offline muon reconstruction, stressing the
challenges arising in the high-multiplicity HI collision environment.

Similar tracking algorithms [82] are employed for all collision systems in Runs 1 and 2 as men-
tioned in Section 2.7. Based on the output of track reconstruction in the silicon tracker (“tracker



24

track”) and in the muon system (“standalone muon track”) independently, muons are recon-
structed following two complementary approaches. In the “tracker muon” reconstruction,
muons correspond to extrapolated tracker tracks matching at least one segment (local tracks
built within each CSC or DT chamber) in the muon system; while the “global muon” recon-
struction combines standalone muon tracks with hits from tracker tracks via an outside-in fit
procedure [81, 82]. Muon candidates are then fed into the PF algorithm [83] for a complete
description of all individual particles per event, as discussed in Section 2.1. The nominal muon
detection acceptance of the CMS apparatus is defined by the minimum momentum needed to
traverse the material in front of the first muon detector layer. As shown in Figure 7, the pT

threshold is about 3.2 GeV for |η| . 1 and decreases to about 0.5 GeV for 2.0 . |η| < 2.4. This
variation results from the increase of the longitudinal momentum component with pseudora-
pidity.

Muon reconstruction is found to be highly efficient from pp to pPb to PbPb collisions, with the
exception of the highest multiplicity PbPb events, particularly those with more than about 1000
tracks [125]. The tracker muon approach is inherently more efficient than the global one at low
momentum since the latter starts from a standalone track reconstructed with segments in two
or more muon detector layers. However, the inside-out approach has disadvantages that are
amplified in HI events. Because all of the tracker tracks are propagated to the muon system as
potential muon candidates, the reconstruction efficiency—including the matching with muon
detector segments—degrades with the occupancy in the silicon tracker layers. Moreover, most
of low-pT muons only reach the innermost station and thus only match one segment. This in-
creases the probability of misidentification from charged hadrons either produced promptly in
the collision or by hadron showers developed within the HCAL. These effects are dramatically
enhanced with the large number of pions produced in nucleus-nucleus collisions. For Run 1
and 2 analyses of PbPb collision data, this misidentification rate was partially mitigated by
selecting muon objects reconstructed as global muon tracks, at the cost of a reduced fiducial
region for the measurements, as shown in the right panel of Fig. 7. This selection is comple-
mented by a set of identification criteria called hybrid-soft muon ID, a version of the soft muon ID
optimized for HI events [125]. Those two sets differ mainly in the addition of the global muon
requirement and the removal of the selection of high-purity quality tracks [78] for hybrid-soft
ID. The physics analyses use the soft muon identification to select low-pT (<20 GeV) muons in
pp, pPb, and ultraperipheral PbPb collisions, and the hybrid-soft version for hadronic PbPb
events.

2.9 High-ET electron and photon reconstruction

Electrons are found by combining information from the ECAL with charged-particle tracks.
Photons are found using only ECAL information, but tracking information is also used to reject
electrons or other sources of misidentified photon candidates.

2.9.1 Electron reconstruction

The electron reconstruction uses information from the pixel and strip tracker as well as the
ECAL. Electrons traversing the silicon tracker can emit bremsstrahlung photons, which can
also deposit energy in the ECAL. This causes a significant spread of the signals in the azimuthal
direction. An algorithm for creating superclusters, which are clusters of signals from all parti-
cles passing through the ECAL, is used to estimate the proper energy of electrons and photons
in the HI environment [104].

For Run 1 data, a Gaussian-sum filter algorithm, which combines ECAL superclusters with in-
formation from the pixel and strip tracker considering the bremsstrahlung emissions, is used



2.9 High-ET electron and photon reconstruction 25

|ηGen |
0 0.5 1 1.5 2 2.5

 (
G

e
V

)
T

G
e

n
 p

1

2

3

4

5

6

 (
R

e
c
o

+
ID

)/
G

e
n

e
ra

te
d

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

pPb

Soft ID acceptance

Double muon trigger acceptance

CMS Simulation 

 (
R

e
c
o

+
ID

)/
G

e
n

e
ra

te
d

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

|ηGen |
0 0.5 1 1.5 2 2.5

 (
G

e
V

)
T

G
e

n
 p

0

1

2

3

4

5

6

PbPb

Hybrid-soft ID acceptance

 trigger acceptanceψJ/

CMS Simulation

Figure 7: Muon reconstruction and identification efficiencies as functions of the simu-
lated muon pseudorapidity and pT in pPb (left) and PbPb (right) collisions. The lines de-
limit the acceptance regions used for physics analyses: the red curves for measurements
not relying on a dedicated muon trigger while the green ones are for analyses using the
muon trigger information, i.e., for most of the quarkonia results presented in this paper.
(Figure adapted from Ref. [125].)

to reconstruct electrons [126]. Standard algorithms and identification criteria [127] were used
for pp and pPb data, resulting in a reconstruction efficiency of >95%. For PbPb collisions,
the electron reconstruction efficiency is smaller, approximately 85% for electrons from Z bo-
son decays with pT > 20 GeV and |η| < 1.44, because the tracking algorithm optimized for
high-multiplicity events has a lower track reconstruction efficiency than that used for pp col-
lisions [128]. The requirements used to reduce background (Ref. [127] contains the variable
definitions) include selections on: the energy-momentum combination between the superclus-
ter and the track, the η and φ spatial matching between the track and the supercluster, the
supercluster shower shape width, the hadronic leakage (the ratio of energy deposited in the
HCAL and ECAL, H/E), and a transverse distance of the closest approach to the measured PV.
These selections eliminate most of the background while reducing the single-electron efficiency
by only about 10 (5)% in PbPb (pp) collisions.

For Run 2 PbPb data, electrons are identified as ECAL superclusters [129] matched in posi-
tion and energy to tracks reconstructed in the tracker, using the PF algorithm as discussed in
Section 2.1. The electrons must have pT > 20 GeV and their supercluster must be within the
acceptance of the trigger, |η| < 2.1. The reconstruction efficiency is >95%, whereas a multi-
variate discriminant, optimized using the TMVA package [130], selects electrons with a work-
ing point corresponding to 90% identification efficiency and 80% rejection of misreconstructed
electrons [129].

2.9.2 Photon reconstruction

In analyses using Run 1 and Run 2 data, photons are reconstructed offline in PbPb collisions
using an island energy clustering algorithm [104] that is optimized for high-multiplicity HI
events. The island algorithm builds ECAL superclusters in two steps:

• Defines clusters by adding energy of adjacent reconstructed hits in the ECAL using
some building stopping criteria (e.g., if the corrected energy of reconstructed hits is
below some threshold or if the hits were already included in other clusters);
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• Combines the clusters from previous step into superclusters. The criterion for merg-
ing the clusters requires a minimum value of its transverse energy of 1 GeV and the
clusters should be located in a spatial strip of ∆η = 0.07 and ∆φ = 0.8.

The photon momentum is calculated with respect to the location of the reconstructed primary
interaction vertex. If multiple vertices are reconstructed, the vertex with the largest scalar sum
of the transverse momenta of the associated tracks is selected. For pp data, the island algorithm
is used for Run 1, while the global event description (GED) algorithm [84] is used for Run 2. The
GED uses a similar idea as the island method to build the superclusters [129]. It uses additional
variables with respect to the discrimination between converted and unconverted photons. In
addition, there are considerable differences in the procedure for applying corrections to the
energy of the clusters.

Additional criteria to reject electrons that are misidentified as photons and misidentified pho-
tons caused by highly ionizing particles interacting directly with the silicon avalanche photo-
diodes in the ECAL barrel readout are applied following the procedure described in Ref. [104].
Several additional criteria are applied: corrections for UE contamination and the effects from
the material in front of the ECAL, selections to eliminate high-pT hadron contamination, and
an isolation (I) requirement [131]. The latter one is defined as the sum of transverse energies
in the ECAL and HCAL (excluding the photon component) and the transverse momenta of all

reconstructed tracks with pT > 2 GeV inside the cone ∆R =
√
(∆η)2 + (∆φ)2 = 0.4. The effi-

ciency to detect isolated photons as a function of their transverse energy (E
γ
T ), extracted from

MC simulations, is shown in Fig. 8.
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2.10 Jet reconstruction

Jet reconstruction for CMS data takes PF objects as the input set of constituents for the iterative
recombination algorithms encoded in the FASTJET software package [88, 132]. The algorithm
can combine either the PF objects themselves or, instead, a set of objects modified by subtraction
of their UE contributions. The subtraction method used for HI collision data, which differs from
the approach taken for high-PU pp collisions, is detailed in Section 2.11.1.

The iterative recombination family of jet-finding algorithms takes as a starting point a set
of particles or particle “proxies” (such as calorimeter towers or PF objects). The algorithm
proceeds through all combinations of two entries in the list of input objects and determines
whether or not to merge a given pair by finding the minimum values of dij and diB, defined as

dij = min((pT,i)
2p, (pT,j)

2p)
∆R2

ij

R2
diB = (pT,i)

2p (2)

where pT,i is of particle i, ∆Rij =
√
(yi − yj)

2 + (φi − φj)
2 is the 2-dimensional distance between

the two objects in rapidity and azimuthal angle, R is the so-called “distance” parameter, and
the parameter p typically takes values of p = 1, p = 0, or p = −1. If min(dij) < min(diB), the
i-th and j-th objects are combined in a 4-vector sum, the resulting combination replaces the two
particles in the list, and the list of objects is scanned again. Otherwise, if min(diB) < min(dij),
object i is removed from the list as a final-state jet. Iterations continue until the list is exhausted,
and the set of objects removed using the diB criterion contains the resulting jets.

The typical choices for the value of parameter p, p = 1, p = 0, and p = −1, correspond to the
kT, Cambridge–Aachen, and anti-kT algorithms, respectively. The kT algorithm preferentially
clusters soft particles nearby in η and φ, the Cambridge–Aachen one clusters the closest parti-
cles irrespective of their momentum, and the anti-kT choice preferentially clusters the hardest
particles with all nearby particles. As a result, anti-kT jets have a regular, cone-like shape.
For experimental reasons relating to background subtraction and energy calibration, anti-kT

is the preferred choice for jet reconstruction in HI data. In specific studies of jet substructure
(discussed in Section 5.3.3), jets originally clustered with the anti-kT may have their resulting
constituent set reclustered using another algorithm but, outside of this exception, the anti-kT

algorithm is used.

2.11 Treating the underlying event in physics object reconstruction

Compared to pp collisions, one of the primary additional challenges faced by HI analyses is the
large UE produced by the many binary NN collisions that occur when nuclei collide. As one
example, in order to extract the properties of the fragmenting hard-scattered parton generating
a jet, corrections must be made for the significant additional energy the UE can add to the
reconstructed jet. A similar problem occurs in pp collisions because of the high rates of PU,
requiring correction for the additional event activity produced. However, in PbPb collisions,
the additional activity/underlying event to be subtracted is

1. typically a much larger fraction of the signals of interest,

2. anisotropic in azimuthal angle due to collective flow (as discussed in Section 4.2),

3. originates from a volume comparable to the diameter of a Pb nucleus (≈10 fm), as op-
posed to being spread out across many vertices along the beam direction, which is the
case for PU in pp.
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2.11.2 Correcting for the UE in photon isolation

High-energy isolated photons are produced mostly in hard quark-gluon scatterings (in contrast
to nonisolated ones which arise from hadron decays and parton fragmentation) [140], and are
identified by the absence of other particles produced within a cone surrounding the photon
candidate. The presence of a large UE in PbPb collisions poses a challenge because of the
presence of many other soft processes. To determine the UE contribution around a photon
candidate, the local surroundings within a cone in pseudorapidity and azimuthal angle around
the centroid of the photon is examined to identify any hadronic activity that surpasses a specific
veto threshold (typically 5 GeV for isolated photon analyses).

When measuring I (see Section 2.9) in PbPb data, the UE contribution is removed by subtracting
the average value of the energy in a rectangular area with a length of 2∆R in the η-direction
around a photon candidate and a width of 2π in the φ-direction. However, no UE correction is
applied in pp data.

2.12 Heavy-flavor hadron reconstruction and identification

In HI collisions, heavy-flavor hadrons can be identified in several decay modes involving
charged hadrons (pions, kaons, and protons) and/or leptons. During Run 1, these heavy-flavor
hadrons were identified by performing a reconstruction step to identify a secondary vertex (SV)
that was the origin of the decay particles (without identifying them as pions, kaons, or protons).
This was followed by simple selections on individual topologically motivated variables. These
included the impact parameter of the reconstructed momentum vector of the decaying hadron
with respect to the PV, as well as the angle between that momentum vector and a line connect-
ing the PV and SV [141].

For Run 2, machine learning approaches started to be incorporated into the identification pro-
cedure. The primary method uses boosted decision trees (trained using simulations) from the
TMVA package. Unfortunately, systematic uncertainties in final results are dominated by un-
certainties from these ML procedures [142–144], primarily because the MC simulations used in
the training do not describe well the kinematics of heavy-flavor hadrons.

Similarly to heavy-flavor hadrons, the identification of b jets is based on kinematic variables
related to the relatively long lifetime and large mass of b hadrons. Indeed, heavy-flavor jet
identification techniques exploit the properties of the hadrons in the jet to discriminate between
jets originating from bottom or charm quarks and those originating from light-flavor quarks or
gluons. Several improvements have been made in heavy-flavor jet identification algorithms for
Run 2 data, including multivariate analysis developments. For jets with pT in the range found
in simulated top quark pair events, an efficiency of 70% for the correct identification of a b jet,
along with a probability of 1% of misidentifying a light-flavor jet, was achieved. The improve-
ment in relative efficiency is about 15% (at the same misidentification probability) compared
to previous algorithms [145]. Figure 12 shows the number of jets “tagged” as originating from
b quarks (referred to as “b-tagged jets”) in events progressively enriched with top quarks, i.e.,
going from no b-tagged jets up to a b-tagged jet multiplicity of 2 [146]. The application of so-
phisticated b-tagging algorithms is therefore found to enhance the signal (depicted with red in
Fig. 12) over background ratio in PbPb collisions, as is the case for standard pp analyses.
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3 The initial state of the collisions

This section discusses a number of measurements by the CMS Collaboration that constrain our
understanding of the initial state in pp, pPb, and PbPb collisions. The initial state comprises the
spacetime (or energy-momentum) distribution of parton and nucleon constituents just before
a collision. The large number of nucleons present in a HI, such as lead, gives rise to interesting
emergent properties of the initial state in high energy collisions. For example, a proposed
saturation of the parton density may have measurable consequences at energies achievable at
current accelerator facilities using HI probes. While the initial state of an isolated nucleon, or
a nucleon that exist within a nucleus, is of interest in its own right, this state has a profound
influence on the evolution of a nuclear collision, including the formation and properties of the
QGP created in PbPb collisions at the LHC.

Many CMS Run 1 and 2 measurements have helped define the initial-state properties relevant
for experiments at the LHC. Of particular interest are the small-x and high-x partonic distribu-
tions in protons and in nuclei. These measurements have also provided a test of the Glauber
model that is used to simulate the initial geometry of heavy ion collisions. Here, we highlight
the diverse experimental program, including a wide range of measurements designed to access
the properties of the initial state, extending from heavy EW boson and high-pT jet production
in hadronic collisions to heavy-flavor photoproduction in UPCs.

3.1 Constraining nuclear parton distribution functions with hard probes

Parton distribution functions (PDFs) are key quantities used in the description of the initial
state of a hadronic collisions. They describe the fraction x of the total momentum of an isolated
nucleon that each parton carries. When the nucleon resides within a nucleus, these distribu-
tions are known as nPDFs. Calculation of nPDFs from first principles is challenging because of
their intrinsic nonperturbative nature, so experimental input is required to establish reference
points at different values of x and of the momentum transfer scale, Q2. Global fits of these
reference data and the Dokshitzer–Gribov–Lipatov–Altarelli–Parisi (DGLAP) evolution equa-
tions [147–149] can then be employed to infer the values of nPDFs at a given value of x and Q2.
The accuracy of these fits and extrapolations is largely dictated by the precision and (x, Q2)
coverage of the input experimental data, meaning that high-quality precision measurements in
a large kinematic range are extremely valuable. Studies of EW boson production are examples
of such measurements.

Massive EW bosons, i.e., W and Z bosons, have lifetimes on the order of 0.1 fm and can decay to
final states that include highly energetic leptons. These leptons do not have a QCD color charge
and, consequently, do not interact strongly with other particles. Thus, massive EW bosons
and their decay products should be relatively unmodified by the existence of any hot nuclear
medium. Consequently, they encode information about the earliest stages of a HI collision
and can be used to constrain the corresponding nPDFs and, by extension, the collision’s initial
conditions.

The pPb collision system is an ideal environment to carry out measurements of nPDFs using
EW bosons. One advantage of using proton-lead collisions is that one can use the better known
PDF of the proton to cleanly probe the “target” nuclear PDF. In PbPb collisions, a mixture
of two unknown nuclear PDFs is used, which makes the nPDF constraint less strong. The
asymmetric collision system provides access to two different regions of initial parton x for a
given value of |η|, greatly expanding the x coverage of several measurements as compared to a
symmetric collision system. We adopt the convention that positive η values indicate the proton-
going, or “forward”, side of the detector, i.e., the side that preferentially selects low-x partons
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Figure 13: The differential cross sections (left) and forward-backward ratio for decay muon
yields (right) for the process W+ → µ+νµ versus muon pseudorapidity in the center-of-mass
frame (ηCM). Black horizontal lines above and below the data points represent the quadrature
sum of statistical and systematic uncertainties, whereas the vertical bars show the statistical un-
certainties only. The NLO calculations with CT14 PDF, and CT14+nCTEQ15 and CT14+EPPS16
nPDFs are displayed, including their 68% confidence interval uncertainty bands. The ratios
of data, CT14+nCTEQ15 and CT14+EPPS16 with respect to CT14 are shown in the lower left
panel. A global integrated luminosity uncertainty of 3.5% in the cross section is not shown.
(Figure compiled from Ref. [150].)

in the target Pb nucleus. Similarly, negative η values denote the lead-going, or “backward”,
side which preferentially measures high-x partons in the target nucleus. During pPb collisions
at the LHC, there is an asymmetry in the per-nucleon energy in each beam that causes an
offset of 0.465 units of rapidity between the laboratory and nucleon-nucleon center-of-mass
reference frames. Results are presented as functions of the pseudorapidity ηCM and rapidity
yCM calculated in the center-of-mass frame. An additional benefit of pPb collisions is that they
typically have less event activity than AA collisions at a similar center-of-mass energy, allowing
more precise lepton identification and reconstruction.

At leading order (LO) in perturbation theory, W bosons are produced primarily through the
annihilation of quarks and antiquarks, e.g., ud → W+ and du → W−. Thus, measurements
of the W boson production can give access to the light quark and antiquark nPDFs. Addi-
tionally, the charge asymmetry of W boson production enables disentangling of the u and d
quark nPDF contributions individually. The left panel of Fig. 13 shows a measurement of the
differential cross section of W boson production in

√
s

NN
= 8.16 TeV pPb collisions as a func-

tion of the decay lepton ηCM [150]. The result is for the W+ → µ+νµ process. Also shown,
as shaded bands, are next-to-leading order (NLO) pQCD MC predictions calculated with the
MCFM v8.0 [151] program interfaced with the CT14 [152] free proton PDF, as well as the com-
bined CT14+EPPS16 [153] and CT14+nCTEQ15 [154] nPDFs. In general, the data agree better
with the predictions using nPDFs than with those using the free proton PDFs, with a slight
enhancement in the backward region and a suppression in the forward region. These trends
correspond to the “antishadowing” and “shadowing” [155] regions of the nPDF, respectively.
The results are consistent with earlier CMS analyses of W boson production in pPb collisions
at the lower collision energy of

√
s

NN
= 5.02 TeV [156].
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A more precise test of the nPDF predictions was performed by taking forward-backward ratios
of the yields of muons resulting from W boson decays to enable cancellation of systematic un-
certainties. This quantity is shown in the right panel of Fig. 13 for W+ bosons. The data clearly
favor models containing nuclear effects. Similar conclusions were reached with W− bosons.
The comparison of this measurement to various models is the first clear demonstration of the
nuclear modification of quark PDFs using EW bosons in nuclear collisions [150]. Because of
the unprecedented precision of these measurements (as can be seen by comparing the mea-
surement uncertainties to the model uncertainties in the right panel of Fig. 13), state-of-the-art
nPDF models such as EPPS21 [157], nCTEQ15WZ [158], nNNPDF3.0 [159], and TUJU21 [160]
have all incorporated these results into their global fits to extract the parton densities in heavy
nuclei.

The production of oppositely charged lepton pairs via qq annihilation in the s-channel through
the exchange of a Z boson or virtual photon γ∗ is known as the neutral Drell–Yan (DY) process.
Like W boson production, this process is sensitive to quark nPDFs. The upper panel of Fig. 14
shows a measurement of the differential cross section of DY dimuons as a function of their
invariant mass for pPb collisions at

√
s

NN
= 8.16 TeV [161]. This measurement probes a large

range of invariant mass from 15 to 600 GeV. A clear peak in the data can be seen, corresponding
to the Z boson mass. For DY dimuons in this mass range, a measurement of the cross section as
a function of the dimuon rapidity shows features similar to those observed for W bosons, i.e.,
enhancement compared to the CT14 PDF in the backward antishadowing region and suppres-
sion in the shadowing region. The forward-backward ratio of this cross section as a function of
dimuon rapidity |yCM| is shown in the lower right panel of Fig. 14 for a mass selection around
the Z boson peak (60 < mµ+µ− < 120 GeV). The error bars represent the total measurement

uncertainties. Theoretical predictions from the POWHEG NLO [162, 163] generator using the
CT14 [152] free proton PDF, as well as the CT14+EPPS16 [153] and CT14+nCTEQWZ [158]
nPDFs, are shown by blue, red, and green boxes, respectively. The data strongly deviate from
the CT14 prediction for large values of |yCM| but are consistent with the nPDF models. Simi-
lar trends were observed in earlier CMS measurements of Z boson production in 5.02 TeV pPb
collisions [164]. The precision of the measurement is better than the nPDF model uncertain-
ties, including the nCTEQWZ model, which was already updated to include the previously
discussed CMS W boson data. Thus, the DY data are expected to further improve the under-
standing of quark and antiquark nPDFs.

At lower invariant masses, the dynamics of the DY process are increasingly dictated by vir-
tual photon exchange and, therefore, probe a region of lower x and energy scale Q2 compared
to the production of Z or W bosons. For the first time in collisions of nuclei, similar cross
section and forward-backward ratio measurements were performed in a lower mass region of
15 < mµ+µ− < 60 GeV, as shown in the lower left panel of Fig. 14. Although the precision of

the measurement does not currently allow for strong constraints of the various models, these
measurements represent an important step towards expanding the kinematic region in which
the DY process can be used to understand nPDF effects. For example, Ref. [160] found that
the inclusion of next-to-NLO (NNLO) corrections can significantly increase the ability of nPDF
models to describe these low-mass data.

The production of top quark pairs in nuclear collisions probes the gluon nPDFs at high-x, and is
therefore complementary to EW boson measurements primarily probing quark PDFs [165]. The
first observation and evidence of top quark production in pA and AA collisions, respectively,
was performed by the CMS collaboration [146, 166]. As displayed in Fig. 15, the measured
cross section is consistent with the expectations from scaled pp data, as well as pQCD calcu-
lations at NNLO, with soft gluon resummation at next-to-next-to-leading logarithmic (NNLL)
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a hard, colorless probe, such as the Z boson. The agreement of these data with HG-PYTHIA im-
plies that, even if binary scaling of hard probes production is correct, the absence of final-state
effects does not guarantee an RAA of unity for very peripheral collisions, which in turn could
affect the interpretation of similar measurements of color-charged particles. Therefore, this de-
viation from unity cannot be interpreted as violation of binary scaling, but instead points to
additional selection effects in peripheral collisions which must be accounted for in addition to
Ncoll scaling [175].

Figure 21 shows a comparison of the CMS 5.02 TeV PbPb collision Z boson data with EW boson
measurements from the ATLAS [181] and ALICE [182] Collaborations at the same collision en-
ergy. To remove overall scale and isospin effects and to allow for comparison of the centrality
dependence of the measurements, each data set has been normalized such that the most cen-
tral point equals unity. A scale uncertainty common to all points in a data set, resulting from
the normalization by the most central data point, is not shown on the figure. These uncertain-
ties are 3.7% (CMS Z/γ∗), 3.2% (ATLAS Z/γ∗), 4.1% (ATLAS W+), 3.9% (ATLAS W−), 9.6%
(ALICE W+), and 7.5% (ALICE W−). For the data shown here, TAA values calculated with
TGLAUBERMC v3.2 (as opposed to the earlier v2.4) are used by all experiments to ensure a
fair comparison. A difference in the trends of the CMS Z [179], and ATLAS Z and W data is
apparent. The rising trend in the peripheral ATLAS data has been interpreted as a shadowing
of the total NN cross section [183], which is a key input parameter in MC Glauber simulations.
This interpretation is not consistent with the CMS Z and ALICE W boson results.

In summary, from these measurements of EW bosons it is clear that the Ncoll-scaling hypoth-
esis, which is a key component of interpreting observables such as RAA, is well supported in
the 0–40% centrality range. In the 40–90% centrality range the situation appears to be more
complex. Although the Ncoll scaling hypothesis cannot be definitely refuted in this centrality
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Figure 22: Forward jet differential cross section, where forward jet is in the proton-going di-
rection, as a function of jet energy in pPb collisions at 5.02 TeV. The kinematics of the collision
allows to probe the small-x wave function in the Pb nucleus with a high-x parton from the
proton. This measurement is compared with different Monte Carlo event generators, EPOS-
LHC [118], HIJING [119], and QGSJETII-04 [189] (left) and predictions of the KATIE [190] and
AAMQS [191] saturation models (right). (Figures adapted from Ref. [192].)
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Figure 23: (Left) Forward jet differential cross section, where the forward jet is in the Pb-going
direction, as a function of the jet energy in pPb collisions at 5.02 TeV. The kinematic properties
of the collision probe the small-x wave function of the proton with a high-x parton from the Pb
nucleus. The data are compared with different Monte Carlo event generators: EPOS-LHC [118],
HIJING [119], and QGSJETII-04 [189]. (Right) The ratio of the inclusive jet cross sections; the
numerator (denominator) of the ratio corresponds to the case where the jet is measured in the
proton-going (Pb-going) direction. (Figure adapted from Ref. [192].)
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diffractive pPb collisions, as presented in Figs. 22 and 23. The experimental uncertainty of this
measurement is dominated by the jet energy scale calibration for jets in CASTOR. Also, since
CASTOR lacks segmentation in η, other effects add to the uncertainty, such as the merging of
particles from beam-beam remnants or two jets being merged into a single jet at the detector
level. Comparisons with numerous MC event generators involving different saturation models
show that none of the studied models can describe all the features observed in the experimen-
tal data. The saturation-based MC predictions shown on the left panel of Fig. 22 are consistent
with the data within the uncertainties for the absolute cross sections (this is for small-x evo-
lution for the proton). Since the measurement is dominated by experimental uncertainties, a
ratio of the pPb and Pbp systems is also reported. This ratio allows for large cancellations of
correlated experimental uncertainties, with the trade-off that one is comparing systems with
different rapidity boosts with respect to the laboratory frame. With this in mind, one can read-
ily see that the predictions from MC-generated events cannot simultaneously describe the cross
section ratio and the absolute cross sections. After the publication of this measurement, the the-
ory interpretation has been further refined. In Ref. [193], an updated set of predictions were
presented. Such a set of predictions includes the contribution of virtual 1 → 2 splittings in the
forward region, as well as an improved modeling of forward jets from multiple parton-parton
interactions. The jets from those mechanisms merge with the forward jets from the hard scatter-
ing in the forward region due to the coarse calorimeter granularity of CASTOR, so accounting
for them has an important numerical effect in the prediction. This is all in addition to small-x
nonlinear evolution of interest. As seen in Fig. 24, where the theory predictions from Ref. [193]
are compared to the data, the prediction with these additional contributions lead to a better
agreement with the pPb data.

The advantage of measuring jets in the forward region is that it allows for the use of similar
experimental techniques as previously employed in dijet studies at central pseudorapidities.
From the theory point of view, the use of collinear PDFs (i.e., PDFs with impact parameter and
momentum degrees of freedom integrated) is also well justified. The challenge in the very for-
ward region comes from the contribution from other higher-order corrections and nonpertur-
bative corrections that are not related to the initial state in order to arrive at a clean theoretical
conclusion, as discussed in the previous paragraph. Thus, additional probes of small-x nuclear
structure are needed. A complementary study involves measuring exclusive final states, as
discussed in the next section.
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3.4 Photoproduction of vector mesons

In ultraperipheral collisions (UPCs) of HI collisions, where the impact parameter of the two col-
liding nuclei is greater than the sum of the two nuclear radii, hadronic interactions are highly
suppressed compared to central collisions and the strong electromagnetic fields surrounding
the nuclei give rise to γγ and γA interactions. Such electromagnetic fields are highly Lorentz-
contracted and can be treated as linearly polarized quasi-real photons with a flux that depends
on the square of the electric charge of the emitting nucleus [194, 195]. These quasi-real photons
can fluctuate into a quark-antiquark pair, essentially a color dipole, that interacts with the target
nucleus or proton via two-gluon color-singlet exchange. The quark-antiquark pair eventually
hadronizes into a vector meson (VM). These interactions are usually classified depending on
whether the projectile photon interacts with the target ion as a whole (coherently) or if it inter-
acts with a single nucleon inside the ion (incoherently). Coherent photoproduction of heavy
VM is of particular interest given that at lowest order in pQCD, the cross section is directly
proportional to the square of the gluon PDF of the target at small x [196, 197]. The mass of
VMs sets an energy scale large enough to be studied in the framework of pQCD. In addition, at
LHC energies, coherent photoproduction of VMs opens a special window to the poorly known
low-x region, allowing studies of shadowing effects towards the high energy limit of QCD.

To probe the internal structure of the proton at small x, one can study the exclusive photo-
production of VMs, using the lead ion electromagnetic field as a source of quasi-real photons.
The CMS experiment has studied the exclusive photoproduction of Υ(nS) and ρ0 mesons in
pPb collisions at

√
s

NN
= 5.02 TeV [198, 199]. The advantage of using different VMs is that

they give different effective sizes of the color dipoles probing the structure of the proton (or
nucleus), which have different sensitivities to potential nonlinear evolution effects at small-x
and low Q2. If nonlinear evolution effects are present, they are expected to also depend on the
probe. Thus, they should manifest differently for a variety of VMs as well. The general anal-
ysis strategy relies on the identification of the two oppositely-charged particles from the VM
decay in an otherwise empty detector. Additional exclusivity criteria are also applied using the
HF calorimeters, requiring energy deposits to be below noise thresholds in order to suppress
contributions from nondiffractive hadronic interactions. The signal is separated from the main
background (for example, the QED continuum) by fitting the dimuon invariant mass distribu-
tion of two charged particles. These raw signal yields contain contributions from different pro-
cesses, such as coherent (where the emitted photon interacts with the whole nuclear “target”)
and incoherent (where the γ interacts with individual nucleons) photoproduction of VM, and
also and also VM resulting from resonance decay feed-down. The coherent (incoherent) photo-
production have characteristically low (high) dimuon transverse momentum distributions, so
their individual yields can be separated by means of multidimensional template fits.

The advantage of using asymmetric pPb collisions for these measurements is that one can (to
a great extent) unambiguously unfold the cross section in the laboratory frame to the cross
section in the photon-proton center-of-mass frame. The center-of-mass energy of the photon-
proton system (Wγp) is strongly correlated with the parton momentum fraction x: smaller
(larger) Wγp corresponds to high x (small x). This mapping allows for more direct compar-
isons between measurements at the DESY HERA in electron-proton collisions with those at the
LHC in pPb collisions. Indeed, in Figs. 25 and 26, one can see a comparison of the photopro-
duction cross section at HERA and at the LHC. Notably, this is one of the few instances where
one can compare cross sections from completely different colliding configurations in the same
plots. It is observed that the CMS measurements complement the kinematical reach of the
ones by HERA and from the LHCb experiment. The measurements have been compared with
calculations based on BFKL, DGLAP, and BK evolution equations. It seems that, within the
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√
s

NN
= 2.76 TeV measured by ALICE [201, 202] and CMS [203]. Data are

compared with the leading twist [204] and the impulse approximation [204, 205] predictions.
The leading twist approximation is a perturbative QCD calculation that takes into account nu-
clear shadowing effects from multinucleon interference. (Figure adapted from Ref. [203].)

experimental sensitivity, no clear distinction between the nonlinear and linear evolution can be
established with these measurements alone. These data in principle can be used as input for
global collinear PDF fits [200]. They are expected to constrain the small-x gluon distribution
in the Q2 ≈ m2

VM region, complementary to the small-x reach at HERA. Information about the
distribution of gluons in impact parameter space can be obtained via the pT distribution of the
VM, as the two variables are Fourier conjugates. Thus, this process can be used not only to learn
about small-x evolution, but also how such evolution is linked with the spatial distribution of
partons within the proton or the nucleus.

A more promising way to establish if there is a manifestation of nonlinear evolution is by
using nuclei as targets instead of protons. As mentioned earlier in this section, the advantage
of the use of HIs is that the manifestation of nonlinear evolution effects can occur at lower
collision energies than what is expected in proton-proton collisions. Figure 27 shows the CMS
results for exclusive J/ψ production in PbPb collisions at

√
s

NN
= 2.76 TeV [203]. The calculation

labeled “impulse approximation” simply scales the prediction for γp collisions by the number
of nucleons, without any nuclear modification effects. The experimental cross sections are
significantly smaller than this simple prediction, demonstrating the presence of strong nuclear
modification effects that suppress the cross section relative to pure scaling expectations. The
CMS acceptance in rapidity for low-pT J/ψ particle production is complementary to that of
the ALICE experiment [201, 202]. This measurement demonstrates that there is a suppression
relative to calculations that include pure scaling due to the larger number of nucleons in PbPb
collisions. However, in order to establish if this shadowing is a result of nonlinear evolution at
small-x, one has to do the mapping from the laboratory-frame cross sections to the γA center-
of-mass frame. Unfortunately, unlike the asymmetric pPb collisions case, in a symmetric PbPb
collision either ion can be the emitter or the target nucleus, hence it is (at face value) not possible
to identify the contributions from low- and high-energy photons. One can make educated
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Figure 28: The left panel shows the correlation between energy distributions of the Minus
and Plus ZDC detectors (one entry per event), while the right panel shows a multi-Gaussian
function fit to the Minus ZDC energy distribution. The different “peaks” in the ZDC energy
distribution can be assigned to different forward neutron multiplicities, the first peak is detec-
tor noise, which corresponds to no detected neutrons, the second peak can be associated with
one neutron, and so on. (Figures adapted from Ref. [208].)

guesses in certain kinematical regions (for example, at central rapidities one can extract an
average of the high energy and low energy photon contributions). However, if we want to do
a comparison as is done for γp collisions, some additional input is needed.

Indeed, it was proposed in Refs. [204, 206] that one can set additional constraints in a way
that makes it possible to obtain cross sections in the γA frame. Such additional constraints are
obtained by detecting forward neutrons emitted by virtue of the deexcitation of giant dipole
resonances of the Pb nuclei [207]. These giant dipole resonances take place as a consequence
of additional soft-photon interactions between colliding ions, which are absorbed by the HI.
When the excited HI relaxes, it is accompanied by the emission of forward collinear neutrons.
This phenomenon is well-known from low-energy nuclear physics, and it turns out that it can
be exploited in order to tag certain geometrical configurations of the colliding lead ions at the
LHC. Indeed, the more “central” (smaller impact parameter) the UPC is, the more likely it is to
have additional soft-photon emissions. Thus, by directly counting the number of neutrons in
the forward region, one is effectively filtering UPCs in a way analogous to the centrality classi-
fication in conventional head-on PbPb collisions. To detect these forward neutrons, dedicated
calorimeters are installed in PbPb collisions, known as the Zero Degree Calorimeters (ZDCs)
with an acceptance of |η| > 8.3, with a ZDC located on either side of the interaction point.
The neutron multiplicity is determined by the energies deposited in the ZDCs [208]. For single
neutrons, the relative energy resolution of each ZDC is 22–26%, while the detection efficiency
is close to 100% in simulated events [209]. Based on neutron peaks observed in the total ZDC
energy distribution, as shown in Fig. 28, coherent J/ψ meson photoproduction events are clas-
sified as having no neutrons (0n) or with at least one neutron (Xn, X ≥ 1) in each ZDC.

The measured coherent J/ψ meson photoproduction differential cross sections with and with-
out neutron selection over the rapidity range 1.6 < |y| < 2.4 are reported in the left and right
panels of Fig. 29, respectively [210]. Theoretical results based on the leading twist approxima-
tion (LTA) [206] and color dipole models [211] are also shown for comparison. The leading
twist approximation [206] is a pQCD calculation that accounts for nuclear shadowing effects
using multinucleon interference. In each neutron multiplicity class, the LTA predictions tend to
be lower than the CMS results. For the case of no neutron selection (AnAn), the data follow the
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an important milestone for this probe at the LHC. The energy dependence of exclusive VM
production in the γA frame exhibits a strong suppression relative to the behavior expected from
scaling the γp cross section, which is qualitatively expected from parton saturation. However,
the global trend cannot be easily described by the predictions of the existing theory. A goal of
small-x evolution studies is to develop clear evidence for gluon density saturation. While the
measurements are consistent with models that include saturation effects, further studies are
needed to understand if such nuclear suppression is indeed from the expected short-distance
mechanism of gluon recombination.
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4 Bulk properties and novel phenomena

Understanding the bulk thermodynamic and hydrodynamic properties of the QGP formed in
ultrarelativistic heavy ion collisions is crucial for gaining insights into the fundamental degrees
of freedom of this medium and its transport dynamics. This section reviews studies of the bulk
properties of the QGP by the CMS Collaboration. The results are based on measurements that
use the large pseudorapidity coverage of the CMS detector. Charged-hadron densities and the
correlations among particles widely separated in pseudorapidity are presented and discussed
in context of the initial-state geometry. Measurements employing femtoscopy techniques of
the size and shape of particle emitting sources at the last stage of the system evolution are also
performed for different collision systems and LHC energies. Searches for novel phenomena
related to chiral anomalous transport effects are also reviewed.

4.1 Initial-state entropy and energy densities

The multiplicity and energy distributions of the primary charged particles (discussed in Sec-
tion 2.1) that emerge from HI collisions are basic observables that inform on the initial entropy
and energy density and the medium evolution. At lower energies, these rapidity distribu-
tions are generally consistent with Landau hydrodynamics [219]. The LHC experiments can
test if a hydrodynamic description continues to be valid at TeV energies. In an early measure-
ment, CMS established the η dependence of charged-particle production in PbPb collisions at√

s
NN

= 2.76 TeV [106]. For the 5% most central collisions, a charged-particle density per unit of
pseudorapidity (dNch/dη) of 1612± 55 was found. This value is consistent with a similar mea-
surement by the ALICE Collaboration [116], and is twice the value found at RHIC [220]. The
left panel of Fig. 31 shows the scaled charged-particle densities (dNch/dη)/(Npart/2) as func-
tion of η for different centrality ranges, where dNch/dηis the charge particle density and Npart

is the number of nucleons that participate in the collisions. The η dependence of the results is
weak, varying by less than 10% over the range |η| < 2.4. The slight dip at η = 0 is a trivial (Ja-
cobian) kinematic effect resulting from the use of η rather than rapidity y for the independent
variable. This dip is absent in the dET/dη distribution (right panel of Fig. 31), where ET is the
measured transverse energy. This latter distribution can be described by a Gaussian function
of width ση = 3.4 ± 0.1 for central collisions, which is larger than predicted by Landau hydro-
dynamics. Indeed, none of the standard LHC event generators, including AMPT, HYDJET, and
EPOS, have been able to fully describe either the measured charged-particle multiplicity or the
transverse energy distributions [106, 221, 222]. That means that the new LHC results provide
important constraints on models and generators that characterize multiparticle production in
HI collisions at high energies.

In order to further study the system size dependence of particle density distributions, we have
measured dNch/dη values in the smaller XeXe system [221]. The per-participant multiplicities
for XeXe and PbPb collisions with similar 〈Npart〉, and consequently corresponding to different
centrality classes, are inconsistent in the two collision systems, as shown in Fig. 32 (left). This
is most apparent for 〈Npart〉 ≈ 236. However, as shown in Fig. 32 (right), where 〈Npart〉/2A
is used as a proxy for centrality, the per-participant charged-hadron multiplicities for different
colliding nuclei are equal within uncertainties when the geometry (centrality) and energy of
the compared systems are the same. This mirrors a lower-energy result obtained at RHIC that
the particle production is dependent on the collision geometry in addition to the system size
and collision energy [223].

Figure 33 shows the dependence on the center-of-mass energy per nucleon pair
√

s
NN

of the
charged-particle multiplicities (left panel) at midrapidity (η = 0). The AA results from CMS,
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4.2 The paradigm of a nearly perfect liquid

In a noncentral HI collision, the overlap region has a lenticular initial shape, and the interacting
nucleons in this region are known as “participants”. The “participant plane” is defined by
the beam direction and the short axis of the participating nucleon distribution. Because of
fluctuations that arise from the finite number of nucleons, the impact parameter vector typically
does not coincide with the short axis of this lenticular region. Strong partonic rescatterings of
the system may lead to local thermal equilibrium and the build-up of anisotropic pressure
gradients, driving a collective expansion that is anisotropic with a faster expansion along the
short axis of the lenticular overlap region. As a result, the eccentricity of the initial collision
geometry translates in an anisotropic azimuthal distribution of the final-state particles. This
final-state anisotropy is typically characterized by the Fourier harmonic coefficients (vn) in the
azimuthal angle (φ) distribution of the hadron yield,

dN/dφ ∝ 1 + 2 ∑
n

vn cos[n(φ − Ψn)], (4)

where Ψn is the event-by-event azimuthal angle of the event plane, defined as the direction of
maximum final-state particle density. The second-order Fourier component (v2) is known as the
“elliptic flow” harmonic, and its event plane angle Ψ2 corresponds, approximately, to the short
axis direction of the lenticular region. Because of event-by-event fluctuations, higher-order
eccentricities can also arise, leading to higher-order Fourier harmonics (vn, n ≥ 3) in the final
state with respect to their corresponding event plane angles, Ψn [26]. In hydrodynamic models,
the vn coefficients are related to the response of the QGP medium to the initial geometry and its
fluctuations [26]. As such, these Fourier components can provide insight into the fundamental
transport properties of the medium.

A wide η coverage gives the CMS Collaboration an opportunity to correlate particles with large
η difference and thus significantly suppress short-range correlations. Taking this advantage
extensive studies have been performed of the particle anisotropy developed through collective
flow using several techniques based on particle correlations over a wide phase space [123, 230–
234] to extract the vn coefficients. These techniques include utilizing correlations of two-particle
pairs over long ranges in η [230, 231, 233, 234] and the scalar-product or, in earlier studies, event
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plane method that correlates individual particles in one region of phase with an event plane
angle Ψn established in another [123, 232]. Correlations among multiple particles (four or
more), known as the ”cumulants,” have also been studied. These multiparticle correlations are
particularly sensitive to event-by-event fluctuations of the vn coefficients [123, 232]. Measure-
ments of event-by-event v2 probability distributions provide a direct means to constrain the
elliptic-flow fluctuations [235]. Collectively, the particle correlation studies have played a vital
role in constraining the initial state and transport properties of the QGP medium, leading to
the paradigm of a nearly perfect QCD liquid formed in ultrarelativistic nuclear collisions.

4.2.1 Transport properties and ripples in the QGP

η∆
-4

-2

0

2

4

 (radians)

φ∆

0

2

4

φ
∆

 dη
∆

d

p
a

ir
N

2
d

 
tr

ig
N
1 51.0

51.5

 = 2.76 TeVNNsCMS PbPb  
-1

bµ = 120 intL

0-0.2% centrality

 < 3 GeV
trig

T
1 < p

 < 3 GeV
assoc

T
1 < p  (radians)φ∆

0 2 4

φ
∆

d

p
a

ir
d
N

 
tr

ig
N

1

51.0

51.5

52.0

Sum

∆1V

∆2V

∆3V

∆4V

∆5V

∆6V

| > 2η∆|

Figure 34: The 2D (left) and 1D ∆φ (right) two-particle correlation functions for 1 < pT < 3 GeV
in 0–0.2% central PbPb collisions at

√
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NN
= 2.76 TeV. (Figures adapted from Ref. [233].)

Two-particle correlations provide a powerful means to study quantitatively the collective anisotropy
of final-state particles from HI collisions. In this section we review results based on two-particle
correlations to demonstrate how transport properties of the QGP can be constrained by exper-
imental data. Each pair of particles can have its constituents chosen from the same or different

pT ranges, denoted as p
trig
T (or “trigger”) and passoc

T (or “associated”), within the CMS tracker
acceptance of |η| < 2.5. The two-dimensional (2D) two-particle correlations as functions of the
relative pseudorapidity (∆η) and azimuthal angle (∆φ) between the two particles of a pair is
given by

1

Ntrig

d2Npair

d∆η d∆φ
= B(0, 0)

S(∆η, ∆φ)

B(∆η, ∆φ)
, (5)

where Ntrig is the number of trigger particles in an event and Npair is the total number of hadron
pairs for the event. The signal distribution, S(∆η, ∆φ), is constructed by taking particle pairs
from the same event, while the background distribution, B(∆η, ∆φ), is obtained by pairs of par-
ticles taken from different events with similar topology. The ratio B(0, 0)/B(∆η, ∆φ) represents
the correction for pair-acceptance effects.

Figure 34 (left) shows the two-particle correlation function for both particles with 1 < pT <

3 GeV in 0–0.2% central PbPb events at
√

s
NN

= 2.76 TeV. On the near side (∆φ ∼ 0) of the
correlation function, a long-range structure extending over the entire ∆η region is evident.
This feature of long-range rapidity correlations has been observed across multiple centrality
ranges [230, 231], corresponding to different initial size and geometry of the system. The
one-dimensional (1D) ∆φcorrelation function is shown in Fig. 34 (right) with a requirement of
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|∆η| > 2 to exclude noncollective effects from other sources of correlations, such as jet frag-
mentation. By fitting the 1D ∆φcorrelation function by a Fourier series (as indicated by dashed
curves),

1

Ntrig

dNpair

d∆φ
∝ 1 +

∞

∑
n=1

2Vn∆(p
trig
T , passoc

T ) cos(n∆φ), (6)

with Vn∆(p
trig
T , passoc

T ) being the two-particle Fourier coefficients. Assuming that Vn∆(p
trig
T , passoc

T )
can be factorized into a product of single-particle, global vn coefficients (as defined in Eq. (4)),
as both particles share a common event plane Ψn [236],

Vn∆ = vn(p
trig
T ) vn(passoc

T ). (7)

Hence, the anisotropy flow coefficients as functions of pT can be extracted.
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Error bars denote the statistical uncertainties, while the shaded color bands correspond to the
systematic uncertainties. (Figures adapted from Ref. [233].)

The single-particle azimuthal anisotropy coefficients, from v2 to v6, as functions of pT extracted
in 0–0.2% central PbPb collisions at

√
s

NN
= 2.76 TeV, are shown in Fig. 35 (left). Different

orders of vn harmonics show very different dependences on pT. At low pT (pT < 1 GeV),
the v2 harmonic coefficient that corresponds to an elliptical anisotropy has the greatest mag-
nitude. However, this coefficient becomes smaller than the v3 coefficient at pT ≈ 1 GeV, and
even smaller than the v5 coefficient for pT > 3 GeV. This intriguing pT dependence can be
used to quantitatively constrain hydrodynamics models of HI collisions with fluctuating initial
conditions.

The pT-averaged vn values from 0.3 to 3.0 GeV are presented in Fig. 35 (right) as functions of n
up to n = 7, and compared with hydrodynamic model calculations [237]. As the collisions are
extremely central, the initial eccentricities for all orders are mostly driven by event-by-event
participant fluctuations and are of similar values [237]. Therefore, the diminishing vn values
towards higher orders reflects damping effects of viscous dissipation (typically characterized
by the shear viscosity to entropy density ratio, η/s, which is a dimensionless quantity [26]) that
tends to suppress higher-order deformations more strongly. As shown in Fig. 35 (right), the
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CMS vn data for all orders except for n = 2 lie between the two hydrodynamic calculations
with only differences in initial-state models (MC-Glauber and MC-KLN) and η/s values (0.08
and 0.2). The ‘tension’ for n = 2 has been largely resolved in more recent calculations with
improved modeling of the initial state [238]. Therefore, these studies have imposed a stringent
constraint on the allowed η/s value for the QGP. The observed value, in the range 0.08–0.2,
suggests that the QGP behaves like a nearly perfect liquid (close to the theoretical lower bound
by quantum fluctuations of η/s = 1/4π [239]) with little frictional momentum dissipation.

4.2.2 Direct constraints on initial-state fluctuations

As a consequence of the initial geometry fluctuations, flow harmonic magnitudes vary signifi-
cantly event-by-event. This is also the case for the elliptic flow v2 coefficient that, for noncentral
events, has its origin in the shape of the overlapping area of the colliding nuclei. The second-
order eccentricity ǫn of the medium responsible for the azimuthal particle density asymmetry is
affected by fluctuations of participant positions in the colliding nuclei which, in turn, results in
fluctuations in the observed v2 values. Different methods for measuring azimuthal anisotropy,
which essentially have different ways of averaging anisotropy over many events, give different
v2 values. Comparison of flow coefficients measured by different methods is a direct probe of
the initial-state conditions.
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Figure 36: Representative final unfolded p(v2) distributions (closed black circles) in three cen-
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black squares) are shown to illustrate the statistical resolution present in each centrality bin
prior to unfolding. Distributions are fitted with Bessel-Gaussian and elliptic power functions
to infer information on the underlying p(ε2) distributions. (Figure adapted from Ref. [235].)

The CMS Collaboration has directly studied the probability distribution functions of the mag-
nitudes of the vn values, p(vn), through an unfolding technique [235]. The particles within
an event are used to construct the “observed” p(vobs

2 ) distributions, while residual contribu-
tions from multiplicity-related fluctuations and nonflow effects are estimated and subtracted
by considering p(vn) difference between two symmetric subevents based on pseudorapidity.
This difference should not contain “real” flow, given that v2(η) is symmetric about η = 0, on
average, for the symmetric PbPb system.

Figure 36 shows the p(v2) distribution in PbPb collisions for three centrality classes. In ad-
dition, p(vobs

2 ) distributions are plotted for each centrality to illustrate the statistical resolution
effects present prior to unfolding. The elliptic power and Bessel–Gaussian parametrizations are
used to fit the data (a discussion of the parameterizations can be found in Ref. [240]). The ellip-
tic power χ2/dof values vary between 0.8 and 1.5 from central to peripheral collisions, while
the Bessel–Gaussian χ2/dof values vary between 3 and 9. Both models assume linear response
between eccentricity and flow, with p(ǫ2) = k2 p(v2), but only the elliptic power function al-
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lows for a nonzero skewness (asymmetry of the distribution), hence being able to better fit the
data. The k2 parameter of the elliptic power function is expected to have only a weak depen-
dence on the initial conditions and the measured value is consistent with the hydrodynamic
calculation with Glauber initial conditions and an η/s value of 0.19 [240].

In addition to PbPb results, a short run with Xe nuclei in 2017 gave the LHC experiments a
chance to probe the scaling of the hydrodynamics and initial-state effects with system size.
Fluctuations of the initial state are proportional to A−1/2, where A is the atomic mass, and,
therefore, one can expect a larger fluctuation component for XeXe collisions than for PbPb
collisions [241]. However, the viscosity, which tends to decrease the azimuthal anisotropy, is
thought to be proportional to A−1/3 [242] and is, therefore, also expected to be larger for XeXe
collisions. Also, the quadrupole deformation of the Xe nuclei can cause two colliding systems
in the same centrality class to have different geometries.
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Figure 37: Centrality dependence of the v2, v3, and v4 harmonic coefficients from two-particle
correlations method for 0.3 < pT < 3.0 GeV for XeXe collisions at

√
s

NN
= 5.44 TeV and PbPb

collisions at 5.02 TeV. The lower panels show the ratio of the results for the two systems. Theo-
retical predictions from Ref. [243] are compared to the data. The model calculation is done for
the pT range 0.2 < pT < 5.0 GeV. (Figure adapted from Ref. [244].)

Figure 37 compares the spectrum-weighted v2, v3, and v4 values with 0.3 < pT < 3.0 GeV for
the XeXe and PbPb systems. For all three harmonics, the XeXe values are higher in central
collisions, while the PbPb results become larger for more peripheral events. The ordering of
the measured harmonics between the two systems is consistent with participant fluctuations
having a dominant role in central collisions, and viscosity effects becoming more important
for mid-central and peripheral collisions. The largest difference between the two systems is
found for the v2 coefficients corresponding to the most central events, where the XeXe results
are larger by a factor of about 1.3. The hydrodynamic model calculations with Trento ini-
tial conditions [245] for both spherical and deformed Xe shape, performed for the pT range
0.2 < pT < 5.0 GeV, are shown in the lower panel. The xenon nuclear deformation is found to
only have a significant effect on the model v2 values for the most central collisions, where the
calculation with deformed nuclei is closer to the data. For all measured harmonics, the model
values lie below the experimental results, although qualitatively the behavior is similar.

4.2.3 A new window to the full (3+1)-dimensional space-time and dynamical evolution

It was thought originally that the factorization relation in Eq. (7) holds for correlations arising
from collective hydrodynamic flow, where emitted particles share a common event plane Ψn.



60

However, in a first analysis of its kind, the CMS Collaboration has observed and studied the
factorization breaking in anisotropic flow measurements using two-particle correlations [231].
Because of initial-state local fluctuations, the final-state event plane depends on the particle
kinematics, instead of being a global property of the phase space [246, 247]. Comprehensive
studies were conducted in Ref. [234], where the pT-dependent factorization ratio,

rn =
Vn∆(pa

T, pb
T)

√

Vn∆(pa
T, pa

T)Vn∆(pb
T, pb

T)
, (8)

served as a quantitative measure of the factorization breaking. This ratio probes the relative
fluctuations of flow vectors with particles from two different pT ranges [246, 247], denoted a
and b. Hence, if the factorization holds exactly, this ratio is expected to be unity. However, with
the presence of pT-dependent flow fluctuations, this ratio typically becomes smaller than 1.
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plicity in pPb and PbPb collisions. The lines represent different hydrodynamics calcula-
tions. (Figure adapted from Ref. [234].)

Figure 38 shows rn results for 2.5 < pa
T < 3.0 GeV and 0.3 < pb

T < 0.5 GeV in pPb and PbPb
collisions as functions of event multiplicity (the corresponding centrality scale for PbPb events
is shown by the upper x axis) [234]. Factorization breaking is clearly observed for both the
second and third harmonic. The r2 value deviates from unity by 2–5% for midcentral and
peripheral events, but suddenly increases to ≈20% for 0–0.2% centrality events. The r3 value,
in comparison, stays at a 2–3% level for the entire centrality range. For a similar multiplicity
range, the r2 value in pPb collisions is slightly higher than for PbPb collisions, but with the two
values within statistical uncertainties. An r3 value larger than 1, as found for low-multiplicity
pPb events, corresponds to the presence of nonflow effects. Alternative hydrodynamic model
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Figure 39: The pT-dependent factorization ratios, r2(pT), in very central (0–0.2% centrality)
PbPb collisions. The lines represent hydrodynamics calculations for different initial conditions
and different values of η/s. (Figure adapted from Ref. [234].)

calculations in PbPb collisions, using either MC-Glauber or MC-KLN initial conditions, are also
shown. Neither set of initial conditions leads to quantitative agreement with the data over the
entire centrality range, although the qualitative trend is reproduced.

For very central events, where the factorization breaking effect is the strongest, the calculations
using different values of η/s are compared to the data in Fig. 39 [234]. For each initial-state
model, the r2 values are found to be largely insensitive to different values of η/s. This ob-
servation, as well as the centrality dependence of the r2 values, is consistent with the flow
fluctuations in pT being driven primarily by local fluctuations in the initial energy density dis-
tribution. Thus, rn measurements can provide unique constraints on the initial-state modeling.

An equivalent approach for studying the pT-dependence of the event plane and factorization
breaking is the principal component analysis, where measured two-particle Fourier coefficients
as functions of pa

T and pb
T can be expressed in terms of an orthogonal basis of leading and

subleading flow modes, as detailed in Ref. [248].

Most of the earlier studies on collective flow have focused on the transverse expansion in the
midrapidity region. Leveraging the wide coverage of the CMS detector, the CMS Collabora-
tion has now explored the longitudinal dynamics of the QGP to establish, for the first time, a
full three-dimensional picture of the system evolution. By studying the decorrelation of flow
harmonic vectors measured at different rapidities, the CMS Collaboration aims to address two
key questions related to the (3+1)D dynamics of a QGP: (1) How is the initial entropy deposited in
3-D space, and how does it fluctuate event-by-event? (2) What is the role of the longitudinal pressure
gradient?

A rapidity-dependent event plane twist decorrelation has been predicted, as illustrated in
Fig. 40 (left). Based on a “wounded” nucleon model [249], particles in the forward rapidity
regions are predominantly produced from one of the projectile nuclei. As a result, the flow
orientation angle (or event plane) at forward and backward rapidities can be slightly twisted
event-by-event, creating a torqued QGP along the rapidity direction. Additionally, in the color
glass condensate model [250], fluctuating granularity of the gluon field at different rapidities
can also lead to rapidity-correlated flow fluctuations.

Rapidity-dependent flow decorrelations have been observed by the CMS Collaboration using

a novel observable based on two flow vectors, ~Vn(η
a) = vn(η

a) exp (−inΨn(η
a)) and ~Vn(η

b) =
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4.2.4 Nonlinear evolution and novel hydrodynamic observables

Developing precise constraints for the transport properties of the QGP is one of the principal
goals of the HI physics programs. While the v2 and v3 flow coefficients reflect the transport
properties, their values also depend on the initial-state geometry and its fluctuations. Addi-
tional observables are needed to disentangle the various contributions to these coefficients.

Higher-order flow coefficients vn with n ≥ 4 can arise from initial-state anisotropies in the
same-order harmonic (linear response) or can be induced by lower-order harmonics (nonlinear
response) [251–253]. Based on the notation of Eq. (4), complex anisotropic flow coefficients can
be defined for different harmonics n, with Vn = vn exp (inΨn). The Vn coefficients should not
be confused with the previously defined two-particle Fourier coefficients Vn∆. Expressed in
terms of their linear- and nonlinear-response components [251, 252],

V4 = V4L + χ422V2
2 ,

V5 = V5L + χ523V2V3,

V6 = V6L + χ624V2V4L + χ633V2
3 + χ6222V3

2 ,

V7 = V7L + χ725V2V5L + χ734V3V4L + χ7223V2
2 V3,

(10)

where VnL denotes the part of Vn that is not induced by lower-order harmonics [253–255], and
the χ are the nonlinear response coefficients. Each nonlinear-response coefficient has its asso-
ciated mixed harmonic, which is Vn measured with respect to the lower-order symmetry plane
angle. The VnL component can be obtained by subtracting the nonlinear term from Vn.

As one can see from Eq. (10), the nonlinear-response coefficients are dimensionless values that
are ratios of different flow coefficients. To illustrate, taking V5 as an example, if we multi-
ply both sides of the equation V5 = V5L + χ523V2V3 by the complex conjugate terms V∗

2 V∗
3 ,

and assume that the two terms on the right-hand side of this equation are uncorrelated [251],
χ523 can be expressed as V5V∗

2 V∗
3 /(V2

2 V2
3 ). Therefore, the nonlinear-response coefficients are

not strongly sensitive to the initial-state anisotropies [251, 252, 255, 256]. As a result, their ex-
perimental values can serve as unique and robust probes of hydrodynamic behavior of the
QGP [255].
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5.02 TeV, as functions of centrality. The results are compared with predictions from a hydro-
dynamics + hadronic cascade hybrid approach with the IP-Glasma initial conditions using
η/s = 0.095 [257] at 5.02 TeV and from iEBE-VISHNU hydrodynamics with the KLN initial
conditions using η/s = 0, 0.08, and 0.2 [252] at 2.76 TeV. (Figure adapted from Ref. [258].)

The nonlinear-response coefficients, χ422, χ523, χ6222, χ633, and χ7223 at 2.76 and 5.02 TeV are
presented as functions of centrality in Fig. 42. The results are also compared with the pre-
dictions from a hybrid model of hydrodynamics and a hadronic cascade that uses IP-Glasma
initial conditions with η/s = 0.095 [257] at 5.02 TeV and from iEBE-VISHNU hydrodynamics
with the KLN initial conditions using η/s = 0, 0.08, and 0.2 [252] at 2.76 TeV. All calculations
describe the χ422 centrality dependence well, but none of them give a good description of the
χ523 and χ7223 centrality dependences. The model calculations of χ7223 vary for the different
initial conditions and η/s values, which suggests that the measurement of χ7223 could provide
strong constraints on models.

4.3 System space-time evolution via femtoscopy

Femtoscopy is a powerful tool to infer the shape and size of the particle emitting region formed
in high-energy collisions by measuring two-particle correlation functions in terms of the mo-
mentum difference of particle pairs [259]. The method reflects the quantum statistics govern-
ing identical particles, i.e., Bose–Einstein correlations (BEC) for bosons (the situation for almost
all cases discussed in this section), or Fermi–Dirac correlations for fermions. Nevertheless, it
is also sensitive to final-state interactions, e.g., the Coulomb interaction for charged particles
or the strong force between emitted hadrons. This technique, originally proposed for esti-
mating stellar dimensions [260–262], was accidentally discovered in high-energy collisions in
1960 [263] and has since been applied to a multitude of different high-energy analyses, both
for small colliding systems, such as e+e−, pp, and for AA collisions, with the measurements
covering a wide energy spectrum. It was early thought that BEC data could provide a signature
of QGP formation [264] and this signature was searched for at the AGS, SPS, and RHIC [259].
In 2010, at the beginning of the LHC era, CMS made the first BEC correlation measurement
for pp collisions at

√
s = 0.9 and 2.36 TeV in terms of the 1D invariant relative momentum of
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particle pairs, qinv =
√

−(p1 − p2)
µ(p1 − p2)µ, with p1,2 being the individual four-momenta of

the particles in the pair, to establish the invariant radius Rinv [265].

In high-energy collisions, the femtoscopic correlation function can be defined by a single ra-
tio (SR) of signal over reference pair distributions, C(q) = [dNsig(q)/dq]/[dNref(q)/dq] =
SR, with [dNsig(q)/dq] constructed by pairing same-sign (SS) particles from the same event,
and [dNref(q)/dq] built as a reference sample (ideally containing all pair correlations that are
present in the signal sample, except for those arising from femtoscopic effects, such as quan-
tum statistics and final-state interactions). The most common form of defining this reference
distribution is by pairing particles from different events. In principle, the SR would yield a cor-
relation function containing femtoscopic effects only. In case of correlations involving charged
pairs, the Coulomb final-state interaction has to be taken into account. For pp collisions, the
approximation represented by the Gamow factor [265–267] can be employed to the final-state
charged hadrons. In addition, other effects may still distort the signal, such as minijets or reso-
nances, generically called background contributions [267], requiring additional techniques for
removing such spurious correlations. In CMS, several techniques have been adopted for this
purpose, with details given in Refs. [265–269].

For extracting the information about the effective source sizes revealed by the femtoscopic
technique, a function is fitted to the pair correlation function, which can be parametrized by a
generic Lévy stable distribution [270], as employed in Refs. [265–268],

CBE(qinv) = C[1 + λe−(qinvRinv)
α

] (1 + ǫ qinv). (11)

In Eq. (11), CBE(qinv) refers to the two-particle Bose–Einstein correlation, C is a constant; Rinv

and λ are the radius (also called the length of homogeneity) and intercept (correlation intensity)
parameters, respectively. The exponent α is the Lévy index of stability satisfying 0 < α ≤ 2.
If treated as a free parameter in the fit, α usually returns a number between the value charac-
terizing an exponential function (α = 1) and that for a Gaussian distribution (α = 2). More
details can be found in Ref. [270]. The additional term, linear in qinv and proportional to a fit-
ting constant ǫ, is introduced to account for possible long-range nonfemtoscopic correlations.
An example of a typical correlation function versus qinv is shown in Fig. 43 (left) for high-
multiplicity pp events at 13 TeV. This illustrates the Gaussian-type fit to the opposite-sign (OS)
(background-type contribution) correlation function and the exponential+background fit to the
SS correlation function that contains the BECs.

The results for the invariant source radius Rinv from a follow up measurement conducted in
2010 in pp collisions at 7 TeV [266] are shown in Fig. 43 (middle). The abscissa is the particle
multiplicity of the events, Ntracks, after correction for the detector acceptance and efficiency.
Figure 43 (middle) also shows the results from another analysis performed years later, employ-
ing the same analysis framework in terms of the 1D correlation function versus qinv, using data
from pp collisions at 2.76 TeV and a significantly larger sample of new data at 7 TeV [267]. The
data show a steady rise as the number of produced tracks increases, with no clear dependence
on the collision energy.

Simultaneously, another analysis was conducted, in pp collisions at different LHC energies, as
well as in pPb and peripheral PbPb collisions at

√
s

NN
= 5.02 and 2.76 TeV, respectively, using

a special tracker condition that allowed for identifying pions and kaons with high purity [267].
The resulting femtoscopic correlations of identified pions and kaons in different colliding sys-
tems and energies are shown in Fig. 43 (right). A continuous rise with multiplicity can also be
seen in this case, in a larger range of multiplicity in pPb and peripheral PbPb collisions.

More recently, an additional 1D analysis was performed for pp collisions at
√

s = 13 TeV that
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Figure 43: Left: Illustration of a typical BEC as functions of qinv, for pp collisions at 13 TeV,
for opposite-sign pairs (no BEC), used to estimate the background contribution, and for same-
sign pairs, together with the fits to both cases. (Figure adapted from Ref. [268].) Middle:
Results for femtoscopic correlations of unidentified charged hadrons from pp collisions at var-
ious LHC energies and in different multiplicity ranges. (Figure adapted from Refs. [266–268].)
Right: The plot shows results for identified pions (filled markers) and kaons (open markers)
for different colliding systems and at several LHC energies. The error bars correspond to the
statistical uncertainties, the colored boxes to the systematic uncertainties. The lines are cubic
spline interpolations, added to guide the eye. (Figure adapted from Ref. [267].)

covered a very wide range of particle multiplicities [268]. Tracks with pT > 0.4 GeV were
selected for events with multiplicities ranging from only a few tracks and up to 〈Ntracks〉 ∼ 250
charged particles. This is a range of event activity similar to that for pPb and peripheral PbPb
collisions. Recording such a large range in Ntracks in pp collisions was made possible with the
help of very efficient high-multiplicity triggers available at CMS [271]. The main motivation
for this study was to investigate if a continuous increase with Ntracks would be observed for
the femtoscopic radius Rinv, as expected from hydrodynamical models, or if the rise would
saturate at some point, as suggested by the CGC theory [272, 273]. Three different techniques
were employed to guarantee the independence of the results on the adopted analysis method,
all three returning compatible values for Rinv [268]. The results, illustrated using values from
one of the methods, are shown in Fig. 43 (middle) by the blue square markers. The values of
Rinv increase with multiplicity and seem to saturate at higher values of Ntracks, as suggested by
the CGC model [272, 273], although a continuous rise, as suggested by hydrodynamics, cannot
be dismissed.

The 1D investigation on the behavior of the invariant radius parameter was also conducted for

Rinv as a function of the average transverse momentum of the pair,~kT = (~pT,1 + ~pT,2)/2. This
study is important to explore the dynamics involved in the system evolution: a static system is

not expected to show a kT(= |~kT|) dependence, whereas such a dependence would be expected
for an expanding system subjected to flow. The results are shown in Fig. 44 for some of the
systems and energies mentioned above.

Figure 44 (left) shows results of Rinv as a function of kT for pp collisions at 2.76, 7, and 13 TeV.
In this plot the data points are shown at the average values of kT, taken in each bin of variable
width. The latter is shown for two ranges of multiplicity: the lower values corresponding to
events with multiplicity smaller than 80 tracks and the higher values to multiplicities greater
than 80 tracks. The results for identified pions from pPb collisions

√
s

NN
= 5.02 TeV are shown

in Fig. 44 (right). In this plot the data points are shown at the bin center. In all cases we see
that the values of Rinv decrease with kT, a behavior normally seen in data and more clearly
illustrated by the results from pp at 13 TeV. This behavior indicates that the system expands
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before decoupling.

In addition, an extension of the previous analyses was developed for investigating the source
in three different directions (3D case), in terms of the Bertsch–Pratt variables (RS, RL, RO) [259],
where RL is the component along the beam (longitudinal) direction, RO is transverse to RL

and parallel to the direction of kT and reflects different emission times, and RS is transverse to
the directions of both RL and RO. The results for these variables as functions of multiplicity
are shown in Fig. 45 for both unidentified charged hadrons from pp collisions (left) and for
charged pions from pPb collisions (middle). These radial components, in general, show similar
behavior as functions of Ntracks as in the 1D case. The right panel of Fig. 45 also illustrates the
behavior of (RS, RL, RO) versus kT (the data points are shown at the average values of kT, taken
in each bin of variable width). All three components tend to decrease with kT, as expected for
expanding sources.

Furthermore, the results for (RS, RL, RO) were found to be similar for pp and pPb collisions,
with RL > RS > RO in both cases [267]. However, in PbPb collisions, a different relation
is observed, showing similar values for the three variables, i.e., RL ≈ RS ≈ RO [267]. In other
words, the shape of the system formed in pp and pPb collisions is elongated in the longitudinal
direction, whereas the system formed in PbPb collisions is more spherical in shape.

The findings from femtoscopic correlation measurements performed in pp collisions at
√

s =
13 TeV demonstrate the complex and complementary behavior of the systems formed in such
collisions: under certain conditions they behave similarly to systems formed in high-energy
e+e− collisions. This is reflected in an anticorrelation (values of CBE below unity) seen in
the 1D double ratios away from the BEC peak, which is more pronounced in the lower mul-
tiplicity ranges [266–268]. This anticorrelation is usually quantified in terms of a model (τ
model [274, 275]), in which particle production has a broad distribution in proper time and
the phase space distribution of the emitted particles is dominated by strong correlations of the
space-time coordinate and momentum components. The depth of the anticorrelation has been
quantified [266–268] and shown to decrease with increasing 〈Ntracks〉 and kT (except for large
values of multiplicities, in this latter case). Although this observation in minimum bias pp col-
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lisions suggests that such a structure could be associated with small systems, a study of R−2
inv

versus the transverse mass of the pair mT =
√

m2 + k2
T [268] reveals a linear relation between

these two variables, reflecting expectations from hydrodynamics that the system formed un-
dergoes a strong expansion, which could be characterized by a Hubble-type flow, as found in
high-energy collisions of heavier systems. From this linear behavior a Hubble constant of the
collision [276] has been determined in two multiplicity ranges. The values found for minimum

bias events (Ntracks . 80), HMB = 0.298 ± 0.004 (stat) fm−1, and for high-multiplicity events

(Ntracks & 80), HHM = 0.17 ± 0.04 (stat) fm−1, remind of those obtained for peripheral and cen-
tral AuAu collisions at RHIC [277–280], respectively. A complete discussion can be found in
Ref. [268].

More recently, two-particle BEC functions have been measured in PbPb collisions at
√

s
NN

=
5.02 TeV in different centrality and transverse momentum classes [269], and compared to theo-
retical models based on parametric Lévy sources, incorporating the Coulomb effect [281]. The
value of the α parameter, describing the source shape, was found to be approximately 50%
larger than that found in 200 GeV AuAu collisions at RHIC [282]. This difference in the α val-
ues found at RHIC and LHC may stem from a larger mean free path at lower collision energies,
reflecting a larger deviation from normal diffusion (whose processes lead to a Gaussian distri-
bution) in systems formed at lower energies, resulting in a heavy tail; the further the deviation,
the heavier the tail, and the smaller is the α value. This is consistent with the observed cen-
trality dependence of α: it is closer to 2 in case of the most central collisions, and decreases
to values close to 1.6 for peripheral collisions. Moreover, it was found that the R parameter
(describing the homogeneity length, similarly to Rinv, and representing the final state) scales as
the cube root of the average number of participating nucleons in the collision, a proxy for the
initial size. Furthermore, a linear dependence of 1/R2 on the pair transverse mass mT was ob-
served. This is consistent with a hydrodynamic scaling, predicted for Gaussian sources. From
this linear dependence, the Hubble constant of the collisions was determined to increase from

0.11 fm−1 to 0.18 fm−1 from central to peripheral collisions, comparable to those values found
at RHIC [282] or in high-multiplicity pp collisions at

√
s = 13 TeV [268], as mentioned above.

Taken together, these results can be interpreted as the hadron emitting source having a shape
consistent with a Lévy distribution in 5.02 TeV PbPb collisions.
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Besides revealing valuable insights on the space-time dimensions of particle-emitting sources
created in high-energy collisions, as discussed above, femtoscopy has also been used in high-
energy experiments to extract parameters related to Coulomb and strong force final-state in-
teractions [259]. In particular, the strong force interaction scattering parameters, such as the
scattering length and effective range, can be extracted with this technique. For instance, fem-
toscopy of strange Λ baryons can add significant information about baryon-baryon interac-
tions and, depending on the values found for the scattering length and effective range, could
indicate the potential formation of exotic bound states, such as the H-dibaryon [283]. In addi-
tion, studies of K0

SK0
S and ΛΛ correlations offer information about the interactions of strange

hadrons, thus providing valuable guidance to model the composition of neutron stars [284–
286]. Different fitting functions and analysis procedures are adopted in this case (as discussed
in Ref. [287]). The CMS Collaboration conducted K0

SK0
S, ΛK0

S, and ΛΛ femtoscopy studies
using PbPb collision data at

√
s

NN
= 5.02 TeV [286]. The K0

SK0
S correlation is measured in six

centrality bins, covering the 0–60% range [287]. The source size extracted from the K0
SK0

S corre-
lation shows the expected decreasing trend from central to peripheral collisions. The negative
scattering length extracted from ΛK0

S correlations indicates that the strong interaction between
Λ and K0

S is repulsive. On the other hand, the positive scattering length extracted from ΛΛ

correlations indicates that the interaction between Λ particles is attractive and disfavors the
existence of a possible bound H-dibaryon state.

4.4 Searches for novel phenomena: chirality and electromagnetic properties

An object is chiral, either left- or right-handed, if it is not invariant under the parity (P) transfor-
mation. In a chiral system, the imbalance of right- and left-handed objects can be characterized
by a chiral chemical potential (µ5). It has been predicted that in a system of charged chiral

fermions with a finite µ5 value, an electric current density (
−→
Je ) can be induced when an exter-

nal magnetic field (
−→
B ) is applied, with the current density along the direction of the magnetic

field, with −→
Je ∝ µ5

−→
B . (12)

This phenomenon is known as the chiral magnetic effect (CME) [288, 289].

In relativistic nuclear collisions, the chiral symmetry is expected to be restored in a QGP, ren-
dering nearly massless or chiral quarks. If the topological solutions of the SU(3) gauge group
of QCD are chiral, they can transfer chirality to quarks via a chiral anomaly, forming local chi-
ral domains with finite µ5 values in the initial stage (more details in Ref. [290] and references
therein). Within each domain, there is an imbalance of right- and left-handed chiral quarks.
Meanwhile, extremely strong magnetic fields (B ∼ 1015 T) can be formed in noncentral HI

events, mostly by energetic spectator protons. The presence of the parity-even
−→
B field and

parity-odd µ5 is predicted to lead to an electric current along the direction of
−→
B , namely the

CME. Observing a CME signal in nuclear collisions would have profound impacts on many
aspects of fundamental physics, including the topological phases of QCD, chiral symmetry
restoration, and QGP evolution with strong electromagnetic fields. In this section, we review
the progress in searching for the CME in high-energy nuclear collisions made by the CMS Col-
laboration.
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4.4.1 Searches for chiral magnetic effects

The charge separation induced by the CME can be manifested as the first parity-odd (P-odd)
sine term (a1) in a Fourier decomposition of the charged-particle azimuthal distribution [291],

dN

dφ
∝ 1 + 2 ∑

n

{

vn cos[n(φ − ΨRP)] + an sin[n(φ − ΨRP)]
}

, (13)

where φ − ΨRP represents the particle azimuthal angle with respect to the reaction plane angle
ΨRP (determined by the impact parameter and beam axis), and vn and an denote the P-even
and P-odd Fourier coefficients, respectively. Experimentally, the ΨRP is approximated by the
second-order event plane, Ψ2, of the elliptic flow. As any P-odd term will vanish after aver-
aging over events, the most commonly investigated observable is an azimuthal three-particle
correlator, γ112, which measures

〈

a2
1

〉

[291],

γ112 ≡
〈

cos(φα + φβ − 2Ψ2)
〉

=
〈

cos(φα − Ψ2) cos(φβ − Ψ2)
〉

−
〈

sin(φα − Ψ2) sin(φβ − Ψ2)
〉

.

(14)
Here, α and β denote particles with the same or opposite electric charge sign and the angle
brackets reflect an averaging over particles and events. The first term on the right-hand side

of Eq. (14) becomes
〈

v1,αv1,β

〉

, which is generally small and independent of the charge [292],

while the second term is sensitive to the charge separation and can be expressed as
〈

a1,αa1,β

〉

.

By taking a difference between OS (where α and β have OS electric charge) and SS (where α
and β have SS electric charge) γ correlators,

∆γ ≡ γOS − γSS, (15)

all charge-independent effects are canceled.

Despite having a relatively simple observable, the existence of the CME in nuclear collisions
remained inconclusive after more than a decade of experimental searches. While observations
were consistent with the existence of a CME, these could also be interpreted as resulting from
background contributions, such as local charge conservation from resonance decays embed-
ded in an elliptic-flow background. Because of the nonperturbative nature of background pro-
cesses, theory is not able to provide a quantitative estimate of their importance. By applying
an approach based on control samples in data to control the signal strength, while keeping the
backgrounds constant, CMS has made two key contributions that have convincingly demon-
strated that the CME signal at LHC energies, even if it exists, is too small to observe.

High-multiplicity pp and pPb collisions have been shown to generate large final-state az-
imuthal anisotropies, comparable to those in AA collisions [34, 105, 293–298]. However, the
CME contribution to any charge-dependent signal is expected to be negligible in a high-multiplicity
pPb collision. As illustrated in Fig. 46 (left) based on MC Glauber calculations [174], while
the angle between the magnetic field direction, which is given approximately by the direc-
tion of the reaction plane (red arrow in the figure), and the event plane of elliptic anisotropy
(black arrow in figure) is strongly correlated in PbPb collisions, it is expected to be mostly
random in pPb collisions. Figure 46 (right) shows the correlation between the reaction plane
angle (ΨRP) and participant plane angle (ΨPP, approximating the event plane) in terms of the
distribution of cos(2(ΨRP − ΨPP)) for pPb and PbPb collisions. The event-averaged value of
cos(2(ΨRP − ΨPP)) is consistent with zero for pPb collisions, while a significant correlation is
observed for PbPb collisions. With a random field orientation, the CME contribution to any
charge-dependent signal is expected to be small in pPb collisions.
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4.4.2 Searches for chiral magnetic waves

The chiral magnetic wave (CMW) is a phenomenon similar to the CME. The chiral separation
effect (CSE) is a process where the separation of the chiral charges along the magnetic field
will be induced by a finite density of the initial net electric charges [305]. The coupling of elec-
tric and chiral charge densities and currents leads to a long-wavelength collective excitation,
known as the chiral magnetic wave [306]. It is worth noting that a lack of experimental evi-
dence for the CME [299, 301] does not necessarily imply the absence of the CMW effect, as the
CME requires an initial chirality imbalance from topological QCD charges, whereas a CMW
only requires an initial net electric charge density [305, 306]. Therefore, the CME and CMW
deserve independent experimental investigations.

The propagation of the CMW leads to an electric quadrupole moment, where additional posi-
tive (negative) charges are accumulated away from (close to) the reaction plane [305]. Follow-
ing a hydrodynamic evolution of the medium formed in AA collisions, this electric quadrupole
moment is expected to result in a charge-dependent variation of the second-order anisotropy
coefficient (v2) in the Fourier expansion of the final-state particle azimuthal distribution. More
specifically, the v2 coefficient will exhibit a linear dependence on the observed event charge
asymmetry [305], Ach ≡ (N+ − N−)/(N+ + N−), where N+ and N− denote the number of
positively and negatively charged hadrons in each event,

v2,± = vbase
2,± ∓ rAch. (17)

Here vbase
2,± represents the value in the absence of a charge quadrupole moment from the CMW

for positively (+) and negatively (−) charged particles, and r denotes the slope parameter. In
the presence of a CMW, the difference of v2 values between positively and negatively charged
particles would be proportional to Ach. Similar charge-dependent effects from the CMW are
not expected for the third-order anisotropy coefficient (v3) [307].

The normalized v3 difference, (v−3 − v+3 )/(v
−
3 + v+3 ), is derived as a function of true event

charge asymmetry (Atrue
ch ), obtained by correcting the observed value for the detector accep-
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D0 and D0 mesons as a function of rapidity to search for the effect of a possible strong Coulomb
field created by the collision participants [142]. The results, with an average value of ∆v

avg
2 =

0.001 ± 0.001 (stat) ± 0.003 (syst), are shown in Fig. 50. The expected magnitude for charged
hadrons is ∆v2 ∼ −0.001 [310], i.e., with the same magnitude, but with a different sign. This
indicates that there is no evidence that charm hadron collective flow is affected by the strong
Coulomb field created in ultrarelativistic heavy ion collisions. Significant improvements to
both statistical and systematic uncertainties for the ∆v2 measurement are expected with future
large data samples made possible with the upgraded CMS detector.
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4.5 Summary of results for bulk properties and novel phenomena

The CMS Collaboration has an extensive program for studying bulk properties of the QGP
medium formed in relativistic nuclear collisions and for exploring novel phenomena that can
test the fundamental underlying characteristics of the strong force. Common to these investi-
gations is the use of the extended phase space coverage of the CMS detector. In particular, full
azimuthal coverage over a large pseudorapidity range has enabled unprecedented precision in
measurements of particle densities and of the correlations among particles.

In the most central PbPb collisions, there is a significant increase in the charged-particle density
and average transverse energy per charged particle, as compared to the levels observed at
RHIC energies. This implies that a denser and hotter medium is formed, resulting in a longer
medium lifetime at the LHC than at RHIC.

Taking advantage of the wide η coverage in CMS, striking long-range collective particle cor-
relations are observed. Through detailed studies of elliptic and high-order Fourier coefficients
of these long-range azimuthal correlations, in terms of their pT and centrality dependence, the
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CMS data impose stringent constraints on the allowed value of the shear viscosity to entropy
density ratio (η/s), finding this value in the range of 0.08–0.2. This reaffirms that the QGP be-
haves like a “nearly perfect liquid” (i.e., close to the theoretical lower bound set by quantum
fluctuations), exhibiting minimal frictional momentum dissipation.

While it has been widely assumed that two-particle correlations can be factorized into the in-
dividual azimuthal dependence of each particle with respect to a common event plane, this
assumption has now been directly tested by the CMS Collaboration. A pT-dependent factoriza-
tion breaking is shown to have a strong sensitivity to the granularity of initial-state fluctuations,
while an η-dependent factorization breaking has, for the first time, enabled an exploration of
the longitudinal dynamics of the QGP and has allowed for a full three-dimensional picture of
the system evolution. In a separate measurement of global particle correlations, new observ-
ables of high-order Fourier coefficients involving linear and nonlinear components are studied.
In this case, nonlinear response coefficients are determined that are not strongly sensitive to the
initial-state anisotropies. As a result, these experimental values can serve as unique and robust
probes of the hydrodynamic behavior of the QGP.

Femtoscopy correlation tools have been employed by CMS to investigate the shape and size
of the particle emitting sources at the last stage of the system evolution, as produced in pp,
pPb, and PbPb collisions. In general, for different colliding systems and energies, the emitting
source sizes are found to increase with the event multiplicity and decrease with the average
momentum of the correlating pairs. These results are consistent with a picture of expanding
systems that follow a hydrodynamical evolution. In particular, it is found that for pp and pPb
collisions the systems are more elongated along the longitudinal direction, whereas for PbPb
collisions the system is more spherical in shape. Furthermore, CMS has found that the hadron
emitting sources in PbPb collisions at

√
s

NN
= 5.02 TeV can be described by a Lévy-type shape,

characterized by a parameter α that is about 50% larger than that found in
√

s
NN

= 200 GeV
AuAu collisions at RHIC. This difference in the α values found at RHIC and LHC may stem
from a larger mean free path at lower collision energies, reflecting a system at lower energies
departing further from a normal diffusion (for which the resulting distribution is Gaussian).
Similarities are found in the measured Hubble constant of the collision for low- and high-
multiplicity events in pp collisions at

√
s = 13 TeV with those measured at RHIC in peripheral

and central AuAu collisions at
√

s
NN

= 200 GeV, respectively. Femtoscopy studies of strange
particles, such as Λ baryons and K0 mesons are also reported. These yield information on the
strong interaction between strange hadrons.

In a system that is not invariant under a parity transformation (i.e., chiral), a charge current
can be induced by an external magnetic field, such as generated in the passage of two charged
heavy ions. In search of CME and CMW signals of the chiral behavior, the CMS Collaboration
has pioneered the application of small systems and a series of new observables to develop
unique constraints on background contributions to CME and CMW measurements. The results
unambiguously demonstrate that the CME and CMW signals in relativistic nuclear collisions
are too small to be observed at the LHC energies. The most stringent upper limit to date has
been set on the CME signal.
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5 Hard probes in heavy ion collisions and sensitivity to quark-

gluon plasma

In ultrarelativistic HI collisions, rare hard scatterings of the parton constituents of the nucleons
can produce a suite of energetic final states, known collectively as “hard probes”. Heavy-flavor
quarks, jets, photons, weak bosons, and even top quarks are all hard probes measured by CMS
during Runs 1 and 2 in PbPb and pPb collisions, as well as in pp collision data at the same
energy as the other two systems to be used as a reference. Produced predominantly during
the initial collision prior to the formation of the QGP, the production mechanisms and vac-
uum propagation of these particles are strongly constrained by studies in the experimentally
cleaner pp collision environment, with theoretical control via pQCD calculations. As a result,
hard probes can be used to tag the initial momentum scale of a hard scattering (in the case of
photons and similarly colorless probes), to determine the strength and nature of the medium
interactions (in the case of QCD color-charge carriers such as quarks and gluons), and thor-
oughly map the QCD medium interactions across a suite of topologies and kinematic extremes
(via jet substructure, the more-massive top quarks, and the highest-pT jets). The following
sections will provide detailed information about these and other phenomena, as studied with
CMS data.

5.1 Observations of parton quenching

The current section details the first observations of partonic energy loss, manifesting exper-
imentally as “quenching”, using inclusive jet production dominated by hard-scattered light
quarks and gluons. Observations of enhanced dijet asymmetry, transverse momentum imbal-
ance, and the suppression of both jet and high-pT hadron spectra with respect to pp data are
discussed.

5.1.1 Dijet asymmetry and relative energy loss

The suppression of high-pT hadrons, indicating modifications to hard-scattered partons in-
duced by the QGP, was initially observed at RHIC by both the PHENIX and STAR experi-
ments [315, 316]. With the start of beams at the LHC and data taking by general-purpose
experiments with nearly 4π calorimetric coverage, the study of partonic energy loss with fully
reconstructed jets became possible. The first observations by ATLAS [317] and CMS [103] were
of a substantial, centrality-dependent enhancement of dijet asymmetry (AJ), defined as

AJ =
pT,1 − pT,2

pT,1 + pT,2

, (18)

where pT,1 corresponds to the highest pT jet (“leading jet”) in the event and pT,2 corresponds to
the second-highest pT jet (“subleading jet”) in the event. In pp collisions, AJ is typically used
for jet energy calibration and observed dijet pairs with significant transverse momentum asym-
metry, after accounting for effects such as finite jet energy resolution and initial-state/final-state
radiation, typically indicate the presence of a third jet to conserve the transverse momentum
of the system [318]. However, as shown in calorimeter event displays, such as the example in
Fig. 51, frequently there is no such compensating third jet present in PbPb collisions. Instead,
an energetic leading jet is observed back-to-back in azimuthal angle with a substantially less
energetic subleading jet, and no third jet is visible in the event display by inspection.

Subsequent studies of dijet pairs produced in PbPb collisions quantified the magnitude and
centrality dependence (Section 2.5) of the observed enhancement in AJ. Figure 52 shows AJ as
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Figure 52: The AJ distributions for jet pairs with a leading jet of pT,1 > 120 GeV and subleading
jet of pT,2 > 30 GeV, presented for different event centrality classes. The dijet pair is required
to fulfill a back-to-back requirement in azimuthal angle of ∆φ1,2 > 2π/3. Black filled points
represent the PbPb data, while the red hatched histogram shows the PYTHIA+HYDJET simula-
tion results. The open blue circles in the upper left panel are the results from

√
s = 2.76 TeV pp

collisions, acting as an unquenched reference in conjunction with the simulations. Vertical bars
represent statistical uncertainties only. (Figure adapted from Ref. [319].)

where the index i is the ith reconstructed track in the event, pi
T its transverse momentum, φi its

azimuthal position, and φleadingJ is the azimuthal position of the leading jet. Note that by this
definition, particles in the direction of the leading jet will have a negative contribution.

The average of the pqT/ observable over events passing back-to-back dijet selections, 〈pqT/ 〉, is re-
lated to the relative distribution of energy in the leading and subleading jet hemispheres. This
average is shown in Fig. 53 as a function of AJ for two different centrality classes (30–100% and

0–30%). The color-filled histograms show the 〈pqT/ 〉 contributions for track pT ranges of 0.5–1.0,
1.0–2.0, 2.0–4.0, 4.0–8.0, and greater than 8.0 GeV. From the figure, in both PYTHIA+HYDJET

simulations and PbPb data, the leading jet dominates the greater than 8.0 GeV pT bin (red
histogram, negative y axis contributions). However, relative to the simulations, which lack
a quenching mechanism, the balancing spectra of particles corresponding to those in the sub-
leading jets direction (positive y axis contributions) are softer in PbPb data. A substantial ex-
cess of particles is observed in the 0.5–1.0 and 1.0–2.0 GeV pT ranges (light-blue and yellow
histograms). Furthermore, this excess increases with the AJ category, here used as a proxy for
the strength of the relative energy lost to the medium between the jets of the dijet pair. Finally,
there is an observable depletion in the relative contribution of the semi-hard category of parti-
cles of 4.0–8.0 GeV in central PbPb events compared to both peripheral PbPb events and central
simulations. Later studies performed by CMS using a data set 25 times larger reached similar
conclusions and were able to establish that these trends hold for a variety of jet distance pa-
rameters from R = 0.2 to 0.5 [321], as long as particles up to an η-φ distance of 2.0 in ∆R from
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Figure 53: The 〈pqT/ 〉 values as a function of AJ for tracks with pT > 0.5 GeV. Dijets are selected
with pT,1 > 120 GeV, pT,2 > 50 GeV, and ∆φ1,2 > 2π/3. The left panels are for peripheral, 30–
100% centrality events, and the right panels are for central, 0–30% events. The upper row shows
the results in PYTHIA+HYDJET simulation (lacking quenching) while the lower row shows the
result in PbPb data. Both data and simulation are for

√
s

NN
= 2.76 TeV. Solid circles show

the total average pqT/ while individual color-filled histograms show contributions from parti-
cles of pT ranging from 0.5–1.0 GeV to larger than 8.0 GeV. Vertical bars represent statistical
uncertainties while the horizontal bars surrounding the solid black circles represent systematic
uncertainties. (Figure adapted from Ref. [103].)

the jet axis are included. In summary, studies of dijet asymmetry indicate differential jet energy
loss, with a depletion of hard particles in subleading jets and a corresponding enhancement of
soft constituent particles.

5.1.2 Suppression of jet spectra in PbPb collisions

While the measurements described in Section 5.1.1 firmly establish that parton-medium inter-
actions modify both the energy and radiation patterns of final-state jets, the observables AJ and

〈pqT/ 〉 are constructed so that all such statements can only be made relatively, i.e., the quenching
effects are only seen comparing a subleading jet to a leading jet. Both jets however are poten-
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tially quenched, as both are produced prior to medium formation and traverse the medium
over some path length. Therefore, to observe energy loss in absolute terms for inclusive jet pro-
duction, CMS and other HI experiments use the nuclear modification factor RAA, as defined by
Eq. (3) in Section 3.2. In the absence of medium effects, hard probes, such as jets and high-pT

tracks, are expected to scale with the number of binary nucleon-nucleon collisions and there-
fore give an RAA of one. An RAA larger than unity, such as that observed from anti-shadowing
effects in pPb (as discussed in Section 6.4), indicates enhancement, while an RAA smaller than
unity indicates suppression.

The first measurement of inclusive jet RAA by CMS [322] observed a significant suppression for
jets produced in PbPb collisions at

√
s

NN
= 2.76 TeV for three jet distance parameters (R = 0.2,

0.3, and 0.4), spanning a jet pT range of 70–300 GeV and in six centrality classes covering 70–
90% through 0–5%, as shown in Fig. 54. A strong centrality dependence is observed, with
largest suppression occurring in the 0–5% centrality class with an RAA of 0.35 at a jet pT value
of 70 GeV. However, as functions of jet R, the central values for RAA are consistent within
the reported uncertainties across all centrality classes. The lack of R dependence is curious
given the expectation that some fraction of the observed lost jet energy is recoverable when
looking beyond the jet cone, as observed in the initial and subsequent 〈pqT/ 〉 studies discussed
in Section 5.1.1 [103, 321].

The paired observations of 〈pqT/ 〉 recovery at large ∆R angular distances from the jet axis [321]
and the jet RAA insensitivity to the distance parameter R for R ≤ 0.4 [322] motivated a study
of jets with even larger jet distance parameters. In addition, partonic quenching models, such
as JEWEL [323], show a jet RAA dependence at large R that is subject to assumptions on how
the missing jet energy is deposited into the larger medium, making such studies a model-
dependent test of the response of the medium [324].

The CMS collaboration has reconstructed jets up to an R parameter of 1.0, for the first time in

HI collisions, using the 5.02 TeV PbPb (corresponding to an integrated luminosity of 404 µb−1)

and pp reference (27.4 pb−1) data sets collected in 2015. The RAA values are determined as a
function of jet pT. To mitigate the growing impact and associated uncertainties arising from the
underlying event background on jet energy as the jet R parameter is increased, stringent thresh-
olds are implemented on the minimum pT of the jets considered, with respect to R. Specifically,
for R = 1.0, only jets with pT > 500 GeV are taken into consideration. The results for all R
values in the centrality class 0–10% are plotted in Fig. 55. Within systematic uncertainties, the
RAA values show little, if any, dependence on R, even after accounting for correlated uncertain-
ties. Even at the largest R analyzed using Run 2 data, RAA does not reach unity, as would be
expected if the quenched energy transported to large angles is fully recovered.

Figure 55 also compares a number of jet quenching models to the experimental results. While
the models encode different assumptions about the physics of parton-medium and jet quench-
ing interactions, one interesting detail is how assumptions regarding the medium response
affect the results. In the context of jet quenching, medium response is the collective motions
and modes induced by the jet energy deposited in parton-medium interactions, resulting in
nontrivial structures such as a wake of energetic and depleted regions. Both the HYBRID and
LBT models allow for alternative assumptions of the medium response. As an example, the
HYBRID model provides three different curves: a red curve corresponding to the full model of
the medium wake, a brown curve corresponding to zero medium wake, and a golden yellow
curve that only includes positive contributions and ignores energy depletion resulting from
the medium wake [326]. While each of these curves roughly match within reported system-
atic uncertainties for small jet R (0.2–0.4), at large R there are significant differences. The CMS
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Figure 54: Inclusive jet RAA plotted as a function of the jet pT for |η| < 2.0. Each panel corre-
sponds to a different centrality class (upper left) 70–90%, (upper middle) 50–70%, (upper right)
30–50%, (lower left) 10–30%, (lower middle) 5–10%, and (lower right) 0–5%. Results for three jet
distance parameters, R = 0.2, 0.3, and 0.4, are overlaid as red stars, black diamonds, and blue
crosses, respectively. Vertical bars (typically smaller than the markers) represent the statistical
uncertainty, while horizontal bars around each point are the nonglobal systematic uncertain-
ties. Finally, the combined global systematic uncertainty coming from TAA and the integrated
luminosity measurement is plotted as a shaded green bar on the horizontal black-dashed unity
line. (Figure adapted from Ref. [322].)

data indicates a preference for the HYBRID implementation featuring a positive wake, while it
is worth highlighting that all curves exhibit a tendency to underestimate the measured values.
Likewise, of the two curves provided by the LBT model, the prediction with showers only is dis-
favored and the prediction incorporating a medium response is favored [328]. The prediction
from MARTINI does not include alternative assumptions for the medium response effect and,
therefore, no comment on the medium impact can be made [327]. Finally, the CCNU prediction
is restricted to a jet pT below what was measured for large R [329–331]. These observations mo-
tivate future jet measurements, at low pT and using a large R parameter, to further constrain
the modeling of the medium response.

5.1.3 Suppression of high-pT hadron production

High-pT hadrons are produced via fragmentation and hadronization mechanisms initiated by
the same partonic hard scatterings that result in final-state jets. Thus, high-pT hadron spectra
can also be used to probe the strength of parton energy loss in the QGP medium. As compared
to jet spectra, theoretical predictions of hadron spectra (and the resulting RAA values) are more
sensitive to details of the fragmentation and hadronization model used. However, high-pT

charged hadrons are produced in larger numbers than jets and can have their pT measured
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Figure 56: Measurements of RAA in central heavy ion collisions at four different center-of-mass
energies, for neutral pions (SPS, RHIC), charged hadrons (h±) (SPS, RHIC), and charged parti-
cles (LHC). Data are taken from Refs. [332–340]. Predictions of six models for

√
s

NN
= 5.02 TeV

PbPb collisions are shown [38, 325, 341–344]. The error bars represent the statistical uncertain-
ties and the yellow boxes around the 5.02 TeV CMS data show systematic uncertainties. The
TAA uncertainties, which are small, are not shown. (Figure adapted from Ref. [340].)

energies.

As pT increases, RAA becomes less suppressed, and at pT values above 150 GeV, RAA is con-
sistent with unity. This contrasts with the trend observed for the inclusive jet RAA shown in
Fig. 54, which is nearly independent of jet pT for jet pT > 150 GeV. One potential explana-
tion of this rising trend for the charged-particle RAA could be the Landau–Pomeranchuck–
Migdal (LPM) effect in QCD systems, which results from the quantum interference of consec-
utive gluon emissions in the parton shower and tends to reduce radiative energy loss at higher
parton energies [345]. The requirement for a high-pT hadron in an event could preferentially
select configurations where the LPM effect is stronger than average for a jet at any given pT.
Alternatively, these events containing very high momentum hadrons may correspond to con-
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figurations where the parton multiplicities in the parton shower are smaller on average, leading
to less color charges experiencing energy loss. Six theoretical predictions of the charged-hadron
RAA are also overlaid with the data in Fig. 56 [38, 325, 341–344]. Most of the models are able
to accurately predict the strong suppression observed at the local minimum of RAA, but the
models predict a large range of values at higher pT. Thus, these data can be used to constrain
energy loss models for events containing hard jet fragmentation patterns that result in a very
energetic hadron and are complementary to measurements of the inclusive jet RAA, which are
not strongly biased towards any particular fragmentation pattern.

5.2 Strength of energy loss

This section details the Run 1 and 2 measurements by CMS that quantify the strength of in-
teractions between color-charge carriers and the QGP through studies of the path-length de-
pendence of parton energy loss, measurements of the absolute (as opposed to relative) energy
loss of jets, and the QCD color-charge dependence of parton energy loss effects. Also discussed
is the first measurement of top quarks in HI collisions, which may lead to new methods for
probing the energy loss of partons at different stages of the QGP evolution.

5.2.1 Path-length dependence of energy loss

The amount of energy lost by a parton in the QGP is thought to depend on its path length
through the medium. Although the average energy lost is expected to increase as the average
path length increases, a quantitative understanding of this dependence can provide insight into
the relative strengths of collisional and radiative energy loss. Collisional energy loss is expected
to scale linearly with the path length L in a static medium. Because radiated gluons can also
lose energy, radiative energy loss processes are expected to scale with an approximately L2

dependence in a static medium [346]. Although additional effects such as the expansion of the
medium, the LPM effect, and color coherence effects can reduce the power of the anticipated
path-length dependence, in general radiative energy loss is expected to scale faster with L
compared to collisional energy loss. Multiple experimental techniques are available to explore
this topic.

The first technique involves studying the strength of the energy loss by hard probes traveling
through different volumes of QGP. One way of experimentally varying the volume of the QGP
produced in HI collisions is to collide different ion species. The left panel of Fig. 57 shows a
comparison of the charged-hadron RAA for central PbPb collisions at

√
s

NN
= 5.02 TeV [340],

collected in 2015, and R∗
AA for XeXe collisions at

√
s

NN
= 5.44 TeV [122], collected in 2017.

The asterisk in R∗
AA indicates that a MC-based extrapolation procedure was used to adjust

a measured 5.02 TeV pp reference spectrum to the appropriate reference energy of 5.44 TeV
for the XeXe measurement. As discussed in Section 5.1.3, the relatively small difference in
collision energy of these two systems is not expected to strongly affect the magnitude of the
RAA suppression. However, the radius of the Xe nucleus is ≈ 5.4 fm, while that of the Pb
nucleus is ≈6.6 fm [347]. Thus, a smaller volume of QGP is produced in collisions of XeXe
compared to collisions of PbPb at the same centrality. The values of the XeXe charged-hadron
R∗

AA in the range pT > 5 GeV, where energy loss effects dominate, are clearly less suppressed
than those of PbPb collisions, which is consistent with partons experiencing less energy loss
in the smaller collision system. These data have been used to estimate that the path-length
dependence of energy loss scales as L1.3±0.5 [348]. The currently large uncertainty precludes a
strong constraint on the relative magnitudes of collisional and radiative energy losses.

The right panel of Fig. 57 displays the charged-hadron RAA and R∗
AA for these two collision sys-

tems near the local minimum of RAA at 6.4 < pT < 7.2 GeV as a function of the average Npart.
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Figure 57: The charged-particle R∗
AA for XeXe collisions at

√
s

NN
= 5.44 TeV [122] and RAA for

PbPb collisions at 5.02 TeV [340]. The asterisk in R∗
AA indicates that the 5.44 TeV pp reference has

been calculated by extrapolating a measured 5.02 TeV pp spectrum. The solid pink and open
blue boxes represent the systematic uncertainties of the XeXe and PbPb data, respectively. The
left panel shows the result as a function of particle pT for a 0–5% centrality selection. In the
right panel, the results for the 6.4 < pT < 7.2 GeV range are plotted as functions of average
Npart. (Figures adapted from Refs. [122, 340].)

The data from the two collision systems seem to follow a common decreasing trend. A value of
〈Npart〉 ≈ 230 corresponds to the most central (0–5%) XeXe collisions and semicentral (10–30%)
PbPb collisions. Still, for this Npart value, the two systems have very similar RAA and R∗

AA val-
ues. This implies, that at a given center-of-mass energy, systems containing similar volumes of
QGP produce similar values of energy loss for hard probes, regardless of the initial colliding
ion species or impact parameter. Interestingly, both the PbPb and XeXe data show a significant
suppression in the most peripheral events examined (around 〈Npart〉 ≈ 10). The values of RAA

and R∗
AA are consistent with the suppression observed for color-neutral Z bosons produced in

5.02 TeV PbPb collisions, as discussed in Section 3.2. Therefore, the RAA suppression observed
in this centrality region cannot be interpreted as a signature of parton energy loss. Other po-
tential event selection or centrality calibration effects may fully explain this observation [180].
Such effects are expected to be negligible for central and semicentral collisions and therefore
do not strongly affect any conclusions regarding energy loss in larger volumes of QGP.

Another technique for assessing the path-length dependence of parton energy loss makes use of
inherent spatial anisotropies within the initial state of HI collisions. The initial partons resulting
from a hard scattering are not expected to have any preferred azimuthal direction. Because of
the initial-state geometry of HI collisions, the overlapping transverse area between the two
ions, where the QGP is expected to form, typically has a nonzero eccentricity that is related
to the impact parameter, and therefore the collision centrality. This is important because the
relatively large transverse eccentricities present in semicentral HI collisions can give rise to
substantially different path lengths for partons traveling parallel and transverse to the direction
of the collision impact parameter. Furthermore, comparable effects may arise even in events
lacking significant initial-state eccentricity due to the influence of fluctuations of the initial-
state geometry. Given that partons encountering a greater path length within the medium
are expected to experience comparatively higher energy loss on average, this phenomenon
can induce an azimuthal anisotropy of final-state high-pT particles. This anisotropy can be
expressed in terms of Fourier coefficients vn (as shown by Eq. (4) in Section 4.2). We note that
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Figure 65: Left: Observed and postfit predicted BDT discriminator distributions in the e±µ∓

final state separately in the 0b-, 1b-, and 2b-tagged jet multiplicity categories. The data are
shown with markers, and the signal and background processes with filled histograms. The
vertical bars on the markers represent the statistical uncertainties in data. The hatched regions
show the uncertainties in the sum of tt signal and backgrounds. The lower panel displays
the ratio between the data and the predictions, including the tt signal, with bands represent-
ing the uncertainties in the postfit predictions. Right: Inclusive tt cross sections measured
with two methods in the combined e±µ∓, µ+µ−, and e+e− final states in PbPb collisions at√

s
NN

= 5.02 TeV, and pp results at
√

s = 5.02 TeV (scaled by A2). The measurements are
compared with theoretical predictions at NNLO+NNLL accuracy in QCD. The inner (outer)
experimental uncertainty bars include statistical (statistical and systematic, added in quadra-
ture) uncertainties. The inner (outer) theoretical uncertainty bands correspond to nPDF or PDF
(PDF and scale, added in quadrature) uncertainties. (Figures adapted from Ref. [146].)

quark as a novel probe, potentially enabling the investigation of energy loss and QGP dynam-
ics at various stages during the temporal evolution of the system.

5.3 Medium modifications to jet substructure and fragmentation

Jets, as final-state multiscale composite objects initiated by hard-scattered partons, are charac-
terized both by macroscopic quantities (such as their energy and direction) and by microscopic
quantities that describe their internal structure. Therefore, the jet quenching phenomenon
should be understood not only as a single overall medium-induced energy loss, but also as
more detailed modifications to internal jet characteristics. Simultaneous measurements of jet
properties at the macroscopic and microscopic scales can disentangle model scenarios with fun-
damentally different approaches to parton-medium interactions. These measurements should
include characteristics such as the jet mass, angularity, and net charge, together with the lon-
gitudinal and transverse constituent distributions in the shower. Such an all-encompassing
approach is necessary, realizing that using a jet to probe the medium is not equivalent to using
a single parton that has a set (hard) perturbative scale. Rather, a jet is instead a continuous-
scale dynamical process involving momentum exchanges with variable couplings. The follow-
ing sections describe CMS studies of jet fragmentation functions (Section 5.3.1), shapes (Sec-
tion 5.3.2), and substructure (Section 5.3.3).
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5.3.1 Longitudinal structure of jets: fragmentation functions

Implicit in the iterative recombination algorithms employed for jet identification is the notion
of a jet constituent, which refers to the individual physics objects (such as PF or generator-level
particles) clustered together within the resultant jet in the final state. One method to study the
internal jet structure is to simply count the number of constituents within a jet according to
their relative contribution to the overall jet energy,

z =
ptrack
q

pjet
, ξ = ln

1

z
, (21)

where ptrack
q

is the track momentum projected onto the axis of the jet into which it is clus-
tered and pjet is the momentum of the jet. The distribution of this final state constituent-by-
constituent energy fraction for a given initiating parton energy, evaluated over an ensemble, is
the fragmentation function. All tracks with ∆R less than the jet distance parameter R = 0.3 are
used, where ∆φthe difference in φ between track and jet and ∆ηis the corresponding difference
in η.

Figure 66 shows a high-precision measurement of inclusive jet fragmentation functions as the
number of tracks in bins of ξ normalized by bin width and per jet in 2.76 TeV PbPb collisions,
for a jet pT selection of 150–300 GeV and track pT > 1 GeV[366]. The upper panels show frag-
mentation functions for PbPb collisions, plotted in four centrality classes, along with their cor-
responding pp reference data. The lower panels show the ratio between the two, which can be
used to study possible medium-induced modifications of the fragmentation functions. In the
leftmost panel, which corresponds to the most peripheral centrality selection of 50–100%, the
ratio displayed in the lower panel remains consistent with unity within one standard deviation
after accounting for both statistical and systematic uncertainties. This suggests that there is no
significant change to the fragmentation functions resulting from interactions between jets and
the plasma for for these peripheral collisions. However, starting with the 30–50% centrality
class there is an observable enhancement in the high ξ (or low track pT) region. This is consis-
tent with pqT/ measurements, detailed in Section 5.1.1, which show enhancement of soft particle
production in the subleading (more quenched) jet direction. For the 10–30% selection, in ad-
dition to the enhancement of low-pT tracks, there is also an observable trend of depletion in
the intermediate track pT range (ξ 1.5–3.0). The lowest ξ point suggests an upward trend, but
remains consistent with unity. For the most central events (0–10% shown in the rightmost pan-
els), the trends closely resemble those observed in the 10–30% centrality range. The increased
systematic uncertainty observed in this centrality range primarily stems from the significant
correction needed for UE contributions.

The deviations observed in the fragmentation functions measured in PbPb collisions relative to
the reference pp data can be attributed to several potential causes. First, it is expected from
QCD that quarks and gluons have different color charge factors regulating the strength of
parton-medium interactions. Consequently, it is likely that gluons will experience more en-
ergy loss while traversing the QGP than quarks. As quarks and gluons are known to have
different fragmentation patterns in vacuum, any change in inclusive jet q/g fraction as a result
of quenching would cause changes to the fragmentation functions. In addition to this, parton-
medium interactions can either modify the parton showers or induce a medium response that
remains confined to the vicinity of the jet itself, consequently imitating an altered fragmenta-
tion pattern. Distinguishing between these three possibilities in a rigorous, systematic manner
requires extensive study beyond the inclusive jet system.

This initial study measured inclusive jets in both PbPb and pp reference data at
√

s
NN

=
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Figure 66: Upper: Fragmentation functions as a function of ξ in bins of PbPb centrality
(left-to-right: 50–100%, 30–50%, 10–30%, and 0–10%) with the result from pp reference data
overlaid. Lower: Ratios of the PbPb fragmentation functions over those for the pp refer-
ence. Jets are selected in the pT range 150 to 300 GeV and tracks with pT > 1 GeV. Verti-
cal bars and shaded boxes represent the statistical and systematic uncertainties, respectively.
(Figure adapted from Ref. [366].)

2.76 TeV taken during Run 1. Similarly sized samples of γ-tagged jets in PbPb and pp colli-
sions at

√
s

NN
= 5.02 TeV were recorded during Run 2. As discussed in Section 5.2.2, one use

of these samples is to explore the absolute energy loss of jets by using the photon energy as
a proxy for the energy of the initial hard scattering. These events can also be used to study
fragmentation functions for cases in which both the initial- and final-state energies of the jet
are tagged. For the inclusive jet fragmentation functions shown in Fig. 66, the pT selection

(150 < p
jet
T < 300 GeV) is applied to the jets in the final state, i.e., after quenching has changed

the jet population substantially as compared to the pp reference data. In contrast, γ-tagged
jet samples avoid this bias by selecting on the pT of the colorless photon. Using these tagged
events, fragmentation functions can be extracted using both the traditional observable ξ (re-
named to ξ jet in the results shown below) as well as a new observable ξ

γ
T , defined as

ξ
γ
T = ln

−|~pγ
T |2

~ptrk
T · ~pγ

T

, (22)

where~p
γ
T and~ptrk

T are the transverse momentum vectors of the photons and tracks, respectively.
The quantity ξ

γ
T is similar to ξ jet, except that the track momentum is now projected onto a direc-

tion opposite to that of the photon (presumably the unmodified jet direction). Figure 67 shows
fragmentation functions in terms of both ξ jet (upper panels) and ξ

γ
T (lower panels) in γ-tagged

jet events [371]. Results are presented for both semicentral (10–30%, left panels) and central
(0–10%, right panels) events. The conventional fragmentation functions using ξ jet display only
a minor enhancement of soft particles alongside a corresponding reduction of hard particles
(at large and small ξ jet, respectively). In contrast, those using ξ

γ
T demonstrate that once the

influence of jet energy loss is eliminated, these effects become notably more pronounced, ex-
hibiting a clear centrality dependence. Theory curves are plotted for the SCETG [341], CoLBT-
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hydro [367–369], and HYBRID [370] models. Of particular interest is the HYBRID model, which
only describes the data qualitatively well when incorporating the medium response (labeled
HYBRID with back reaction). This is an example of a model that can describe the energy loss
of partons in the QGP without accounting for the response of the medium if we only consider
what happens at the scale of the full jet but fail to do so at a smaller scale (at the jet substructure
level), where the response of the medium needs to be taken into consideration. Nevertheless,
this evidence for the existence of medium response remains indirect and model-dependent.

5.3.2 Transverse structure of jets: jet shapes

In this section, a review of the measurements for the transverse shower profiles, known as “jet
shapes,” is presented, complementing the CMS results on the modification of longitudinal jet
substructure discussed in Section 5.3.1. The same jet definitions and angular track associations
are used as in the previous section.

Measurements of the jet shape, ρ(∆r), are obtained by identifying the jet constituents and exam-
ining the distribution of charged-particle tracks in rings around the jet axis, with each particle
weighted by its corresponding track transverse momentum value ptrk

T . Typically, shower par-
ticles are separated from those of the underlying event on a statistical basis. The transverse
momentum profile P(∆r) of the jet is then defined as

P(∆r) =
1

δr

1

Njets

ΣjetsΣtracks∈(∆ra,∆rb)
ptrk

T , ∆r < 1, (23)

where ∆ra and ∆rb define the annular edges of ∆r, and δr = ∆rb − ∆ra. The jet profile, which
is normalized to unity within ∆r = 1, is related to the P(∆r) distribution, with the jet shape
definition

ρ(∆r) =
P(∆r)

ΣjetsΣtracks ptrk
T

. (24)

The ρ(∆r) and P(∆r) distributions are sensitive to subsequent parton emissions by the initial
hard-scattered parton. These distributions have been used historically in high-energy physics
to provide robust tests of parton showering calculations in QCD. Together with calculations of
hadronization and underlying event contributions, the ρ(∆r) and P(∆r) distributions are also
used for tuning MC event generators that account for parton showering effects. Jet shapes have
been measured in elementary collisions (e p, pp, pp) at HERA [372, 373], the Tevatron [374,
375], and the LHC [376].

In a HI collision environment, the jet shape measurements are particularly challenging given
the high multiplicities encountered. Significant correlations with the underlying event lead to
difficulties in differentiating the shower constituents from particles produced through other
processes. The CMS Collaboration has addressed these issues in the first measurement of jet
shapes using data from the LHC Run 1 PbPb collisions at

√
s

NN
= 2.76 TeV [377]. With this

measurement, modifications of jet shower profiles while passing through the QGP medium
were determined by comparing the measurements at different centralities of PbPb data and
pp reference data. A clear modification of the in-cone (∆r < 0.3) jet constituent distributions
was observed in the PbPb data. As compared to the pp reference, a greater fraction of the
jet’s transverse momentum is measured at a large ∆r. This modification was shown to become
stronger from peripheral to central collisions. However, these in-cone modifications were in-
sufficient to explain the previously reported dijet momentum imbalance [319], which does not
account for a significant amount of the pqT/ . Instead, the observed trends in the PbPb to pp
jet shapes ratios suggested that the modifications are not limited to the small cone size used
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fully measured the fragmentation functions (as discussed in Section 5.3.1) and the jet shapes
for photon-jet events at 5.02 TeV in pp and PbPb collisions. Figure 69 illustrates the modifica-
tions of the differential jet shape for jets associated with an isolated photon found in the 10%
most central PbPb events [385]. The momentum carried by charged particles with ptrk

T > 1 GeV

for jets with p
jet
T > 30 GeV, tagged by an isolated photon of pT, γ > 60 GeV, is redistributed

towards larger angular distances from the jet axis. Minimal, if any, suppression is seen at the
low/intermediate angles, where it stood more prominently for inclusive jet results. Similar
measurements of events producing high-pT hadrons in association with a Z boson have been
used to study this redistribution over an ever larger angular range [386]. In central events, the
redistribution of momentum carried by particles with ptrk

T > 1 GeV appears to extend some-
what uniformly across nearly the full range of azimuthal angles with respect to the Z boson.
These boson-tagged measurements on one side establish unambiguously the broadening of the
shape of the corresponding jets. Yet, the narrowing of the jet core is not strongly evident in the
measurement. This could be explained by the intrinsically higher quark content of a boson-
tagged jet sample as compared to the inclusive jet sample. Alternatively, the differences in the
steepness of the transverse profile, which complicate the direct comparison of the jet shape
ratio between different samples, could potentially explain the deviations in boson-tagged and
inclusive jet samples.

As mentioned, selection bias is one of the main difficulties for interpreting the existing exper-
imental results. “Survival bias”, another form of selection bias, is also a significant issue for
comparing the PbPb and pp results. This bias is an unavoidable consequence of jet quench-
ing itself: selected with any given momentum threshold, any sample of HI collision jets will
always be biased towards those least quenched. To “dig deeper” into the medium, a set of jet
shape measurements has been performed for dijets using the dijet momentum asymmetry as
a quenching control parameter [381]. This study found that both sides of a dijet (the leading
and subleading) appear to be modified through interactions with the QGP medium. Even for
the most asymmetric scenario considered, the leading jets shape was modified compared to a
reference from pp collisions. Overall, the jet shape distributions for leading jets are the widest
for events with balanced jet momenta. A possible interpretation, consistent with these observa-
tions, is that the leading jets traversing the largest average in-medium path lengths come from
momentum-balanced events. In contrast, for subleading jets, the widest distributions were ob-
served for the most unbalanced dijets. The relatively wider subleading jet shape distributions
can be explained by this relationship between path length and survival bias. Alternative ex-
planations are subject to active developments, with several recent works indicating that the
dijet momentum asymmetry, dijet jet shape modifications, and even high-pT v2, as discussed
in Section 5.2.1, could also result, at least in part, from energy loss fluctuations [387, 388].

5.3.3 Parton-level substructure

A key feature of jet substructure is that the underlying physics can be factorized into a convo-
lution of a pQCD-like probabilistic parton shower and non-pQCD effects including hadroni-
zation. This results in jets with a variety of topologies. In particular, jet substructure might be
different in vacuum compared to jets in the QGP, where one expects a range of parton energy-
loss effects. Variations in energy loss resulting from the possible impact of the in-medium path
length and from fluctuations can result in jet modifications. The use of advanced algorithms
that enable us to reconstruct the partonic structure of a jet can help in untangling these various
processes, which is crucial for understanding the dependence of the jet topology on energy
loss. The clustering tree of a reconstructed jet can be analyzed in more detail to get information
about the parton splitting history. Recently, this sort of analysis has grown into an active area
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of research in both the experimental and theoretical regimes.

Such studies emphasize the importance of quantifying the energy loss of jets as a function of
their momentum and angular scales. Observables related to jet substructure typically start
with the constituents of the jet (tracks or calorimeter towers in an experiment, particles in a
theoretical study) originally found via the anti-kT algorithm, followed by a reclustering with
an alternative algorithm. The most common reclustering utilizes the Cambridge–Aachen al-
gorithm, which enforces angular ordering in the pairing. Thus, in vacuum, one can directly
associate specifically identified hard splittings found at later stages of the reclustering with
wide-angle and early-time emissions in the parton shower. The process by which a particular
hard splitting is selected is termed “grooming”, which iteratively proceeds backwards through
the clustering tree (i.e., declusters the jet) and requires some criterion to select a specific split-
ting. From a phenomenological standpoint, observables found using these groomed jets have a
reduced contribution from soft, wide-angle radiation, particles from the underlying event, and
multiparton interactions, all of which are theoretically more challenging to describe. Thus, we
can compare the data more accurately with theoretical calculations.

The first algorithm used to measure the groomed jet substructure in HI collisions was the soft-
drop [389] groomed momentum sharing, which uses the observable zg, defined as the momen-
tum fraction of the first soft branch in the declustering satisfying the condition,

zg =
min(pT,1, pT,2)

pT,1 + pT,2

> zcut

(R12

R

)β

, (25)

where the indices 1 and 2 identify the two branches in the clustering tree, and zcut and β are
the soft-drop parameters. The quantity R12 is the angle between the two branches and R is the
jet distance parameter. The groomed jet distance parameter Rg is defined similarly as the angle
between two such branches. For this very first HI study, β was set to zero and zcut was set
to 0.1, meaning that only the momentum fraction was required to select the first hard branch.
Using data gathered in 2015 by the CMS experiment, this analysis involved PbPb and pp data
samples, both obtained at

√
s

NN
= 5.02 TeV [390]. The measured ratio of the zg distribution in

the most central PbPb collisions compared to a pp reference is shown in Fig. 70, where each
panel shows a different jet pT selection. Compared to expectations based on pp data, the PbPb
data show a marked suppression for jets with a larger zg ≈ 0.5 and an enhancement at smaller
values, zg ≈ 0.1. The ratios are also compared to different calculations and MC models, which
are found to qualitatively describe the trend of the suppression. The enhancement of jets with
more asymmetric splittings is consistent with expectations from jet energy loss, where jets with
a single hard cluster are found more often than jets where the energy is more equally shared
among multiple subclusters.

The next study of jet substructure performed using CMS data varied the grooming procedure
by employing a stronger angular-dependent grooming (zcut = 0.5, β = 1.5) compared to the
softer grooming previously used (zcut = 0.1, β = 0) [391]. Figure 71 shows the differential
measurement of the groomed jet mass, Mg, defined as the invariant mass of the system con-
sisting of the two subjets (normalized by the jet pT) for PbPb data compared to a pp reference,
for jets in different ranges of pT. The Mg variable is sensitive to both the parton splitting func-
tion and the opening angle between the two outgoing partons. The results are compared to
the predictions of the JEWEL and QPYTHIA event generators. In the case of stronger grooming,
no significant modification of the groomed jet mass is observed; however, there is a slight in-
dication of enhancement for jets with larger masses in the context of weaker grooming. The
MC predictions qualitatively follow the trends in the data but significantly overestimate the
enhancement effect. Note that, in contrast to what was observed for zg, any possibility of small
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modifications is only present for lower-pT jets, and essentially disappears for jets of higher pT.
This is significant since the mass is an observable which convolutes both the momentum and
angular scales, with sensitivity to the virtuality, where competing effects from both scales affect
the distribution.

5.4 Studying wavelength behavior by varying parton flavor

As discussed in previous sections, high-pT jets are used to investigate the quenching of en-
ergetic partons traversing the medium, and varying flavors of the probe partons enables the
study of the processes that dominate in different kinematic regions. Because their mass is larger
than the QCD perturbative scale, mHQ ≫ ΛQCD, as well as the typical temperature reached in
HI experiments, mHQ ≫ TQGP, heavy quarks (charm and bottom) are mainly produced by
hard scatterings. This feature provides sensitivity to transport properties of the QGP across a
broad pT range, and the comprehensive coverage of phase space offers distinctive insights into
various structures within the QCD medium. In this section, the role of parton flavors, their
dominant processes in different pT regions, and the corresponding implications on the nature
of the QGP are discussed.

5.4.1 Mass dependence of energy loss

From intermediate to high pT, within the framework of perturbative QCD, heavy quarks ex-
perience considerable energy loss through gluon radiation, similar to the situation observed
for high-pT light quarks; however, the magnitude of this effect is expected to vary depending
on the quark flavor. First, gluons have larger color charge than quarks and are therefore ex-
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Figure 71: Distribution of the ratio of the groomed jet mass, Mg, in central PbPb data compared
to the pp reference for two different grooming criteria in four ranges of jet pT. The left panel
shows more stringent grooming criteria, while the right panel shows the same measurement for
the default grooming requirements. The different lines represent MC predictions; they show
deviations from the data at larger masses. Statistical and systematic uncertainties in the data
are shown by vertical bars and shaded boxes, respectively. (Figure adapted from Ref. [391].)

pected to experience stronger energy loss. In addition, the emission of gluons is predicted to
be suppressed inside an angle proportional to the ratio of the quark mass to its energy, denoted
as m/E [396]. The color-charge effect and the “dead-cone” effect lead to a hierarchy of parton
energy loss, where ∆Eg > ∆Eℓ > ∆Ec > ∆Eb . This flavor dependence of energy loss is stud-
ied by comparing RAA of hadrons containing light and heavy quarks. As shown in Fig. 72,
the nuclear modification factors (RAA) of charged particles, D0 mesons, B+ mesons, and J/ψ
mesons, as well as D0 and J/ψ mesons originating from B hadron decays (nonprompt), have
been measured by CMS. For pT > 20 GeV, the RAA values for all particle species are similar
and noticeably smaller than unity. This result suggests that both light and heavy quarks are
suppressed within the QGP, and the impact of quark mass becomes less pronounced when pT

greatly exceeds the parton mass. This behavior aligns with the expected outcome in the context
of radiative energy loss. As shown in the left panel of Fig. 73, the v2 values of hadrons with
different flavors at high pT are also similar. One possible interpretation is that the diminishing
effect of the parton mass on energy loss at high pT affects not only the overall magnitude of in-
clusive suppression but also the dependence on path length. However, in the intermediate-pT

range, the RAA of nonprompt J/ψ mesons is notably larger than that of D0 mesons and charged
particles, implying a less pronounced suppression of bottom quarks compared to charm and
light quarks.

5.4.2 Elastic energy loss and diffusion

In addition to gluon radiation, partons can also lose energy through elastic collisions with
medium partons. Radiative and collisional energy loss effects dominate at high and low pT,
respectively, while intermediate-pT values serve as a transition region. Therefore, the measure-
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5.6.1 Quarkonium suppression: context and challenges

The first hurdle, already faced when interpreting the first charmonium suppression measure-
ments from the SPS experiments NA38, NA50, and NA60 [433–435], is that the quarkonium
production yields also decrease in the absence of a QGP medium. For example, the production
of J/ψ mesons has been firmly established in pA collisions [436–438] to increase at a rate that
is less than linear with the mass number of the target nucleus. This behavior can seemingly
be attributed to a range of cold nuclear matter (CNM) effects, which include nuclear modi-
fications of parton densities, multiple collisions of the final-state resonance with nucleons of
the target nuclei resulting in the disintegration of the meson, and effects of energy loss and
transverse momentum broadening. These CNM effects vary with the rapidity and pT of the
produced meson, as well as with the center-of-mass energy of the collision. Additionally these
effects act distinctively on different quarkonium states, leading to a more pronounced absorp-
tion of the more loosely bound states. For example, the ψ(2S) meson production has been
observed to experience a greater reduction than J/ψ production, even in the absence of a QGP
medium [436–442].

Another important challenge is that we do not yet know sufficiently well, even for the most
copiously produced ground states, J/ψ and Υ(1S) mesons, and for the baseline reference pp
collisions, the fraction of the observed yields corresponding to directly produced mesons, as
opposed to those created in feed-down decays of heavier quarkonia. This aspect is of critical
importance in any endeavor to interpret the quarkonium suppression measurements. For the
sake of illustration, let us consider a scenario in which only 50% of the observed Υ(1S) yield in
pp collisions can be attributed to direct production. This reasonable assumption is supported
by LHCb measurements at forward rapidity [443] and trends extrapolated from midrapidity
LHC cross sections [444, 445]. Additionally, let us further restrict this scenario to the limiting
case where the heavier (S- and P-wave [446]) states, accounting for the other half of the Υ(1S)
yield through feed-down decays, are no longer produced in central PbPb collisions because
they dissociate in the QGP (given their weaker binding). Then, we would only observe 50% of
the Υ(1S) yield and might be tempted to wrongly infer that there is a very strong suppression
of the direct Υ(1S) production, contradicting expectations based on its relatively large binding
energy. Therefore, a reliable interpretation of the experimental results must carefully account
for how the QCD medium impacts not only the directly produced particle under examination
but also all the relevant feed-down sources, each with their specific characteristics.

One further complication affecting the theory-to-data comparisons has to do with the polariza-
tions assumed for the different quarkonium states. In fact, there is a correlation between the
assumed polarizations and the measured feed-down fractions. We can realistically assume, for
example, that around 25% of the observed (promptly produced) J/ψ mesons come from decays
of the χc1 and χc2 states [447, 448]. However, this assumption arises from measurements of the
(χc1 + χc2) / J/ψ cross section ratio, and these results depend on the polarizations assumed for
these three states, which affect the calculation of the detection acceptances. Reasonable varia-
tions in the assumed polarization scenarios, including nonnegligible changes as a function of
pT (e.g., from longitudinal to transverse polarizations when pT increases) can easily lead to χc

feed-down fractions significantly different from 25%.

It should be clear by now that it is challenging to achieve compelling experimental evidence
that confirms (or rules out) the existence of a sequential suppression mechanism. A crucial
element in the path to reliably probe that prediction is to collect high-precision data, both in
pp and in HI collisions, of as many quarkonium states as possible, including not only the S-
wave vector states (J/ψ, ψ(2S), Υ(1S), Υ(2S), and Υ(3S)) but also the χc1 and χc2 states, and
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the corresponding χbJ(nP) states in the bottomonium family. To set the baseline reference,
we need to measure, in pp collisions, the double-differential cross sections, in rapidity and
pT, as well as the corresponding polarizations, for as many states as possible. This will allow
us to define a detailed matrix with all of the feed-down fractions and polarizations. We also
need, naturally, detailed measurements of quarkonium production yields in PbPb collisions, as
functions of collision centrality, also paying attention to the explored kinematics phase space.
Measurements made with pPb collisions should help in understanding the relevance of the
CNM effects mentioned above.

Lastly, to probe the existence of the sequential quarkonium suppression signal, it is important
to restrict the theory-to-data comparisons to events that are not substantially affected by back-
ground processes. In particular, low-pT charmonia should be excluded from our investigations
because they might be dominated by mesons composed of quarks produced in uncorrelated
nucleon-nucleon collisions, a phenomenon known as coalescense, recombination, or regenera-
tion [449, 450].

In the remainder of this section, we will present a selection of the CMS measurements that we
consider as important milestones in the challenging path just mentioned. More specifically,
we summarize the RAA patterns that CMS measured for the J/ψ, ψ(2S), Υ(1S), Υ(2S), and
Υ(3S) quarkonia, for PbPb collisions at

√
s

NN
= 5.02 TeV, as a function of collision centrality.

These suppression patterns, together with the feed-down and polarization inputs mentioned
above, are the most crucial inputs for global analyses [451] testing whether the binding energy
hierarchy at the core of the sequential suppression conjecture provides a reliable explanation
of the experimental data. In addition, pioneering, high-precision v2 measurements of various
quarkonium states and results on the fragmentation of J/ψ mesons in jets are also discussed,
providing crucial information about quarkonium formation.

5.6.2 Measurements of quarkonium suppression in PbPb collisions

The most recent CMS publication on charmonium production and suppression in PbPb colli-
sions [395] provides a rather complete and diversified set of RAA measurements based on pp
and PbPb data collected in 2015. Measurements are reported for the promptly produced J/ψ
mesons (directly produced or coming from feed-down decays of heavier charmonia) as well
as for the nonprompt mesons, originating from decays of b hadrons. The two components
can be resolved thanks to the separation of the J/ψ → µ+µ− decay vertex from the primary
collision vertex. We can see, in particular, how the RAA changes with the collision centrality
(using the Npart variable), as well as with the meson’s pT and rapidity, for both prompt and
nonprompt J/ψ mesons. Among the more differential results, the CMS measurements include
dependences with pT and Npart for two rapidity ranges, as well as with pT for several Npart

ranges and vice-versa, both for central and forward rapidity.

Particularly interesting for the studies of sequential suppression, the ψ(2S) and J/ψ RAA pat-
terns are reported as a function of Npart for pT > 6.5 GeV, in the central rapidity range |y| < 1.6,
as shown in the upper left panel of Fig. 79. The ψ(2S) RAA values are derived by using the
ψ(2S)/J/ψ double ratio previously reported in Ref. [453] and shown in the lower left panel. No
significant dependence on rapidity is observed, in the |y| < 2.4 range. Also the dependence
on pT is rather mild, at least in the 6.5 < pT < 20 GeV range. Instead, we see a rather strong
centrality dependence, the production yields being increasingly suppressed as the collisions
become more central, for both the prompt J/ψ and ψ(2S) cases, as well as for the nonprompt
J/ψ mesons. Most crucially for the investigation of sequential suppression, it is evident that
the yield of ψ(2S) mesons is notably more suppressed than that of the J/ψ mesons, with this
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Figure 80: The dimuon invariant mass distribution measured in PbPb collisions when inte-
grating over the full kinematic range of pT < 30 GeV and |y| < 2.4. The solid curves show
the fit results, and the orange dashed and blue dash-dotted curves display the three Υ states
and the background, respectively. The inset shows the region around the Υ(3S) meson mass.
(Figure adapted from Ref. [452].)

uses boosted decision trees to reduce the large yield of background muon pairs and, hence, ob-
tain a signal-enriched dimuon sample. Another important aspect that makes this measurement
feasible is the rather good dimuon mass resolution (0.6% at midrapidity), enabling the obser-
vation of well-resolved invariant mass peaks for the Υ(2S) and Υ(3S) excited states. Finally,
we should not forget that the bottomonium production cross sections are much smaller than
those of the charmonium states, so that their studies also require large integrated luminosities,
efficient triggers, and the allocation of suitable DAQ (permanent storage) bandwidths. All of
the above points explain why CMS is particularly well suited, among the LHC experiments, to
probe the physics of bottomonium production in HI collisions. An additional challenge in the
observation of the Υ(2S) and Υ(3S) states in PbPb collisions is that their production rates are
considerably suppressed, much more than the Υ(1S) state, with respect to the linear extrapo-
lation from pp collisions. This is especially true for the Υ(3S) state and is most pronounced in
the most central PbPb collisions, as shown in the lower right panel of Fig. 79.

Looking at all the patterns shown in Fig. 79 allows us to clearly see that the ψ(2S) meson is
particularly fragile, not surprisingly if we consider that it is the most weakly bound state, with
a binding energy of only 44 MeV, barely 1% of the meson’s mass [446]. On the other hand, the
J/ψ and Υ(1S) states are the least suppressed ones, presumably also related to their much larger
binding energies of 633 and 1099 MeV, respectively. As previously mentioned, a thorough ex-
amination of the RAA patterns of the five quarkonia can only be made by also accounting for
the presence of poorly known feed-down decays stemming from S- and P-wave quarkonium
states, and their respective binding energies. Nevertheless, the present measurements provide
a strong indication that we indeed see signs of nuclear suppression effects that have a stronger
(sequential) effect on the more weakly bound states.
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5.7 Summary of hard probes in the QGP

The presence of hard scatterings in HI collisions provides a powerful set of tools for studying
the QGP through a multitude of various hard probes. High-pT objects such as jets, hadrons,
electroweak bosons, and heavy-flavor quarks can all offer complementary information about
the QGP medium at short length scales, while also having unique advantages and limitations.
Furthermore, combinations of these objects into more complex observables, such as dijets,
heavy-flavor jets, and photon-jet events, can be used to provide unique information that can-
not be extracted through the study of their individual components. The large luminosities
achieved for HI collisions during the LHC Runs 1 and 2, coupled with the excellent tracking
and calorimeter coverage of the CMS detector, have facilitated a comprehensive and diverse
physics program aimed at studying these hard probes.

During LHC Run 1, initial results promptly revealed profound dijet pT asymmetries, along with
suppressed jet and hadron RAA values, which are linked to the phenomenon of jet quenching.
Subsequent in-depth examinations of hadrons and jets have provided insights into the path-
length dependence of parton energy loss. Despite significant effort, a clear-cut observation of
the color-charge dependence of jet quenching remains challenging, but significant progress has
been achieved in crafting tools and observables that could potentially disentangle this effect in
the future.

Electroweak boson-jet events have have made it possible to determine the absolute magnitude
of jet energy loss and offer means of assessing the presence of a potential selection (“survivor”)
bias that emerges when comparing pp and PbPb jets with the same reconstructed pT in inclu-
sive jet samples [456–458]. The effects of jet quenching have been shown to extend far beyond
a simple loss of jet energy; the internal structure of jets is also heavily modified by the pres-
ence of the QGP. A multitude of measurements, including jet fragmentation functions and jet
shapes, have established a qualitative framework in which quenching redistributes jet energy
from high-pT jet constituents to softer particles, and shifts energy from small angles to large
angles relative to the jet axis. These results offer a fresh insight into medium-induced soft ra-
diations and possible medium responses to hard probes. A detailed exploration of the overall
momentum balance in events, correlations between tracks and jets or electroweak bosons, and
the suppression of jets with very large R indicate that quenched energy does not remain con-
fined to the local vicinity of a jet but can be transported to extremely large angles. Newer jet
grooming techniques allow for scrutiny of the intricacies of the initial stages of a parton shower
within the QGP. These techniques suggest that the groomed jet mass is not strongly modified,
and that the evolution of a jet can be linked to the characteristics of some of the earliest parton
splittings in the parton shower.

The CMS Collaboration has conducted a systematic study of the mass dependence of quark
energy loss by comparing RAA and v2 results of fully reconstructed light, charm, and beauty
hadrons across an exceptionally wide pT range. For pT > 20 GeV, all these hadrons exhibit
similar RAA and v2 values, as expected if radiative energy loss processes are dominant in this
kinematic region. However, at lower pT values, the scenario becomes considerably more com-
plex. A flavor hierarchy emerges, suggesting an increased level of quark diffusion and elastic
collisions.

The hadronization of heavy-flavor particles has also undergone thorough examination, em-
ploying various ratios of heavy-flavor hadrons. The ratios of the yields of charm baryons to
mesons do not exhibit substantial modifications for pT > 6 GeV in PbPb collisions, suggesting
that parton coalescence effects do not seem to play a significant role in these kinematic regions.
Measurements of B mesons containing a strange or charm quark exhibit slightly enhanced RAA
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values relative to those containing light quarks. This behavior could imply coalescence effects
for beauty hadron production, but current measurement uncertainties prevent strong conclu-
sions. The initial measurement of the X(3872) particle in HI collisions indicates that it is not
strongly suppressed compared to the ψ(2S) meson. The details of the internal structure of
this exotic hadron, which are currently under consideration, could potentially be sensitive to
the presence of a QGP. Consequently, further investigation of these subjects using LHC Run 3
and 4 data is likely to substantially improve our understanding of hadronization and hadron
structure.

Lastly, CMS has reported measurements of nuclear modification factors for various quarko-
nium states (J/ψ, ψ(2S), Υ(1S), Υ(2S), and Υ(3S)) in PbPb collisions. These measurements
serve as crucial inputs for investigating the sequential suppression conjecture, which explores
how the hierarchy of binding energies in quarkonia influences their suppression within the
QGP. In particular, the ψ(2S) and Υ(3S) mesons demonstrate significant suppression even in
the most peripheral PbPb collisions, indicating their fragility as a consequence of their weak
binding energy. Meanwhile, the J/ψ and Υ(1S) states exhibit milder suppression owing to
their higher binding energies. These findings contribute to enhancing our understanding of
the interplay between quarkonium binding energies and suppression effects in high-energy
nuclear collisions. The luminosities expected in the upcoming years at the LHC will enable
more differential studies of quarkonium production, in all collision systems and in particular
for the bottomonium family, for which the CMS experiment is perfectly suited.

The experimental use of hard probes to study the fine-scale structure of the QGP has experi-
enced a significant growth during the LHC Run 1 and 2 periods. Moreover, the substantial
hard scale associated with these probes enables connections to be established with pQCD the-
ory, thereby aiding in the theoretical interpretation of these observables. With the ongoing
increase in the total integrated luminosity delivered by the LHC, CMS is well positioned to
sustain a robust physics program that capitalizes on a variety of hard probes, improving our
understanding of high-density QCD.

6 Studies of high-density QCD in smaller collision systems

Before the first LHC data became available, the primary objective of studying small collision
systems, such as pp and pA collisions, was to provide essential reference measurements that
represent interactions in the absence of QGP formation. The data obtained from pp collisions
offered valuable insights into particle production and hadronization without the complexities
introduced by a nuclear initial state. Similarly, pA reference data were used to extract infor-
mation about CNM effects by comparing them to results from pp collisions. However, in 2010,
the CMS experiment made an unexpected breakthrough. By analyzing two-particle correla-
tions in pp collisions with high multiplicities using a specially designed trigger, a long-range
near-side ridge signal was found. This discovery challenged the prevailing understanding of
pp collisions and suggested the potential existence of collective behavior within these systems
(discussed in Refs. [459, 460]). Moreover, the observation of collectivity in pPb collisions, uti-
lizing multiparticle correlations, has significantly broadened the scope of flow-like correlation
studies. The comprehensive exploration of collectivity signals in in various small systems re-
vealed a remarkable similarity between high-multiplicity pp, pPb, and PbPb collisions.

These groundbreaking discoveries demonstrated the emergence of collectivity in small colli-
sion systems and offered possible indications of QGP formation. This unexpected connection
between high-multiplicity pp, pPb, and PbPb collisions led to a substantial paradigm shift
in our understanding of the prerequisites for QGP formation. The investigations of flow-like
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results at 5.02 and 8.16 TeV align with the results from inclusive pp collisions, which are signif-
icantly lower than the NSD pp and AA results. The data illustrate that AA collisions have a
higher efficiency in converting energy into charged particles than pp and pPb collisions.

To explore the system size dependence of particle production, characterized by the final state
particle multiplicity, spectra of identified charged hadrons were measured in pPb collisions
at 5.02 TeV. As shown in Fig. 85, the average pT was observed to increase with particle mass
and charged particle multiplicity, with heavier hadrons exhibiting a more pronounced increase.
Comparisons with MC event generators revealed that EPOS LHC, which incorporates additional
hydrodynamic evolution of the created system, could reproduce most of the data features,
unlike HIJING and AMPT. The study also conducted comparisons of the pPb pT spectra and
integrated yields to those in pp and PbPb collisions, revealing an intriguing similarity between
different collision systems at the same particle multiplicity.

The ET distribution was also measured in pPb collisions at 5.02 TeV, using the hermetic cover-
age of the CMS detector [490]. The study covered a wide pseudorapidity range and leveraged
the presence of the CASTOR calorimeter. The results demonstrated a strong centrality depen-
dence, characterized by a significantly greater increase of dET/dη in more central events on the
lead-going side compared to the proton-going side. Predictions from EPOS LHC, QGSJET II [189],
and HIJING were compared to the data, but none could fully encompass all aspects of the η and
centrality dependence.

Measurements of transverse momentum spectra of strange hadrons (K0
S, Λ + Λ , and Ξ− +

Ξ+) in pp, pPb, and PbPb collisions at different collision energies have been performed with
CMS [491], extending the measurements beyond studies with light-flavor hadrons. These mea-
surements are sensitive to medium-induced modifications of the final-state particle composi-
tion. Figure 86 summarizes the ratio of pT spectra for Λ/2K0

S in pp, pPb, and PbPb collisions
as a function of pT. An enhancement of the ratio is observed in all collision systems at in-
termediate to high pT and high multiplicity, indicating a similarity in the multiplicity and pT
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Figure 86: Ratios of pT spectra for Λ/2K0
S in the center-of-mass rapidity range |ycm| < 1.0 for

pp collisions at
√

s = 7 TeV (left), pPb collisions at
√

s = 5.02 TeV (middle), and PbPb collisions
at

√
s

NN
= 2.76 TeV (right). Two (for pp) or three (for pPb and PbPb) representative multiplicity

intervals are presented. (Figure adapted from Ref. [491].)

dependence of the ratio.

The average transverse kinetic energy (〈KET〉) of strange hadrons is observed to rise with mul-
tiplicity, with a more pronounced increase noted for heavier particles across all collision sys-
tems. Furthermore, when comparing results at similar multiplicities, the difference in 〈KET〉
among various strange-particle species is more substantial in pp and pPb events than in PbPb
events. In pPb collisions, the average transverse kinetic energy is slightly larger in the Pb-going
direction than in the p-going direction for events featuring high particle multiplicities.

In conclusion, the observed patterns, especially the mass-dependent rise in 〈KET〉 and the en-
hanced Λ/2K0

S ratio, align with expectations from radial flow, suggesting additional evidence
of collectivity in these systems.

6.2 Studies of collectivity in small systems

6.2.1 Exploring small-system collectivity using light-flavor particles

Well before the LHC began operating, the presence of collectivity in AA collisions at RHIC and
elsewhere had been well established. Flow coefficients were extracted using a variety of meth-
ods, including measurements of the azimuthal anisotropy of particle yields with respect to the
event plane and measurements of two-particle and multiparticle correlations [492]. The dom-
inant source of the second order coefficient v2 was understood as hydrodynamic flow driven
by the asymmetric shape of the overlap region of the two nuclei. Higher order harmonics
were also understood by that time as resulting from asymmetries created by fluctuations in the
collision geometry [302].

The LHC started its operation with pp collisions, in which collectivity was not expected to
exist. However, it was speculated that for sufficiently high charged particle multiplicities, col-
lectivity might be observed if fluctuations in the collision geometry could also create initial-
state anisotropies in these collisions. As a measure of the necessary multiplicities, the values of
dNch/dη for AuAu collisions at 200 GeV in the 60–70% and 70–80% centrality ranges are 45± 3
and 22 ± 2, respectively [483]. Clear v2 signals were observed in both of these AA collision
cases [493].

Even at LHC energies, the average dNch/dη for MB pp collisions is much smaller than these
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values. However, during the first pp run, the CMS Collaboration developed a way to trig-
ger on high-multiplicity pp events. Using this trigger in pp collisions at 7 TeV, the average
number of charged particles with pT > 0.4 GeV and |η| < 2.4 corrected for tracking efficiency,
Ncorrected

trk , was about 136 for events selected with the number of observed tracks reconstructed

offline Noffline
trk ≥ 110 [293]. This corresponds to dNch/dη ≈ 28 with pT > 0.4 GeV, which

is comparable to the values mentioned above for peripheral AuAu collisions. In two-particle
correlations (as described in Section 4.2.1), a striking long-range (|∆η| > 2) ridge-like structure
was observed on the near-side (∆φ ≈ 0) for 1 < pT < 3 GeV with Noffline

trk > 110, as shown in the
upper left panel of Fig. 87. This discovery motivated further studies of small collision systems
at RHIC, as well as pp, pPb, and peripheral PbPb collisions at the LHC. This section describes
some of the CMS analyses of small systems using various flow analysis techniques, including
multiparticle correlations, and new observables such as cumulant ratios and symmetric cumu-
lants.
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Figure 87: Panels (a), (b), and (c) show the 2D two-particle correlation functions for pairs
of charged particles with 1 < pT < 3 GeV for high multiplicity events in pp at 7 TeV
and pPb at 5.02 TeV, as well as peripheral PbPb collisions at 2.76 TeV. Panel (d) displays
the ridge yield as a function of multiplicity in pp, pPb, and PbPb collisions. The verti-
cal bars and shaded boxes denote the statistical and systematic uncertainties, respectively.
(Figure adapted from Refs. [105, 293, 294, 296].)

To further understand the origins of the ridge, the pT and multiplicity dependence of its yield,
as well as flow coefficients, vn, were studied using two-particle correlations. Panels (a), (b), and
(c) of Fig. 87 compare 2D two-particle correlation functions for pairs of charged particles with
1 < pT < 3 GeV for pp at 7 TeV with Noffline

trk ≥ 110, pPb at 5.02 TeV with Noffline
trk ≥ 110, and

peripheral PbPb collisions at 2.76 TeV with 220 ≤ Noffline
trk < 260, respectively. To investigate

the long-range, near-side correlations in detail, 1D distributions in ∆φare found by averaging
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Figure 90: The SC(2, 3) (left panel) and SC(2, 4) (right panel) distributions as functions of
Noffline

trk from methods using no (open black circles), 2 (full blue circles), 3 (red squares), and
4 (green crosses) subevents for pPb at 8.16 TeV. Statistical and systematic uncertainties are
shown by vertical bars and shaded boxes, respectively. (Figure adapted from Ref. [496].)

no, 2, 3, and 4 subevents for pPb at 8.16 TeV. Nonflow contributions are suppressed by using
multiple subevents. A clear anticorrelation is observed between the single-particle anisotropy
harmonics v2 and v3, while v2 and v4 are positively correlated. These results provide further
evidence for the onset of long-range collective behavior in high multiplicity events in small
systems.

Significant progress has been made, both theoretically and experimentally, towards under-
standing collectivity in small systems [34, 35]. In addition to explanations using hydrodynamic
models, there are alternative interpretations such as parton scattering [500, 501] and initial-state
momentum correlation [502, 503]. Several additional observables have been proposed to dis-
tinguish between the various interpretations, including correlating v2 and mean pT values [504]
and studying QCD collectivity in a single-parton system propagating in vacuum [505]. Future
experiments, and possibly new observables, are expected to further enhance our understand-
ing of the origins of azimuthal correlations and collectivity in small collision systems.

6.2.2 Exploring small system collectivity using heavy-flavor particles

As a consequence of their large masses, heavy quarks (charm and bottom) are primarily pro-
duced in the early stages of collisions. If a QGP is formed, heavy-quark interactions with the
medium will probe its entire evolution [312]. Flow measurements for heavy-flavor mesons in
HI collisions at RHIC [506] and the LHC [141, 507, 508] suggest that charm quarks develop
a strong collective behavior, similar to that for light-flavor particles, which are primarily pro-
duced from the bulk of the QGP. In small systems, collective flow of heavy-flavor mesons,
and especially the comparison to results for light hadrons, can impose further constraints on
interpretations of the origin of the observed collectivity.

Collective flow measurements have been performed for D0 and J/ψ mesons using CMS data of
pPb collisions at

√
s

NN
= 8.16 TeV in 2016 [509, 510] and of pp collisions at

√
s = 13 TeV in 2017

and 2018 [511]. Because of the asymmetric beam energies in pPb collisions at
√

s
NN

= 8.16 TeV
(6.5 TeV for the protons and 2.56 TeV per nucleon for the lead nuclei), particles selected with the
laboratory rapidity ylab have a corresponding nucleon-nucleon center-of-mass frame rapidity
ycm = ylab − 0.46. The upper panel of Fig. 91 shows elliptic flow results after subtracting jet
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correlations (vsub
2 ) for prompt J/ψ mesons at forward rapidities (−2.86 < ycm < −1.86 and

0.94 < ycm < 1.94 combined), as well as for K0
S and Λ hadrons and prompt D0 mesons at

midrapidity (−1.46 < ycm < 0.54), for high-multiplicity (185 ≤ Noffline
trk < 250) pPb collisions,

as a function of pT from 0.2 to 10 GeV. Positive vsub
2 values are observed for prompt D0 and

J/ψ mesons, with an initial increase up to pT ≈ 4 GeV, and then a slow decrease toward higher
pT. Over the full pT range, the vsub

2 values for these two mesons are consistent with each other
within uncertainties, and are smaller than those for K0

S and Λ hadrons. This observation indi-
cates that charm quarks develop a collective response to the bulk medium in this small system,
albeit weaker than that for light quarks.

A recent model calculation of J/ψ meson v2 in pPb collisions, based on final-state interactions
between produced charm quarks and a QGP medium, predicts far smaller values than seen in
the data [512]. This calculation suggests that additional contributions, e.g., those from initial-
state interactions, may be needed to account for the observed v2 signal for prompt J/ψ mesons
in high-multiplicity pPb events.

Motivated by the quark coalescence model [406, 513, 514], collective flow at the partonic level
is investigated by studying the scaling properties of vsub

2 divided by the number of constituent
quarks (nq), as a function of the transverse kinetic energy per constituent quark (KET/nq ,

where KET =
√

m2 + p2
T − m). The lower panel of Fig. 91 shows the same data as the upper

panel, but now as a function of KET with both vsub
2 and KET normalized by nq . The observed

similarity of nq-normalized vsub
2 values for the K0

S meson and Λ baryon is known as number-
of-constituent-quark (NCQ) scaling [297, 515–517], indicating that collective behavior is first
developed among the partons, which later recombine into final-state hadrons. The values of
(vsub

2 /nq) for prompt D0 mesons are consistently smaller than those for the K0
S meson and Λ

baryon. For J/ψ mesons, vsub
2 /nq values are consistent with those of K0

S and Λ hadrons within
statistical uncertainties at lower KET/nq , while for KET/nq & 1 GeV, the results are consistently
smaller than those for the other two particles.

To investigate whether collective behavior of heavy-flavor quarks exists in even smaller sys-
tems, similar measurements have been performed for prompt D0 mesons from pp collisions at√

s = 13 TeV, with the vsub
2 distribution presented in Fig. 92 as a function of pT for D0 rapidity

|ylab| < 1 and event multiplicity Noffline
trk ≥ 100. The positive v2 signal (0.061 ± 0.018 (stat) ±

0.013 (syst)) over a pT range of ∼2–4 GeV (with a declining trend toward higher pT) provides
an indication of collectivity for charm quarks in pp collisions. The v2 magnitude for prompt
D0 mesons is found to be compatible with that for light-flavor hadron species, which suggests
that collectivity is comparable (or slightly weaker) for charm hadrons than that for light-flavor
hadrons in high-multiplicity pp collisions.

To further investigate the possible system size dependence of collectivity for charm hadrons in
small colliding systems, v2 for prompt D0 mesons in pPb and pp collisions are measured in dif-
ferent multiplicity classes. The prompt D0 meson v2 as a function of event multiplicity for three
different pT ranges: 2 < pT < 4 GeV, 4 < pT < 6 GeV, and 6 < pT < 8 GeV are presented in
Fig. 93. At similar multiplicities of Noffline

trk ∼ 100, the prompt D0 v2 values are found to be com-
parable within uncertainties in pp and pPb systems. For 2 < pT < 4 GeV, the measurement for
prompt D0 mesons provides indications of positive v2 down to Noffline

trk ∼ 50 with a significance
of more than 2.4 standard deviations, while for 6 < pT < 8 GeV clearly positive signals are only
present in the higher-multiplicity region. Because of the large uncertainties, especially at low
multiplicities, no clear multiplicity dependence can be determined for pp results.

Figure 94 adds vsub
2 values for nonprompt D0 mesons from bottom hadron decays to the results
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Figure 99: Average ratios of jet transverse momenta as a function of E
4<|η|<5.2
T . The inclusive HF

activity results for pPb and PYTHIA+HIJING are shown as blue solid and black empty squares,
respectively. The systematic (statistical) uncertainties are indicated by the yellow, grey, and
blue boxes (vertical bars). Various theoretical calculations are shown by the open square and
circles and the grey band at about 0.7. (Figure adapted from Ref. [120].)

tions have motivated the investigation of the presence of jet quenching in small systems [530].

The simplest observable used to study jet quenching is the inclusive charged-particle nuclear
modification factor, denoted as RpA. Figure 98 shows both RAA and RpA for events integrated
in all centralities as functions of pT [340]. The observation of an RpA smaller than unity at pT <

2 GeV can be attributed to initial-state effects, such as the nuclear shadowing and saturation
effects discussed in Section 3. On the other hand, at high pT the charged-particle RpA is above
unity, consistent with mild antishadowing effects in the intermediate-x region [530]. Since
the data are consistent with models that include only initial-state effects, these results indicate
minimal jet quenching in inclusive hadronic pPb collisions at 5.02 TeV. Moreover, this finding
reinforces the conclusion that the smaller than unity charged-particle RAA observed in PbPb
collisions is primarily due to jet quenching in the QGP.

Additionally, dijet pT asymmetry studies in pPb collisions at 5.02 TeV [120] have been per-
formed to explore the possibility of larger dijet pT asymmetry than in the pp reference, as
observed in PbPb collisions (discussed in Section 5.1). The dijet pT balance xj, which is the
ratio of the subleading (pT,1) to leading (pT,2) jet pT, is sensitive to differences between the jet
quenching effects on the leading and subleading jets in the event. Selected MB and dijet events
were divided into HF activity classes according to the raw transverse energy measured in the

HF detectors within the pseudorapidity interval 4.0 < |η| < 5.2, denoted as E
4<|η|<5.2
T . This

pseudorapidity interval is chosen to separate the event class selection and dijet measurements

by a pseudorapidity gap of at least one unit (3.0 < |η| < 4.0). For all E
4<|η|<5.2
T classes, no
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significant modification of xj has been detected. In Fig. 99, the mean of xj in different event
activity classes is compared to a PYTHIA+HIJING reference with no jet quenching effect. Even

for events with the largest E
4<|η|<5.2
T , no significant deviation from the PYTHIA+HIJING refer-

ence is observed. This result provides valuable insights into the allowed size of any quenching
effects. Furthermore, studies of jet fragmentation functions, as well as inclusive and charm
jet nuclear modification factors in pPb collisions, indicate no significant nuclear modifications
when compared to pp references [531, 532]. This consistency indicates that, within the current
experimental uncertainties, no significant modifications are observed in the jet fragmentation
patterns in pPb collisions.

An alternative approach to investigate jet quenching involves studying the azimuthal angle
anisotropy of high-pT hadrons through two-particle correlation functions. Nevertheless, it is
crucial to acknowledge that measuring the high-pT v2 in pPb collisions presents challenges as
a result of significant nonflow contributions. To address this issue, various techniques, such
as selecting events with large rapidity gaps and subtracting low multiplicity events, have been
employed to mitigate the impact of nonflow effects. Using these techniques, the CMS analysis
reveals positive high-pT v2 values up to pT = 8 GeV, as depicted in Figure 94. These findings
suggest possible room for jet quenching effect in pPb collisions at high pT. However, it is im-
portant to note that the magnitude of v2 heavily depends on the nonflow subtraction method,
which currently hinders reaching a conclusion when using v2 measurements in the search for
jet quenching in small systems. In summary, the reported high-pT jet and hadron results for
pPb collisions do not exhibit clear indications of jet quenching, setting important constraints
on the size of any such effects.

6.5 Summary of results for small systems

The studies of inclusive particle production in pp, pPb, and PbPb collisions reveal that, at the
same collision energy, the PbPb system converts energy more efficiently into charged particles
than is the case for either pp or pPb collisions. In high-multiplicity pPb collisions, the trans-
verse energy distributions and mean pT of charged particles are better described by the EPOS

LHC generator, which includes a hydrodynamical evolution of the created system, as compared
to models that do not include the effects of hydrodynamics.

Furthermore, the studies of charged-hadron collectivity in high-multiplicity pp and pPb col-
lisions have provided the first observations of long-range correlations similar to those seen in
HI collisions. The CMS Collaboration has found strong evidence of collectivity through multi-
particle correlation analyses in pp, pPb, and PbPb collisions. Studies of particle correlation
functions have been extended to the even smaller γPb collision system, using pPb UPCs. The
γPb data are consistent with predictions of models that do not include any collective effects.

Additionally, CMS has investigated the collective behavior of heavy-flavor mesons in small
systems. Measurements of prompt D0 and J/ψ mesons in pPb and pp collisions at high energies
suggest a weaker collectivity signal for charm quarks than for light quarks. The study of charm
quark collectivity indicates positive elliptic flow, even in low-multiplicity pPb collisions, while
heavier bottom hadrons are found to have weaker collective signals, at a level that is currently
not detected conclusively, than those of light flavor hadrons.

In the quarkonia realm, CMS has identified notable final-state interactions in pPb collisions,
evident from the different suppression patterns measured for the excited and ground states of
cc and bb systems. This suppression is predominantly found in the lead-going rapidity region.
These variations are likely due to enhanced interactions as the quarkonia interact with other
comoving particles, thereby intensifying the dissociation of the excited state. Conversely, the
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forward region (proton-going rapidity), which is expected to have fewer comoving particle in-
teractions, displays comparable suppression for both states. This observation is similar to that
from studies of Υ mesons, where particle multiplicity is found to influence excited-to-ground
state production ratios. The production of Υ(nS) has also been studied in high-multiplicity pp
collisions. Interestingly, events with ground state mesons often contain more charged-particle
tracks than events with their excited counterparts, a phenomenon that cannot be attributed
solely to feed-down contributions. In certain contexts, such as jet-like pp events, the charged-
particle count remains uniform across Υ states, suggesting that particle associations and mass
differences between states are unrelated.

Finally, CMS reported searches for jet quenching in small collision systems. Studies using var-
ious observables, including the inclusive charged-particle nuclear modification factors (RpA)
and jet fragmentation functions, show no detectable jet quenching effects in pPb collisions at
high pT. However, further investigations are needed to draw firm conclusions about the possi-
bility of jet quenching in the pPb system.

7 Tests of the electroweak sector and searches for new physics

In addition to the nuclear hadronic interactions discussed in previous sections, EM interactions
can also be studied using the CMS detector. In UPCs that occur at large separations of the
colliding nuclei in the transverse plane (i.e., such that the strong interaction does not dominate
the collision dynamics), very large EM fields are possible [61–63]. In HI collisions, the field of
each ion can interact with that of the other ion, leading to particle production via γγ and γA
interactions.

Two-photon interactions are fundamental processes that have previously been studied, in par-
ticular, at HERA and LEP [533]. In general, γγ measurements using UPC at the LHC have
focused on QED processes and probing new physics phenomena. In HI collisions, studies of
QED processes with strong EM fields benefit from a background-free environment due to the
dominance of the γγ process over central diffraction, both of which are characterized by sub-
stantial rapidity gaps [534]. Many final states have been measured in UPC γγ interactions
of proton and/or lead beams at the LHC, as described in Refs. [208, 535, 536] and references
therein, including lepton pair production (γγ → e+e−, µ+µ−, τ+τ−). In combination with the
identification of interactions in which at least one of the lead nuclei is excited, based on neu-
trons detected by the ZDC detectors (discussed in Section 3.4), these processes are studied over
a wide range of nuclear impact parameters. More specifically, these effects may be enhanced in
events with a higher number of neutrons emitted or depleted in events with a lower number
of emitted neutrons [66]. At higher photon energies, where the photon flux is large, QCD two-
photon processes are also of great interest, e.g., double vector meson production [537], which
complements multiparton scattering studies in pp, pPb, and PbPb collisions [538], and investi-
gations of charmonium states to constrain their decay widths [539, 540]. Since UPC calculations
can be extended to include collisions with partial nuclear overlap, where dynamics related to
the strong interaction is present, γγ interactions have also been studied in peripheral nuclear
collisions, as discussed in Ref. [541] and references therein.

In the case of ultraperipheral pA collisions, the proton can also interact with the EM field gener-
ated by the heavy ion. The pA measurements extend the energy range accessible in photopro-
duction studies at HERA for several important processes. As discussed in Section 3, the non-
linear QCD dynamics in heavy nuclei at small-x gluon densities can be studied through heavy
quark production by photon-gluon fusion when the gluon originates from the nucleus, or via
diffractive dynamics when the gluon comes from a Pomeron [542]. Although these studies are
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also important for understanding the AA collision dynamics in the framework of collinear fac-
torization at NLO in pQCD [216, 543] and in the dipole picture [217], this section focuses on
interesting γγ interaction processes in PbPb collisions.

Stronger experimental limits on increasingly larger masses of BSM particles have made the
potential discovery of these particles in γγ processes at the LHC more challenging [544]. Still,
there are interesting regions of parameter space for BSM production that can be explored. At
the LHC, higher γγ invariant masses are accessible with pp collisions and lower masses can be
explored with PbPb collisions [545, 546]. In pp collisions, protons that have lost a few percent
of their energy can be tagged [547], which makes it possible to study processes involving, for
example, EW bosons (γγ → W+W−, ZZ, γγ) [548]. Although the γ spectrum falls less rapidly
for smaller charges—favoring proton over nuclear beams in the production of large invariant
mass diphoton systems—each photon flux scales with the squared charge of the hadron, Z2,
such that the effective γγ luminosities are significantly enhanced for ion beams (e.g., in the
case of PbPb collisions, the enhancement factor is Z4 = 5 × 107). The Lorentz factor of the
Pb beam at the LHC dictates the maximum quasireal photon energy of approximately 80 GeV,
leading to γγ collisions of energies up to

√
s ≈ 160 GeV. This is comparable to the center-of-

mass energy achieved at LEP [549] but with Z4 enhanced production cross sections.

Therefore, a wide range of processes can be studied using γγ interactions in UPCs. In the
following, some examples of photon-induced processes using PbPb UPC are described, in-
cluding exclusive high-mass dilepton (ml+l− & 5 GeV) production (Sections 7.1 and 7.2), the
rare processes of light-by-light (LbL) scattering and τ lepton production (Section 7.3), and BSM
searches, e.g., for axion-like particles (ALPs, Section 7.4). The final-state signature of these
studies is exceptionally clean. Figure 100, as an example, shows the interaction PbPb → γγ →
Pb(∗)τ+τ−Pb(∗), with a leptonic τ decay (red), τ → µνµ ντ , and a hadronic τ decay (yellow),

τ → π±π∓π±ντ . Otherwise, the central part of the detector is empty. Typically, outgoing
Pb ions survive the interaction, whereas neutrons originating from a potential electromagnetic
excitation (denoted by the superscript “(∗)”) are detected at very high |η|. Interestingly, the
γγ → e+e− production process, in which the electron is captured in a bound state with one
of the ions (“bound-free pair production”), is the dominant beam-physics effect restricting the
maximum PbPb luminosity at the LHC [550].

7.1 The QED production of an exclusive muon pair

An experimental handle is essential to determine the impact parameter dependence of lepton
pair production in UPCs [551]. As discussed in Section 3.4, the impact parameter of the UPC
can be controlled by using forward-emitted neutron multiplicities from the electromagnetic
dissociation (EMD) of one or both of the Pb ions. In this way, we can disentangle possible con-
tributions from initial-state (associated with the QED field strength) and final-state (e.g., mul-
tiple scattering in the QGP) effects that are both strongly dependent on the impact parameter.
More specifically, a broadening of lepton pair azimuthal angle correlations (or, equivalently, an
increase in the lepton pair pT) is observed in hadronic collisions compared to those from UPCs.
Alternative origins of this modification have been proposed, including final-state EM modifi-
cations of lepton pairs within a QGP medium [541, 552] or an impact parameter dependence of
the initial photon pT value [553–555], or both processes combined.

Figure 101 shows the distributions of the acoplanarity, α = 1 − |φ+ − φ−|/π, of µ+µ− pairs
for six neutron multiplicity classes in PbPb UPCs at

√
s

NN
= 5.02 TeV. Here, φ± represents the

azimuthal angle of the positive and negative muons in the laboratory frame, so α characterizes
the deviation from back-to-back azimuthal separation of the muon pair. The 0n0n class corre-
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Figure 100: Event display of a candidate γγ → τ+τ− event measured in a PbPb UPC at CMS.
The event is reconstructed as corresponding to a leptonic τ decay (red), τ → µνµ ντ , and a

hadronic τ decay (yellow), τ → π±π∓π±ντ . (Figure adapted from Ref. [536].)

sponds to no Coulomb breakup of either nucleus, and the 1nXn (X ≥ 2) class corresponds to
one neutron emitted from one nucleus and at least two neutrons emitted from the other nu-
cleus. Each α distribution is characterized by a narrow core close to zero (note the logarithmic
horizontal scale) and a long tail. The core component originates mainly from LO γγ → µ+µ−

scattering. In the tail component, however, higher order processes dominate, e.g., extra photon
radiation from the produced lepton(s), multiple-photon interactions, and scattering of (one or
both) photons emitted from one of the protons inside the nucleus [556, 557].

To investigate a possible dependence of the initial photon pT value on the impact parame-
ter, the core contribution to the α distribution is decoupled from the tail contribution using a
two-component empirical fit function [208]. The average acoplanarity of µ+µ− pairs from the
core component (〈αcore〉) is then determined using the fit function. The neutron multiplicity
dependence of 〈αcore〉 for µ+µ− pairs is shown in Fig. 102 (upper). A strong neutron multiplic-
ity dependence of 〈αcore〉 is clearly observed, while 〈αcore〉 predicted by the STARLIGHT MC
generator [110], shown as the dot-dashed line in Fig. 102 (upper), is almost constant. In con-
trast, the 〈αcore〉 value in the data increases as the multiplicity of neutrons emitted increases.
A constant value of 〈αcore〉 as a function of the neutron multiplicity is rejected with a p value
corresponding to 5.7 standard deviations. A LO QED calculation [558], which incorporates an
impact parameter dependence of the initial photon pT, can qualitatively describe the increasing
trend of 〈αcore〉, as shown by the dashed line in Fig. 102 (upper). This observation suggests that
the pT values of the initial photons producing µ+µ− pairs have a significant dependence on
the impact parameter, which affects both the pT and the acoplanarity of the muon pairs in the
final state. This initial-state contribution must be properly taken into account when exploring
possible final-state EM effects arising from a hot QGP medium formed in hadronic heavy ion
collisions [541, 552].

In Fig. 102 (lower), the average invariant mass 〈mµµ〉 of muon pairs is shown as a function of
the neutron multiplicity. A clear neutron multiplicity dependence of 〈mµµ〉 is observed, with
the 〈mµµ〉 value measured in XnXn events being greater than that in 0n0n events with a signif-
icance exceeding 5 standard deviations. This trend of 〈mµµ〉 can be qualitatively described by
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reconstructed charged-particle tracks above a certain low-pT threshold (e.g., 0.1 GeV) are re-
moved from further consideration. To further eliminate nonexclusive backgrounds, character-
ized by a final state with a larger vector sum of the pT values and larger diphoton acoplanarities

Aφ = (1 − ∆φe+e−/π) than the back-to-back exclusive events, the transverse momentum and

acoplanarity of the reconstructed systems are required to satisfy p
e+e−
T < 1 GeV and Aφ < 0.01.

These values are motivated by initial phenomenological studies [559] and further optimized
based on similar CMS studies of exclusive dilepton production [560, 561].

Figure 104 shows the e+e− acoplanarity distribution measured in the data, compared to MC
expectations. The curve is a binned χ2 fit of the data to the sum of two exponential functions,
representing the exclusive QED e+e− production plus any residual background in the high-Aφ

tail. It should be noted that using the 2015 PbPb data set (Table 1 in Section 2.3) approximately
ten thousand dielectron events are reconstructed in the signal-dominated region of Aφ < 0.01
with a purity of almost unity (as obtained from the ratio of amplitudes of the two exponen-
tial functions fitted to the data). The yellow histogram shows the same distribution, obtained
directly from a LO QED MC simulation. A small difference is found between the average Aφ

value obtained from the data and the MC prediction, resulting from the higher experimental
yields for events with Aφ > 0.01. This is probably the result of γγ → e+e− events where one
(or both) electrons radiate an extra soft photon, which are not explicitly simulated with LO MC
event generators, and/or any residual background surviving the event selection. When inte-
grated over the whole range of the distributions, these discrepancies modify the measurements
below the current level of precision, and hence do not significantly alter the interpretation of
the data. However, their influence on the accuracy of the extracted cross sections will grad-
ually increase with the accumulation of a larger amount of luminosity. Some recent progress
has been reported towards understanding higher-order QED corrections in more detail, partic-
ularly those resulting from final-state photon radiation from the leptons [562].
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Figure 104: Acoplanarity distribution of exclusive e+e− events measured in data (circles),
compared to the expected QED e+e− spectrum in a LO MC simulation (histogram). The
curve shows a χ2 fit to the sum of two exponential distributions, corresponding to exclusive
e+e− plus any residual (nonacoplanar) background pairs. The error bars represent statisti-
cal uncertainties while the hashed bands around the histogram represent the systematic and
MC statistical uncertainties added in quadrature. The horizontal bars indicate the bin size.
(Figure adapted from Ref. [535].)
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as described above for the QED e+ e− events, with the main requirement corresponding to
having two photons (rather than electrons), each with ET > 2 GeV and |η| < 2.4, and having
a diphoton invariant mass larger than 5 GeV. In the analysis, photons falling in the range
1.444 < |η| < 1.566, corresponding to a gap region between the barrel and endcaps of the ECAL
detector (discussed in Section 2.1), are missed. We observe 14 LbL scattering candidates, to be
compared with the 9.0± 0.9 (theo) STARLIGHT MC generator prediction for the LbL scattering
signal. The (conservative) 10% uncertainty in the LbL theoretical prediction covers different
implementations of the nonhadronic overlap condition for varying Pb radius and NN cross
section values, as well as neglected NLO corrections. The overall data-to-simulation agreement
is very good, given the small residual diphoton background: 3.0 ± 1.1 (stat) from CEP and
1.0 ± 0.3 (stat) from misidentified QED e+ e− events.

Figure 106 compares the measured and simulated distributions for the single photon pT and
η, and for the diphoton invariant mass and pT. Similarly to the measured yields, the kine-
matic distributions are also in agreement with the combination of the LbL scattering signal
plus the background expectation. It should be noted that the overall diphoton cross section ef-
ficiency is approximately 20%, compared with about 10% for dielectrons. The lower efficiency
results from each individual electron having a relatively large probability of losing energy by
bremsstrahlung before reaching the ECAL, thereby causing some losses by not satisfying the
trigger selection threshold.

As noted in Ref. [536], the possibility of observing photon-induced τ lepton production in UPC
events at a HI collider was considered well before the LHC era [567]. Recently, theoretical
studies have proposed that the kinematic properties of τ lepton pairs produced in UPCs at
the LHC can be used to constrain the electromagnetic couplings of the τ lepton [568–570].
These constraints allow for fundamental tests of QED and searches for BSM physics. This has
motivated the use of novel experimental approaches to observe this process, as undertaken in
recent measurements by the ATLAS [571] and CMS [536] Collaborations.

Based on the 2015 PbPb data sample, CMS has observed τ lepton pairs in UPC PbPb collisions,
γγ → τ+τ−, in events that may contain excitations of the outgoing Pb ions. One τ lepton (τµ )
is reconstructed through its decay to one muon and two neutrinos, while the other (τ3prong)
is reconstructed through its “3 pronged” decay into hadrons plus a neutrino [446]. A typical
event display is shown in Fig. 100. This choice of final state offers a clean experimental signa-
ture, with the muon used for online selection and the hadronically decaying τ candidate pro-
viding discrimination against dimuon photoproduction and thus providing an unambiguous
reconstruction of the τ lepton decay. Kinematic distributions showing the γγ → τ+τ− signal
process, as well as the background model based on control samples in the data, are shown in
Fig. 107. Good agreement is observed between the measured distributions and the sum of the
signal simulation and background estimation.

A maximum likelihood (binned) fit of the signal and background components is used for the
signal extraction. The fit is performed on the distribution of the difference in azimuthal opening
angle between the τµ and τ3prong candidates, ∆φ(τµ , τ3prong), exploiting the fact that the two
signal τ leptons are produced azimuthally back-to-back in UPCs. We measure 77 ± 12 γγ →
τ+τ− signal events as the integral of the postfit signal component. The signal and background
postfit ∆φ(τµ , τ3prong) templates, along with the data, are also shown in Fig. 107 (lower right).

The measured fiducial cross section is shown in Fig. 108, in good agreement with LO QED
predictions [568, 569]. The analytical calculation from Ref. [569] results in a cross section that
is 20% higher than that found in Ref. [568]. This is explained in Ref. [569] as mainly stemming
from the different requirements applied in the modeling of single-photon fluxes. In both cases,
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Figure 106: Distributions of the single photon ET (upper left) and η (upper right), as well as
diphoton invariant mass (lower left) and pT (lower right), measured for the exclusive events
passing the selection criteria (squares), compared to the expectations of LbL scattering signal
(orange), QED e+ e− MC generator predictions (yellow), and the CEP background (light blue).
The error bars indicate statistical uncertainties. (Figures adapted from Ref. [535].)

although further advancements in theory are needed for a proper uncertainty evaluation, a
conservative uncertainty of 10% is reported, following the approach of Ref. [535].

7.4 Exclusion limits on axion-like particle production and anomalous τ lepton
magnetic moment

A contributing factor in the coupling of the lepton (ℓ) to the photon (γ) is the anomalous mag-
netic moment aℓ = (g − 2)ℓ/2, with the g-factor being the proportionality constant that re-
lates the magnetic moment to the spin of the lepton. Although the predicted value of aτ is
0.00117721 (5), with the number in parentheses denoting the uncertainty in the last digit, its
best measured value is −0.018 ± 0.017, from the DELPHI Collaboration [572] (other existing
limits on aτ can be found in Ref. [446]). The larger uncertainty in aτ compared to the mea-
surements of aµ and ae mainly results from the short τ lepton lifetime, which is of the order

of 10−13 s, such that τ leptons cannot be stored to measure their aτ -dependent precession in a
magnetic field. A more precise aτ determination would facilitate tighter constraints on BSM
physics models, in which additional particles with mass M contribute with terms typically
proportional to (ml/M)2.

Thus, more recent calculations have evaluated the impact of BSM processes on the γγ → τ+τ−
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Figure 107: Transverse momentum of the muon originating from the τµ candidate (upper left).
Invariant mass of the three pions forming the τ3prong candidate (upper right). Invariant mass

of the τ+τ− system (lower left). The ∆φ(τµ , τ3prong) azimuthal difference (lower right). In all
plots, the signal component (magenta histogram) is stacked on top of the background compo-
nent (green histogram). The sum of signal and background is displayed by a blue line and the
shaded area shows the statistical uncertainty. The data are represented with black points and
the uncertainty is statistical only. The lower panels show the ratios of data to the signal-plus-
background prediction and the shaded bands represent the statistical uncertainty in the prefit
expectation. (Figures adapted from Ref. [536].)

cross section. The BSM coupling variations in aτ can change the expected cross section and
alter, e.g., the τ lepton pT spectrum [568, 569]. In Ref. [536], the dependence of the total σ(γγ →
τ+τ−) on aτ [568] was used to extract a model-dependent value of aτ at the LHC, as shown
in Fig. 109 at 68% CL. The projection to the integrated PbPb luminosity expected from the
high-luminosity LHC program is also shown [573].

As noted in Ref. [535], the LbL process has been proposed as a particularly sensitive channel for
studying BSM physics. Modifications of the LbL scattering rates can occur if, e.g., new heavy
particles, such as magnetic monopoles, vector-like fermions or dark-sector particles, contribute
to the virtual corrections of the box depicted in Fig. 103 (left). Other new spin-even particles,
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made possible by exceptionally clean final-state signatures for these rare processes.

The CMS Collaboration performed the first measurements of γγ → µ+µ− production as a
function of forward neutron multiplicity in PbPb UPC. A significant broadening of back-to-
back azimuthal correlations is seen, which increases as the multiplicity of emitted forward
neutrons increases. This observed trend is qualitatively reproduced by a LO QED calculation
that considers the importance of the impact parameter on the photon pT value. In the region of
near back-to-back emission, good agreement is found between theory and data for the γγ →
e+e− ratio, thus confirming the quality of the electromagnetic particle reconstruction and of
the event selection criteria for exclusive QED production in PbPb UPC.

The CMS Collaboration has also reported evidence for LbL scattering in PbPb UPC data, based
on a data sample recorded in 2015. Both the measured total yields and the kinematic distri-
butions agree with the expectations for the LbL scattering signal with a small residual back-
ground that is mostly from misidentified exclusive dielectron and gluon-induced central ex-
clusive processes. The measured exclusive diphoton invariant mass distribution is used to set
new exclusion limits on the production of pseudoscalar axion-like particles, through the pro-
cess γγ → a → γγ, over the ma = 5–90 GeV mass range.

The CMS Collaboration has also made an observation of the production of τ lepton pairs in
PbPb UPCs. In this case, events with a final state of one muon and three charged hadrons are
reconstructed from the PbPb data sample recorded in 2015. The statistical significance of the
signal relative to the background-only expectation is greater than five standard deviations. The
measured kinematical distributions and the extracted cross section are found to agree with LO
QED predictions. Using the measured cross section and its corresponding uncertainties, we
estimated a model-dependent value of the anomalous magnetic moment of the τ lepton, aτ ,
providing a novel experimental probe of aτ using heavy ion collisions at the LHC.
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8 Summary

8.1 Discoveries and insights from high-density QCD studies

This review presents the first comprehensive summary of studies conducted by the Compact
Muon Solenoid (CMS) Collaboration at the Large Hadron Collider (LHC) in the realm of heavy
ion (HI) collisions during the years spanned by Runs 1 (2010–2013) and 2 (2015–2018). The
measured processes have shed light on multiple aspects of the physics of high-density quantum
chromodynamics (QCD), precision quantum electrodynamics (QED), and even novel searches
of phenomena beyond the standard model (BSM). Relative to what was initially envisioned
as a compelling HI physics program in CMS, a series of observations and extensions have
been achieved, on top of benchmark measurements, that have helped resolve puzzles raised
by preceding experimental programs. After successfully addressing experimental challenges
(Section 2), measurements in ultrarelativistic HI collisions at the LHC have entered a high-
precision era, with major progress in the areas of online event selection and offline physics
object reconstruction.

The initial state of the nucleons and nuclei before a HI collision strongly influences the subse-
quent evolution of the created medium. The density of quarks and gluons within a nucleon,
as a function of the fraction of the nucleon momentum (x) carried by each parton and the
squared transverse momentum transfer (Q2), is parameterized in terms of parton distribution
functions (PDFs). When the nucleon is embedded in a nucleus, this density is expressed as
nuclear PDFs (nPDFs). Proton-lead (pPb) collision data have been used to constrain the quark
and gluon nPDFs through measurements of the cross section of electroweak gauge bosons,
dijets, and top quark pairs (Section 3). Some of these results have been used as input to the lat-
est nPDF fits, leading to a significant improvement in the precision across an extended phase
space region. For studying the small-x region, which is primarily driven by the evolution of the
gluon density, the measurements of forward inclusive jet cross sections in pPb collisions and
the cross sections for exclusive vector meson production in pPb and lead-lead (PbPb) collisions
have been used. As part of these studies, a technique has been developed to use forward neu-
tron multiplicities in order to unfold the cross sections for exclusive vector meson production
in the photon-nucleus frame, giving unprecedented access to the small-x regime.

As expected, the LHC collaborations find a significant increase in the charged particle density
and average transverse energy per charged particle compared to those found at RHIC ener-
gies, indicating a denser and hotter medium formed at the LHC. The CMS Collaboration has
an extensive program for studying such bulk properties of the quark-gluon plasma (QGP) in
ultrarelativistic nuclear collisions and searching for novel phenomena (Section 4). Taking ad-
vantage of the wide pseudorapidity (η) coverage of the CMS apparatus, long-range collective
particle correlations (“flow”) are observed with unprecedented high precision. At the same
time, factorization breaking in flow harmonics (vn) has been observed and studied for the first
time by the CMS Collaboration and has been shown to have a strong sensitivity to the gran-
ularity of initial-state fluctuations. The observation of an η-dependent factorization breaking
has provided sensitivity to the longitudinal dynamics of the QGP. In addition, the shape and
size of the systems produced in different colliding systems and at various LHC energies were
also investigated via femtoscopic correlation measurements. In relativistic HI collisions lead-
ing to QGP formation, the resulting medium may experience intense magnetic fields produced
by the colliding ions. If net chiral (left- or right-handed) quarks are present, a localized current
can be generated, leading to a charge separation known as the chiral magnetic effect (CME)
and, as a separate process, a long-wavelength collective excitation known as a chiral magnetic
wave (CMW). In searching for CME and CMW effects, CMS has unambiguously demonstrated
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that the signals are too small at LHC energies for either of these two phenomena to be observed.

The experimental use of hard probes as a way to study the short-wavelength structure of the
QGP has greatly advanced during the LHC Runs 1 and 2 (Section 5). With the initial studies,
the depletion of particles with high transverse momentum (pT) observed in two-particle corre-
lations, at BNL RHIC was confirmed to be the result of jet quenching with LHC measurements
of dijet asymmetries using fully reconstructed jets. Further evidence comes from the suppres-
sion of jet and hadron yields in HI collisions compared to those expected by scaling up the
results from pp collisions. The yield suppression is generally expressed in terms of the nuclear
modification factor (RAA) and can be associated with parton energy loss. Subsequent detailed
studies of hadrons and jets have provided information regarding the path-length dependence
of parton energy loss. The associated production of jets with electroweak bosons has made pos-
sible the determination of the absolute magnitude of the jet energy loss and these studies are
now applied to test the survivor bias in inclusive jet samples. A multitude of measurements,
including those of jet fragmentation functions and jet shapes, have established a qualitative
picture in which quenching redistributes jet energy from the high-pT jet constituents to softer
particles, and from small to large angles relative to the jet axis. Novel background subtrac-
tion algorithms and jet grooming techniques (which remove wide-angle soft radiation from a
jet) allow the investigation of the early stages (early vacuum) of a parton shower in the QGP,
well before its later medium-modified stage. These studies suggest that jet modifications can
be sensitive to the earliest splittings in the evolution of the parton shower. However, further
investigations are needed to properly account for a bias when selecting broader early-vacuum
structures, and hence more heavily quenched jet momenta.

The CMS Collaboration has also performed systematic studies (Section 5) of the mass depen-
dence of quark energy loss by comparing the RAA and v2 results for fully reconstructed light-
and heavy-flavor (charm and beauty) hadrons over an unprecedentedly large pT range. These
studies led to unique measurements of B mesons in heavy ion collisions. The hadronization
of heavy-flavor particles has also been examined in detail using various ratios of their yields,
including, for the first time, details of the internal structure of exotic hadrons in the presence
of the QGP. With five quarkonium states at hand (J/ψ, ψ(2S), and Υ(nS), n = 1–3), measure-
ments of the modification of their production in pPb and PbPb collisions provide detailed data
to improve models aiming to describe the interaction of heavy-quark bound states in strongly
interacting matter.

The study of the collectivity of charged hadrons in high-multiplicity pp and pPb collisions
(Section 6) has provided the first observations of long-range correlations similar to those seen
in HI collisions. The CMS Collaboration has offered further evidence of collectivity through
multiparticle correlation and heavy-flavor meson analyses. The study of multiparticle corre-
lations has been extended to smaller collision systems using ultraperipheral collisions (UPCs),
where the separation of the ions in the transverse plane strongly reduces the role of interactions
mediated by quarks and gluons. One of the motivations for the small collision system studies
was to search for evidence of jet quenching in these systems, to compare to the results obtained
in collisions involving two heavy ions. Jet quenching effects have not been observed in pPb
collisions at high pT.

In addition to nuclear hadronic interactions, electromagnetic interactions can also be studied in
UPCs (Section 7) since heavy ions with energies of several TeV per nucleon can interact through
very intense electromagnetic fields. The Lorentz factor of the Pb beam at the LHC determines
the maximum quasireal photon energy of approximately 80 GeV, leading to photon-photon
collisions of center-of-mass energies up to 160 GeV, i.e., similar to those reached at LEP 2 but
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with Z4 enhanced production cross sections. A broad range of precision SM and BSM processes
has been studied in these photon-induced interactions, including exclusive high-mass dilepton
(ml+l− & 5 GeV) production as well as the rare processes of light-by-light (LbL) scattering and
τ lepton production.

8.2 Future physics opportunities at CMS for high-density QCD measurements

The QCD theory, a cornerstone of the standard model (SM), remains a crucial aspect in our
understanding of the strong interaction, albeit with lingering questions. The large values of
strong coupling (αS) at low Q2 render the traditional small-αS perturbation theory inapplicable,
such that collective phenomena in nuclei are nonperturbative. However, a coordinated appli-
cation of the QCD parton model for conventional hadrons, an effort to grasp the exotic hadron
spectroscopy, and advances from lattice QCD calculations hold promise of a fundamentally
improved understanding of the characteristics of nuclei and their interactions and how decon-
finement arises.

Many unresolved questions remain regarding the precise nature of the initial state from which
thermal QCD matter potentially emerges. How the parton density varies across the broad
nuclear (x, Q2) phase space is still only partially known and, in particular, no unambiguous
evidence has yet been found to mark the onset of parton saturation. Additionally, it is not yet
quantitatively understood how the collective properties of the quark-gluon plasma emerge at
a microscopic level from the interactions among the individual quarks and gluons that make
up this medium. Therefore, a crucial aspect of nuclear studies is the exploitation of future
opportunities for high-density QCD studies with ion and proton beams. This will allow for
the study of cold nuclear matter effects, the onset of nuclear saturation, and the emergence
of long-range correlations. Examination of high-pT hadrons, fully reconstructed jets, heavy
quarkonia, open heavy-flavor particles, as well as novel tools [585] to investigate more detailed
aspects [586] of jet quenching, will provide additional information about the strongly coupled
QGP, complementing the bulk and collective observables of the soft sector. Long-term initia-
tives, such as the use of top quarks to unravel the intricacies of jet quenching at different time
scales of the QGP evolution, are in their early stages and are projected to rapidly progress with
the increased luminosity anticipated in the LHC Run 3 (2022–2025) and beyond. A pilot run of
oxygen-oxygen and proton-oxygen collisions will help answer the key prerequisite conditions
for the onset of hot-medium effects [587]. It is also important to understand the level at which
these effects could be phenomenologically limited by knowledge of nPDFs. At present, there
is a lack of experimental oxygen data for comprehensive global nPDF fitting, underscoring the
importance of proton-oxygen collisions in ensuring the accuracy of nPDFs for lighter ions. This
also has far-reaching implications for modeling ultrahigh-energy (cosmic ray) phenomena, and
is crucial for addressing significant unresolved questions in this field [588].

In addition to the larger luminosity, the detector upgrades planned for the CMS experiment in
the LHC Run 4 (starting in year 2029) will significantly benefit the HI program. In particular,
the increased η acceptance for charged particles resulting from tracker upgrades [589] will be
very beneficial for bulk particle measurements. The upgraded Zero Degree Calorimeters [590]
will further improve the existing triggering and identification of UPCs. The addition of time-
of-flight particle identification capability, enabled by the Minimum Ionizing Particle Timing
Detector [591], will allow identification between low-momentum charged hadrons, such as pi-
ons, kaons, and protons, which will improve the measurements of heavy-flavored particles and
neutral strange hadrons, while improving the prospects for identified jet substructure measure-
ments [592].
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Proton-nucleus collisions have been an integral part of the LHC program since the 2011 and
2012 pilot runs. Within collinear factorization, constraints on our knowledge of the nuclear
wave functions were extended at high Q2 using dijet, heavy gauge boson, and top quark pro-
duction processes available for the first time in nuclear collisions. Further insights have been
gained at lower Q2 with heavy-flavor production based on the assumption that the nuclear
modification of their yields can be accurately incorporated in global analyses of nPDFs. In
Run 2, the increased luminosity and detector improvements allowed for increased statistical
precision, expanding the kinematic reach to encompass a broader range of accessible processes.
Following the discoveries of collective-like effects in small collision systems, an order of mag-
nitude higher integrated luminosity target for pPb collisions is set for Runs 3 and 4, including
a large sample of pp collisions at the highest LHC energy, but with moderate pileup to reach
the largest possible multiplicities over a full range of hadronic colliding systems.

The large PbPb integrated luminosity in Runs 3 and 4, coupled with high-accuracy theoretical
QED calculations and several detector upgrades, will maximize the potential of UPC measure-
ments. Collectively, these factors will broaden the phase space region and overall scope of
physics exploration in the studies of low-mass resonances, the continuum, and heavy-flavor
mesons in UPC events. The primary goal will be to cover a much wider range of masses: the

expected spectrum obtainable by CMS for a 13 nb−1 integrated luminosity run can extend to
masses up to about 200 GeV, bridging the gap for BSM searches between PbPb and pp collisions
(in the latter case, by employing the forward proton tagging technique) and overall extending
the physics reach not only for (pseudo)scalar but also for tensor resonances [575]. Interestingly,
these high-mass pairs correspond to two-photon interactions in, or in close proximity to the
two nuclei, enhancing the effects owing to interactions with the medium and magnetic fields
associated with the QGP. Lower masses should be accessible with looser requirements for track
and electron pT and their overall identification quality [593]. Exclusive dimuon production can
offer a precision measurement of photon fluxes associated with ion beams, and as such can be
used to constrain predictions for all other UPC processes. Additional LbL scattering data will
also be crucial in determining the nature of newly discovered resonant structures, such as the
X(6900) state [594].

Continuing the LHC HI physics program into the HL-LHC era [595, 596] offers the opportunity
to collide intermediate-mass nuclei (e.g., oxygen and argon), facilitating the study of the initial
stage of ion collisions, small-x physics, and the determination of nPDFs. Furthermore, higher
luminosities will allow vastly improved access to rare probes of the QGP. At the same time, it
complements other key research efforts in the nuclear physics QCD community (e.g., ongoing
efforts at RHIC [597] and the upcoming Electron-Ion Collider [598]), as well as technical de-
velopments in the high-energy and cosmic-ray [546] physics communities. Collectively, these
initiatives will be pivotal in deepening our understanding of both QCD and QED, illuminating
the intricate nature of matter in the early microseconds of the universe.

Acknowledgments

We congratulate our colleagues in the CERN accelerator departments for the excellent perfor-
mance of the LHC and thank the technical and administrative staffs at CERN and at other
CMS institutes for their contributions to the success of the CMS effort. In addition, we grate-
fully acknowledge the computing centers and personnel of the Worldwide LHC Computing
Grid and other centers for delivering so effectively the computing infrastructure essential to
our analyses. Finally, we acknowledge the enduring support for the construction and oper-
ation of the LHC, the CMS detector, and the supporting computing infrastructure provided



8.2 Future physics opportunities at CMS for high-density QCD measurements 151

by the following funding agencies: the Armenian Science Committee, project no. 22rl-037;
the Austrian Federal Ministry of Education, Science and Research and the Austrian Science
Fund; the Belgian Fonds de la Recherche Scientifique, and Fonds voor Wetenschappelijk On-
derzoek; the Brazilian Funding Agencies (CNPq, CAPES, FAPERJ, FAPERGS, and FAPESP);
the Bulgarian Ministry of Education and Science, and the Bulgarian National Science Fund;
CERN; the Chinese Academy of Sciences, Ministry of Science and Technology, the National
Natural Science Foundation of China, and Fundamental Research Funds for the Central Uni-
versities; the Ministerio de Ciencia Tecnologı́a e Innovación (MINCIENCIAS), Colombia; the
Croatian Ministry of Science, Education and Sport, and the Croatian Science Foundation; the
Research and Innovation Foundation, Cyprus; the Secretariat for Higher Education, Science,
Technology and Innovation, Ecuador; the Estonian Research Council via PRG780, PRG803,
RVTT3 and the Ministry of Education and Research TK202; the Academy of Finland, Finnish
Ministry of Education and Culture, and Helsinki Institute of Physics; the Institut National de
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A Glossary

Table 7: Defined acronyms and most frequently used notations in this review.

AA Ion-ion collision system
AGS Alternating Gradient Synchrotron
AJ Dijet asymmetry
ALEPH Apparatus for LEP PHysics
ALICE A Large Ion Collider Experiment
ALP Axion Like Particles
ATLAS A Toroidal LHC Apparatus
BDT Boosted Decision Tree
BEC Bose–Einstein Correlations
BFKL Balitsky–Fadin–Kuraev–Lipatov
BNL Brookhaven National Laboratory
BRAHMS Broad RAnge Hadron Magnetic Spectrometers
BSC Beam Scintillation Counter
BSM Beyond the Standard Model
CASTOR Centauro And STrange Object Research
CDF Collider Detector at Fermilab
CEP Central Exclusive Production
CERN European Organization for Nuclear Research
CGC Color Glass Condensate
CKF Combinatorial Kalman filter
CL Confidence Level



153

CM Center of mass
CME Chiral Magnetic Effect
CMS Compact Muon Solenoid
CMW Chiral Magnetic Wave
CNM Cold Nuclear Matter
CPU Central Processing Units
CS Constituent Subtraction
CSC Cathode Strip Chambers
CSE Chiral Separation Effect
DAQ Data Acquisition
DELPHI DEtector with Lepton, Photon and Hadron Identification
DESY Deutsches Elektronen-Synchrotron
DGLAP Dokshitzer–Gribov–Lipatov–Altarelli–Parisi
DT Drift Tubes
DY Drell–Yan
ECAL Electromagnetic Calorimeter
EM Electromagnetic
EMC European Muon Collaboration
EMD Electromagnetic Dissociation
ESE Event Shape Engineering
ET Transverse Energy
ETA Pseudorapidity
EW Electroweak
HCAL Hadron Hadronic Calorimeter
HERA Hadron-Electron Ring Accelerator
HF Forward Hadron Calorimeter
HI Heavy Ions
HLT High-Level Trigger
HQ Heavy Quark
ID Identification
IP Impact Parameter
ISR Initial-State Radiation
KET Transverse Kinetic Energy
LEP Large Electron–Positron Collider
LHC Large Hadron Collider
LO Leading order
LPM Landau–Pomeranchuck–Migdal
MB Minimum Bias
MC Monte Carlo
NAA Corresponding yield of the particle species of interest in AA collisions
NCQ Number Constituent Scaling
NLO Next to Leading Order
NN Nucleon Nucleon
NNLL Next-to-Next-to-Leading Logarithmic
NNLO Next-to-Next-to-Leading Order
NPDF Nuclear PDFs
NSD Non-Single-Diffractive
OPAL Omni-Purpose Apparatus for LEP
OS Opposite Sign
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PDFs Parton Distribution Functions
PF Particle Flow
PHENIX Pioneering High Energy Nuclear Interaction eXperiment
PHOBOS One of the initial suite of four detectors installed at RHIC
POWHEG Positive Weight Hardest Emission Generator
PP Proton-proton collision system
PT Transverse Momentum
PU Pileup
PV Primary Vertex
PYTHIA Event generator
QCD Quantum Chromodynamics
QED Quantum Electrodynamics
QGP Quark-Gluon Plasma
RAA Nuclear Modification Factor
RHIC Relativistic Heavy Ion Collider
RMS Root-mean-squared
RPC Resistive-Plate Chambers
SM Standard Model
SPS Super Proton Synchrotron
SR Signal Region
SS Same Sign
STAR Solenoidal Tracker at RHIC
STAT Statistical Uncertainty
SYST Systematic Uncertainty
TAA Nuclear Overlap Function
TMVA Toolkit for Multivariate Data Analysis
UE Underlying Event
UPC Ultraperipheral Collisions
VM Vector Meson
ZDC Zero Degree Calorimeter
ZEUS Particle Detector at HERA
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Université de Strasbourg, CNRS, IPHC UMR 7178, Strasbourg, France
J.-L. Agram21 , J. Andrea , D. Apparu , D. Bloch , J.-M. Brom , E.C. Chabert ,
C. Collard , S. Falke , U. Goerlach , C. Grimault, R. Haeberle , A.-C. Le Bihan ,
M. Meena , G. Saha , M.A. Sessini , P. Van Hove

Institut de Physique des 2 Infinis de Lyon (IP2I ), Villeurbanne, France
S. Beauceron , B. Blancon , G. Boudoul , N. Chanon , J. Choi , D. Contardo ,



202

P. Depasse , C. Dozen22 , H. El Mamouni, J. Fay , S. Gascon , M. Gouzevitch ,
C. Greenberg, G. Grenier , B. Ille , I.B. Laktineh, M. Lethuillier , L. Mirabito, S. Perries,
A. Purohit , M. Vander Donckt , P. Verdier , J. Xiao

Georgian Technical University, Tbilisi, Georgia
I. Lomidze , T. Toriashvili23 , Z. Tsamalaidze16

RWTH Aachen University, I. Physikalisches Institut, Aachen, Germany
V. Botta , L. Feld , K. Klein , M. Lipinski , D. Meuser , A. Pauls , N. Röwert ,
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Centro de Investigaciones Energéticas Medioambientales y Tecnológicas (CIEMAT),
Madrid, Spain



208

M. Aguilar-Benitez, J. Alcaraz Maestre , Cristina F. Bedoya , M. Cepeda , M. Cer-
rada , N. Colino , B. De La Cruz , A. Delgado Peris , A. Escalante Del Valle ,
D. Fernández Del Val , J.P. Fernández Ramos , J. Flix , M.C. Fouz , O. Gonzalez Lopez ,
S. Goy Lopez , J.M. Hernandez , M.I. Josa , D. Moran , C. M. Morcillo Perez ,
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