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The Compact Muon Solenoid experiment at the LHC accelerator uses
various physics observables to study a hot and dense medium created in
heavy-ion collisions. Understanding of the medium properties requires con-
ducting studies for different colliding systems; these include PbPb collisions
but also reference pp and pPb data. In this paper, an overview of some se-
lected experimental results concerning collective effects, the jet-quenching
phenomenon as well as the suppression of quarkonium states is presented.
A special emphasis is put on the results obtained for recently acquired pPb
data.

DOI:10.5506/APhysPolB.45.1291
PACS numbers: 25.75.–q, 13.85.–t

1. Introduction

Quantum Chromodynamics (QCD) predicts that at a very high tempera-
ture of 150–190MeV, corresponding to an energy density of about 1GeV/fm3,
nuclear matter undergoes a phase transition to a state of deconfined quarks
and gluons. This new form of matter is called Quark–Gluon Plasma (QGP)
and is studied experimentally in high-energy heavy-ion collisions.

The heavy-ion programme carried out by the Compact Muon Solenoid
(CMS) experiment at the Large Hadron Collider (LHC) includes studies of
lead–lead (PbPb) collisions as well as analyses for reference systems, i.e.
proton–lead (pPb) and proton–proton (pp) collisions. High centre-of-mass
energies reached in collisions at the LHC allow the CMS experiment to study
QCD in unexplored, so far, kinematic domain.
∗ Presented at the Cracow Epiphany Conference on the Physics at the LHC, Kraków,
Poland, January 8–10, 2014.
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The CMS is a general purpose detector which comprises a number of sub-
systems. Its main parts are the tracking system, calorimeters and the muon
system, which are covering a wide pseudorapidity1 range. The central feature
of the CMS apparatus is a superconducting solenoid (3.8T field). The high-
precision tracker, consisting of silicon pixel and silicon strip detector mod-
ules, is located inside the solenoid. It measures charged particles within the
pseudorapidity range |η| < 2.5. The electromagnetic calorimeter (ECAL)
and hadron calorimeter (HCAL) are positioned inside the solenoid as well.
The high-granularity ECAL consists of lead-tungstate crystals distributed
in a barrel region (|η| < 1.5) and two endcaps that extend to |η| = 3.0. The
HCAL barrel and endcaps are sampling calorimeters composed of brass and
scintillator plates, covering |η| < 3.0. In addition to the barrel and endcap
detectors, there are also calorimeters in the forward region. Steel/quartz-
fiber hadronic forward calorimeters (HF) cover the 2.9 < |η| < 5.2 range.
The gas-ionization muon chambers, embedded in the steel return yoke out-
side the solenoid, measure muons for |η| < 2.4. The subdetectors are com-
plemented by a flexible two-level trigger system. The combination of a fast
Level-1 (L1) trigger with a sophisticated High Level Trigger (HLT) allows for
an efficient selection of the most interesting events, e.g. events with high-
momentum jet, photon, (di)muon or high-multiplicity events. A detailed
description of the CMS detector can be found in Ref. [1].

The exceptional capabilities of CMS enable studies of a wide range of
heavy-ion physics related observables. The observables concern the bulk
particle production, collective phenomena and, in particular, the so-called
hard probes. As nuclei are extended objects, a value of the collision im-
pact parameter (b) — connected with the collision centrality — strongly
influences particle production processes in heavy-ion collisions. Therefore,
the observables are analysed in bins of the collision centrality. Centrality
can be specified by giving a percentage of the total inelastic hadronic cross
section, with 0% denoting the most central collisions (b = 0) and 100% cor-
responding to the most peripheral collisions. The number of participating
nucleons, Npart, and the number of binary nucleon–nucleon collisions, Ncoll,
are used as measures of centrality as well. In order to obtain Npart and Ncoll

values, the energy measured in HF calorimeters (or event multiplicity from
the silicon tracker) is compared to simulations including an initial collision
geometry description based on the Glauber model [2] calculations and the
response of the detectors.

The CMS heavy-ion data samples were recorded in the years 2010–2013.
These include two sets of PbPb data at a nucleon–nucleon centre-of-mass en-
ergy

√
sNN = 2.76TeV, one comprising an integrated luminosity of 8.3µb−1

1 Pseudorapidity η is defined as η = − ln(tan(θ/2)), where θ is the polar angle of the
particle’s trajectory with respect to the anti-clockwise beam direction.
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(2010 PbPb Run) and another one with 150µb−1 (2011 PbPb Run). In
addition, two samples of pp reference data at the same centre-of-mass en-
ergy (2.76TeV) were collected in 2011 and 2013; integrated luminosities of
0.231 pb−1 and 5.4 pb−1, respectively. In September 2012, a test run of
pPb collisions2 at

√
sNN = 5.02TeV resulted in the integrated luminosity

of about 1µb−1. Finally, a high-statistics pPb data sample (31 nb−1) was
recorded in 2013.

2. Experimental results: PbPb vs. pPb collisions

A complete information on all of the CMS heavy-ion physics results can
be found on the “Public Physics Results” web page [3]. This paper focuses
only on some selected results concerning collective phenomena (including
two-particle correlations), jet quenching and quarkonia suppression. More
emphasis is put on studies of the proton–lead collisions for which final-state
medium effects are expected to be largely absent, and which serve as baseline
measurements for the study of PbPb collisions. However, initial state effects,
such as the modification of parton distribution functions in the bound nu-
cleons of lead ions (nPDFs), may contribute to the observed physics signals
allowing for a characterization of such effects relative to a proton–proton
reference.

2.1. Signals of (possible) collective behaviour
2.1.1. Two-particle correlations

Particle correlation studies are being extensively pursued in high-energy
physics experiments as they may shed light on the underlying mechanism
of particle production. Experiments at the Relativistic Heavy Ion Collider
(RHIC) measured two-particle correlations using two-dimensional ∆η–∆φ
correlation functions, where ∆η is the difference in pseudorapidity and ∆φ
is the difference in azimuthal angle between the two particles. For gold–gold
(AuAu) collisions at

√
sNN = 200GeV, the RHIC experiments have found

the so-called “ridge” effect [4, 5], i.e. the long-range (large ∆η) near-side
(∆φ ≈ 0) two-particle correlations. At the LHC, a similar correlation struc-
ture has also been observed by the CMS experiment in lead–lead collisions at√
sNN = 2.76TeV [6, 7], as well as, unexpectedly, in very high-multiplicity

pp collisions at 7TeV [8]. In pPb collisions at
√
sNN = 5.02TeV, the first

measurement of the ridge phenomenon was also performed by CMS [9].

2 The collision energy for the pPb system was different than for PbPb and pp collisions
due to different rigidities of the proton and Pb-ion.
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A new, detailed analysis [10] of two-particle correlations in pPb and PbPb
collisions was performed in classes of track multiplicity3, Noffline

trk , following
the procedure established for pp interactions [8]. Particle pairs were formed
by associating every trigger particle, with a transverse momentum within
the ptrig

T interval, with all other charged particles with pT from the passoc
T

interval. The per-trigger-particle associated yield was defined as

1

Ntrig

d2Npair

d∆η d∆φ
= B(0, 0)

S(∆η, ∆φ)

B(∆η, ∆φ)
, (1)

where Ntrig is the number of trigger particles in the event, the signal dis-
tribution, S(∆η, ∆φ), is the per-trigger-particle yield of particle pairs from
the same event

S(∆η, ∆φ) =
1

Ntrig

d2N same

d∆η d∆φ
, (2)

and the background distribution, B(∆η, ∆φ), is the per-trigger-particle
yield of particle pairs from the mixed events

B(∆η, ∆φ) =
1

Ntrig

d2Nmix

d∆η d∆φ
. (3)

The mixed-event background distribution was constructed by pairing the
trigger particles in each event with the associated particles from 10 different
random events, excluding the original event. The signal and background
distributions were first calculated for each event, and then averaged over all
events within the track multiplicity class.

Figure 1 shows the two-dimensional (2D) two-particle correlation func-
tions measured in 2.76TeV PbPb and 5.02TeV pPb collisions, panels (a)
and (b) respectively. The correlations were calculated for pairs of charged
particles with 1 < ptrig

T < 3GeV/c and 1 < passoc
T < 3GeV/c, for events with

the track multiplicity in the range 220 ≤ Noffline
trk < 260. For both high-

multiplicity systems, in addition to the correlation peak near (∆η, ∆φ) =
(0, 0) due to jet fragmentation, a pronounced long-range structure is seen at
∆φ ≈ 0 extending over at least 4.8 units of |∆η| (the near-side ridge). On
the away-side (∆φ ≈ π) of the correlation functions, the long-range struc-
ture is also observed. The away-side correlations contain the contribution
from back-to-back jets and also the contribution from the ridge effect, as
discovered by ALICE [11].

3 Track multiplicity, Noffline
trk , is defined as the number of charged particles reconstructed

in the silicon tracker and having |η| < 2.4 and pT > 0.4GeV/c.
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Fig. 1. Two-dimensional (2D) two-particle correlation functions for (a) 2.76TeV
PbPb and (b) 5.02TeV pPb collisions for pairs of charged particles with 1 < ptrig

T <

3GeV/c and 1 < passoc
T < 3GeV/c within the 220 ≤ Noffline

trk < 260 multiplicity
bin [10].

In order to investigate the observed correlations in detail and to obtain
a quantitative comparison of the structure in different colliding systems,
one-dimensional (1D) distributions in ∆φ have been calculated by averag-
ing the signal and background 2D distributions over |∆η| > 2 (defining the
long-range region). Next, the strength of the near-side long-range corre-
lations was quantified by integrating the event-normalized associated yield
over |∆φ| < 1.2. The resulting integrated yields are shown in Fig. 2 as
a function of the trigger particle transverse momentum, ptrig

T , and event
multiplicity, Noffline

trk . For high-multiplicity (220 ≤ Noffline
trk < 260) pPb and

PbPb collisions, the near-side ridge is the most apparent in the intermediate
transverse momentum range (1 < ptrig

T < 6GeV/c) — left panel of Fig. 2. As
shown in the right panel, the ridge associated yield increases with the event
multiplicity in both PbPb and pPb collisions, but also in the pp system. The
results indicate that the strength of the ridge effect depends on a size of the
interacting system, i.e. the long-range near-side correlations are the weakest
for pp, the middle ones for pPb, and the strongest for PbPb collisions. How-
ever, the general characteristics for all the three systems are very similar.
Does it mean that the similarities observed between these collision systems
are due to the same origin of the effect?

While the ridge effect in high-energy nucleus–nucleus (AA) collisions is
widely accepted to be a consequence of the fluctuations of the initial geom-
etry and the collective hydrodynamical evolution of the produced strongly
interacting medium, various competing theoretical concepts have been pro-
posed to explain the origin of this phenomenon in pp and pPb collisions.
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Fig. 2. Event-normalized associated yield for the near-side correlation function
integrated over the |∆φ| < 1.2 region and averaged over the long-range (|∆η| > 2)
region [10]. Left panel: Results as a function of ptrig

T for 1 < passoc
T < 2GeV/c and for

events with 220 ≤ Noffline
trk < 260. Right panel: Results as a function of multiplicity

Noffline
trk for 1 < ptrig

T < 2GeV/c and 1 < passoc
T < 2GeV/c. Associated yields from

PbPb collisions at 2.76TeV (filled squares) and pPb collisions at 5.02TeV (filled
circles) are presented. In addition, the results for 7TeV pp (open circles) [8] and
5.02TeV pPb collisions from 2012 run (open squares) [9] as well as calculations
from the Color Glass Condensate (CGC) theory (curves) are shown [12].

These include gluon saturation in the initial state of the collision (Color
Glass Condensate) — some predictions are shown in Fig. 2 (right panel) [12]
— but also hydrodynamic effects in the high-density systems possibly formed
in these collisions at TeV energies [13, 14].

To better understand the two-particle correlations observed in pPb and
PbPb collisions, a Fourier decomposition of the 1D ∆φ-projected correla-
tion functions for the long-range region (|∆η| > 2) has been performed. Of
particular importance are the second and third Fourier coefficients, called
the elliptic (v2) and triangular (v3) flow, respectively. The coefficients re-
flect the created medium response to the initial collision geometry and its
fluctuations, and allow to study transport properties of the medium us-
ing hydrodynamic models. A direct comparison of the extracted elliptic,
v2 {2, |∆η| > 2}, and triangular, v3 {2, |∆η| > 2}, flow harmonics for pPb
and PbPb collisions is shown in Fig. 3. The elliptic4 and triangular flow
increase with multiplicity (Noffline

trk ) in both studied systems. Comparing the
pPb and PbPb data at the same multiplicity, the v2 signal exhibits larger
magnitude in PbPb than in pPb collisions, while the v3 signal has a remark-

4 The elliptic flow was also obtained using the four-particle cumulant method — v2 {4}.
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ably similar magnitude in both systems. This similarity of the triangular
flows is not trivially expected since the initial-state collision geometry is very
different for the pPb and PbPb systems.

Fig. 3. Left panel: v2 {2, |∆η| > 2} (filled circles) and v2 {4} (filled squares) values
as a function of Noffline

trk for 0.3 < pT < 3GeV/c, in 2.76TeV PbPb collisions (a)
and 5.02TeV pPb collisions (b). Right panel (c): v3 {2, |∆η| > 2} values as a
function of Noffline

trk for 0.3 < pT < 3GeV/c, in 2.76TeV PbPb collisions (filled
circles) and 5.02TeV pPb collisions (filled squares). Results after subtracting the
low-multiplicity data (Noffline

trk < 20) are also shown (curves).

Results for the long-range two-particle correlations might suggest that
hydrodynamics could play a role already in high-multiplicity (central) pPb
collisions. Has there been other evidence of hydrodynamic-like behaviour in
proton–lead collisions?

2.1.2. Transverse momentum spectra of identified hadrons

Among the most basic physics observables studied in high-energy heavy-
ion collisions are transverse momentum (pT) spectra of produced particles.
In such collisions, final-state effects modify the particle momentum spectra.
Within the hydrodynamical picture, a transverse expansion of the system
(a fireball) formed in the heavy-ion collision results in a mass ordering of
the particle transverse momenta. As particles inside the fireball move with
a collective velocity, the particles having larger mass will acquire larger mo-
menta. Indeed, the so-called “radial” flow has been observed in high-energy
heavy-ion collisions, e.g. in PbPb collisions at the LHC [15].

Transverse momentum spectra of identified hadrons in pPb collisions
at
√
sNN = 5.02TeV have been measured by the CMS experiment [16].

Charged pions, kaons, and (anti)protons in the laboratory rapidity5 range
|y| < 1 were identified via their energy loss in the silicon tracker. The pT

5 Rapidity y = 1
2
ln(E+pz

E−pz ), where E and pz are the energy and longitudinal momentum,
respectively.
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distributions, obtained for different multiplicity classes6 of pPb collisions,
are shown in Fig. 4. The particle mean pT increases with the particle mass.
The distributions get also broader for more central collisions, i.e. for larger
〈Ntracks〉 values. This behaviour is more directly visible in Fig. 5 (left panel),
where the average particle transverse momenta are shown as a function of
〈Ntracks〉.

Fig. 4. Transverse momentum distributions of charged pions, kaons, and
(anti)protons, in the |y| < 1 range, for different multiplicity pPb collisions at√
sNN = 5.02TeV [16]. Solid lines are fits with the Tsallis–Pareto parametriza-

tion. The distributions are normalized such that the fit integral is unity. For
better visibility, the result for a given 〈Ntracks〉 multiplicity bin is shifted by 0.3
units with respect to the adjacent bins.

The comparison of 〈pT〉 from pPb collisions to pp and PbPb measure-
ments is presented in Fig. 5 (left panel) as well. Proton–lead and proton–
proton collisions behave very similarly for low track multiplicities, but at
higher multiplicities the average particle transverse momenta are smaller for
pPb than for pp collisions. Both the highest-multiplicity pp and pPb inter-
actions yield larger 〈pT〉 than seen in central PbPb collisions. While in the
PbPb case, even the most central collisions possibly contain a mix of soft
(low-pT) and hard (high-pT) nucleon–nucleon interactions, for pp or pPb
collisions the most violent interactions are selected. The track multiplicity
dependence of 〈pT〉 indicates that particle production at LHC energies is
strongly correlated with the event particle multiplicity in both pp and pPb
interactions.

Motivated by the success of Boltzmann-type distributions in AA colli-
sions, the pT distributions for pPb data were fitted with a function pro-
portional to pT exp (−mT/T

′
), where T

′ is the inverse slope parameter.
The inverse slope parameter as a function of the hadron mass for various
multiplicity classes is presented in Fig. 5 (right panel). The T ′ parameter

6 Multiplicity classes are defined by 〈Ntracks〉, which is the average number of charged
particles (tracks) in the region |η| < 2.4.
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Fig. 5. Left panel: Average transverse momentum of charged pions, kaons and
(anti)protons, in the |y| < 1 range, as a function of multiplicity (〈Ntracks〉). Re-
sults for pPb collisions at

√
sNN = 5.02TeV (filled symbols) [16] are compared to

pp collisions at several energies (open symbols) [17]. The ranges of 〈pT〉 measured
in different centrality PbPb collisions at

√
sNN = 2.76TeV are also indicated as

horizontal bands [15]. Right panel: Inverse slope parameter T ′ of pions, kaons and
(anti)protons for different multiplicity classes of pPb collisions [16].

rises with mass and track multiplicity. This may be a hint of the collective
(hydrodynamic-like) behaviour in pPb collisions at

√
sNN = 5.02TeV, since

for nucleus–nucleus collisions similar observations [15] are interpreted as due
to the radial flow velocity boost.

2.2. Hard probes

Given the high centre-of-mass energies achieved in heavy-ion collisions at
the LHC, processes that involve a large momentum transfer become abun-
dant. Therefore, the so-called “hard probes” (e.g. high-energy jets, electro-
weak gauge bosons and high-mass quarkonia) produced in such interactions
can be experimentally measured and used to understand properties of the
created strongly-interacting medium.

One of the signatures for the formation of QGP is the jet-quenching ef-
fect [18]. It has been predicted that interactions of highly energetic partons
with the hot and dense coloured matter would lead to the depletion of jet
yields at high transverse momenta. First measurements of the parton energy
loss were performed at the RHIC accelerator, by studying yields and correla-
tions of high-pT particles that originate from jet fragmentation [19, 20]. At
LHC energies, jet quenching is investigated both for high-pT particles and,
directly, for fully reconstructed jets.
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2.2.1. Nuclear modification factors

A first tool to study jet quenching is the nuclear modification factor,
RAA, defined as

RAA(pT) =
1

TAA

d2NAA/dpTdη

d2σNN/dpTdη
, (4)

where TAA = 〈Ncoll〉/σNNinel is the nuclear overlap function. Thus, RAA is the
ratio of particle yields in nucleus–nucleus (AA) to nucleon–nucleon (NN)
collisions, normalized by TAA. The jet-quenching effect is observed when, at
high-pT, RAA < 1.

The CMS experiment has obtained RAA for various particles as well
as jets; the results are shown in Fig. 6. Photons, Z and W — gauge
bosons mediating electroweak interactions — play an important role as ref-
erence signals for the strongly-interacting probes. In PbPb collisions at√
sNN = 2.76TeV, the normalized yield of isolated (direct) photons [21]

as well as yields of Z → µ+µ− [22] and W → µν [23] are consistent with
those measured in pp interactions at the same centre-of-mass energy, giving
RAA ≈ 1 (left panel of Fig. 6). For charged hadrons and jets, differently than
for the electroweak bosons, nuclear modification factors smaller than unity
were measured. In central PbPb collisions, the high-pT charged hadrons [24]
have RAA ≈ 0.5, a value very similar to the one found for the inclusive
jets [25].

Fig. 6. Left panel: Nuclear modification factors for isolated (direct) photons [21],
Z [22] andW [23] bosons, inclusive charged hadrons [24] and b-quarks measured by
separating secondary J/ψ particles [27]. For Z and W , data points are plotted at
the rest mass of particles. For charged hadrons, the pion mass is assumed. Central-
ity selection for each measurement is indicated on the plot. Right panel: Inclusive
jet [25] and b-jet [28] RAA for central PbPb collisions as a function of jet pT.
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The energy loss of heavy quarks is expected to be smaller than for light
quarks or gluons because of the dead cone effect [26]. To study this flavour
dependence of jet quenching, the CMS Collaboration measured in addition
RAA for b-quarks. The energy loss suffered by b-quarks was studied at low
transverse momenta by separating non-prompt J/ψ particles (originating
from B-mesons) from the prompt ones [27], and at high pT by reconstruct-
ing jets in combination with b-tagging techniques [28]. This is the first
measurement of b-jets in heavy-ion collisions. The b-quark nuclear modifica-
tion factor RAA < 1 (Fig. 6). Contrary to the expectations, the suppression
of b-jets was found to be comparable to that for inclusive jets, at least within
present experimental uncertainties. Thus, b-quarks seem to suffer a similar
amount of energy loss to light quarks and gluons.

The nuclear modification factor for charged particles produced in pPb
collisions at

√
sNN = 5.02TeV has also been obtained by CMS [29], and is

shown in Fig. 7. As pp collisions at this energy have not been measured, the
nuclear modification factor (RpPb) was obtained by normalizing the mea-
sured pPb spectrum to an interpolated pp reference spectrum. The interpo-
lation was done using measured pp data at 0.63, 1.8 and 1.96TeV collision
energies from the CDF experiment and data at 0.9, 2.76 and 7TeV collision
energies from the CMS experiment. RpPb shows a steady rise to unity at

Fig. 7. (Colour on-line) Nuclear modification factor of charged particles from
5.02TeV pPb collisions [29]. The dark grey band represents the uncertainty of
the Glauber calculation of Ncoll. The grey/light brown band around the measured
values shows the uncertainty coming from correlated sources. All other uncertain-
ties are shown by the light grey/yellow band.
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pT ≈ 3GeV/c, then is flat to approximately 20GeV/c, and at higher pT it
again increases. The rise above unity is in the range of pT where the parton
anti-shadowing is predicted (parton momentum fraction x = 0.02–0.2) [30].
Anti-shadowing may increase the yield of charged particles in pPb collisions
compared to the yield in pp collisions.

The measurement of RpPb gives an experimental indication that the jet
suppression observed in PbPb collisions cannot be explained by initial-state
effects. Although this result does not point to any jet suppression in pPb
collisions, it can suggest the modification of nuclear parton distribution func-
tions (nPDFs) of a Pb-nucleus compared to the free nucleon PDFs. Do we
see other signs of initial-state or final-state effects in pPb data?

2.2.2. Study of dijet events

Besides nuclear modification factor measurements, the CMS experiment
studied jet quenching by analysing also dijet events. In the absence of
medium effects, the two jets should have transverse momenta of similar
magnitude and be emitted back-to-back. In the case of parton energy losses
in the medium, the dijet event characteristics may change, e.g. pT of jets
can be modified.

To characterize the dijet transverse momentum imbalance, an asymmetry
ratio was defined as

AJ =
pT,1 − pT,2

pT,1 + pT,2
, (5)

where subscripts 1 and 2 refer to the leading and next-to-leading (sublead-
ing) jets in each event. A value of AJ close to zero implies a balanced
dijet configuration, and increasing AJ means a stronger suppression of the
subleading jet relative to the leading one.

The dijet asymmetry for peripheral and central 2.76TeV PbPb colli-
sions is shown in Fig. 8 (upper panel) [31]. AJ was calculated for pairs
of jets for which the leading jet pT,1 > 120GeV/c and the subleading jet
pT,2 > 50GeV/c selections were used. In addition, to ensure that dijets are
approximately back-to-back, a cut ∆φ1,2 = |φ1 − φ2| > 2π/3 was applied.
For peripheral PbPb collisions, the AJ distribution is in good agreement
with the reference distribution (PYTHIA+DATA). The dijet momentum im-
balance increases with centrality, and for the (0–10%) most central collisions
the imbalance for PbPb data is significantly larger than that for the reference
distribution. This observation is consistent with the jet-quenching scenario.
On the other hand, the distribution of the azimuthal angle difference be-
tween the two jets, ∆φ1,2, remains sharply peaked at 180 degrees, as shown
in Fig. 8 (bottom panel) [31]. This means that the parton energy losses do
not cause a strong angular decorrelation of dijets.
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Fig. 8. Upper panel: Dijet asymmetry ratio, AJ, for leading jets of pT,1 > 120GeV/c
and subleading jets of pT,2 > 50GeV/c, separated in azimuthal angle by ∆φ1,2 >

2π/3, from 2.76TeV PbPb data for (a) peripheral 50–100% and (b) central 0–10%
collisions. Bottom panel: ∆φ1,2 distributions for (c) peripheral 50–100% and
(d) central 0–10% PbPb collisions. Data are shown as points and PYTHIA dijet
events embedded into PbPb data as hatched histograms [31].

A similar study of dijet balance has also been done for pPb collisions at√
sNN = 5.02TeV. In order to characterize the dijet transverse momentum

balance (or imbalance) quantitatively, the dijet transverse momentum ratio
pT,2/pT,1 was used. The dijet transverse momentum balance was studied as
a function of the collision centrality, given by the transverse energy measured
in the hadronic forward calorimeters (EHF[|η|>4]

T ). In contrast to what is seen
in PbPb collisions, no significant dijet transverse momentum imbalance is
observed for pPb collisions with respect to the reference data (PYTHIA and
PYTHIA+HIJING), as shown in Fig. 9 (left panel) [32]. Distributions of the
dijet azimuthal angle difference ∆φ1,2 are also in good agreement with the
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simulated reference distributions (see Fig. 9 (right panel)). The dijet results
for pPb collisions indicate that jet quenching observed in PbPb collisions is
a final-state effect. Since dijets for pPb data are not significantly modified
by final-state effects, a study of initial-state effects for pPb dijet events is
possible.

Fig. 9. Left panel: Average ratio of dijet transverse momenta as a function of E|η|>4
T

for 5.02TeV pPb data (filled circles), compared to the PYTHIA+HIJING (open
circles) and PYTHIA (grey band) simulations. The inclusive results for pPb and
PYTHIA+HIJING (empty squares) are also shown [32]. Right panel: Distributions
of the azimuthal angle difference ∆φ1,2 between the leading and subleading jets,
for leading jets with pT,1 > 120GeV/c and subleading jets with pT,2 > 30GeV/c,
presented for two E|η|>4

T classes (peripheral and central collisions). Results for pPb
data are shown as filled circles, for PYTHIA+HIJING as crosses and for PYTHIA as
a histogram [32].

Dijet production rates as a function of dijet pseudorapidity ηdijet, de-
fined as (η1 + η2)/2, were used as a tool to probe the nuclear modifications
of the parton distribution functions in pPb collisions. As ηdijet and the
longitudinal-momentum fraction x of the hard-scattered parton from the
Pb-ion are correlated, the ηdijet distributions are sensitive to possible mod-
ifications of the PDF for nucleons in the lead nucleus when comparing the
distributions in pPb and pp collisions.

The ηdijet distributions for pPb collisions studied as a function of central-
ity (E|η|>4

T classes) are shown in Fig. 10 [32]. The pPb data are compared
to PYTHIA and PYTHIA+HIJING simulations, since there is no measured pp
reference data at 5.02TeV. A systematic and significant shift of the ηdijet dis-
tribution is observed as a function of the forward transverse energy. The shift
is in the direction of a moving Pb-nucleus (towards negative ηdijet values).
For each centrality class, deviations of the ηdijet distributions with respect
to the reference distributions are observed. The modifications of dijet pseu-
dorapidity distributions in pPb collisions are larger than predicted using the
NLO calculations based on impact-parameter dependent nPDFs [33].
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Fig. 10. Dijet pseudorapidity distributions for leading jets with pT,1 > 120GeV/c
and subleading jets with pT,2 > 30GeV/c, shown for different E|η|>4

T classes. Re-
sults for pPb data are shown as filled circles, for PYTHIA+HIJING as crosses and
for PYTHIA as a histogram [32].

2.2.3. Quarkonia suppression

The suppression of quarkonium states is the next signature of QGP for-
mation in heavy-ion collisions [34]. In QGP, constituents of the quarkonium
state, a heavy quark and its antiquark, are screened by the colour charges of
the surrounding quarks and gluons. Due to the colour screening, quarkonia
would “melt” and become less abundant. Various quarkonium states have dif-
ferent binding energies and radii, therefore, their dissociation temperatures
are different [35]. The sequential melting of quarkonium states, depending
on their binding energies, is predicted. The states with low binding energies
would melt first, and their yields would be suppressed the most.

The excellent resolution of the CMS muon system enabled the measure-
ment of charmonium (J/ψ, ψ(2S)) and bottomonium (Υ (1S, 2S, 3S)) fam-
ilies in the dimuon decay channel, for PbPb and pp collisions at 2.76TeV.
Figure 11 shows the nuclear modification factor, RAA, for the quarkonia
produced in minimum bias PbPb collisions, as a function of the binding
energy. Qualitatively, the sequential melting scenario is confirmed, as the
ordering of the yield suppression is consistent with the ordering of bind-
ing energies. For quantitative statements, the influence of the pT-cuts and
feed-down contributions has to be evaluated.



1306 B. Boimska

Fig. 11. Minimum bias RAA for all quarkonia measured by CMS: high-pT states of
prompt J/ψ [27] and inclusive ψ(2S) [36], as well as Υ (1S, 2S, 3S) states [37]. For
Υ (3S), the upper limit is given.

Competing physics effects, both in the initial and in the final state of
the collision, may complicate interpretation of any quarkonia measurement.
Further insights in understanding the PbPb quarkonia results can be gained
by studying pPb collisions. Figure 12 shows the results for Υ states mea-
sured in pp and PbPb collisions at the nucleon–nucleon centre-of-mass en-
ergy of 2.76TeV but also in pPb collisions at

√
sNN = 5.02TeV [38]. The

excited-to-ground-state cross section ratios, Υ (nS)/Υ (1S), are presented.
The centrality-integrated Υ (2S)/Υ (1S) and Υ (3S)/Υ (1S) ratios are smaller
for pPb collisions than for pp collisions but are larger than the correspond-
ing ratios obtained for PbPb collisions (left panel of Fig. 12). This suggests
the presence of final-state suppression effects in pPb collisions compared
to pp collisions, which more strongly affect the excited states (Υ (2S) and
Υ (3S)) than the ground state (Υ (1S)). In PbPb collisions, these effects are
even more stronger.

For all the three collision systems, the Υ (nS)/Υ (1S) ratios are found to
decrease with increasing number of charged particles N |η|<2.4

tracks (right panel
of Fig. 12). The charged particle multiplicity7 is measured in the pseu-
dorapidity region containing rapidities of the bottomonium measurements.
The Υ (nS)/Υ (1S) dependence on N

|η|<2.4
tracks seems to suggest the presence

of novel phenomena in quarkonium production. The observed dependence
could arise from a larger number of charged particles being systematically

7 The charged particle multiplicity, N |η|<2.4
tracks , is defined as the number of tracks recon-

structed in the tracker, for |η| < 2.4 and pT > 0.4GeV/c.
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produced with the Υ (1S) ground state, or from a stronger impact of the
growing number of nearby particles on more loosely bound states (Υ (2S),
Υ (3S)).

Fig. 12. Left panel: Centrality-integrated single cross section ratios of the excited
Υ (2S) and Υ (3S) states to the ground Υ (1S) state, for pp collisions at 2.76TeV
(open circles), pPb at 5.02TeV (filled circles) and PbPb at 2.76TeV (open star) [38].
Right panel: The Υ (2S)/Υ (1S) and Υ (3S)/Υ (1S) ratios as a function of the number
of charged tracks, N |η|<2.4

tracks , for pp (open circles and squares), pPb (filled circles and
squares) and PbPb (crosses) collisions [38].

3. Summary

The CMS heavy-ion programme covers a wide range of physics observ-
ables, studied in PbPb, pPb and pp collisions. The apparatus of CMS en-
ables the investigation of various hard probes but also studies of bulk particle
production and collective phenomena. In this paper, the selected results on
collective-behaviour phenomena, jet quenching and quarkonia suppression
have been presented. Main findings are specified below.

• The analysis of two-particle correlations in PbPb, pPb and pp collisions
at the LHC energies resulted in the observation of the ridge effect in
all the three systems. The detailed studies have shown that in PbPb
collisions the effect can be attributed to the hydrodynamic behaviour
of the medium. For pPb collisions, the collective phenomena seem to
be present as well, as suggest the analyses of the Fourier coefficients
(v2 and v3) and charged particle pT spectra.
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• The nuclear modification factor studies revealed that the medium cre-
ated in PbPb collisions does not quench high-pT photons, Z and W
bosons but strongly quenches high-pT partons (including b-quarks).
These observations are consistent with jet quenching. The further ev-
idence for the jet-quenching effect comes from the analysis of dijet
events. The transverse-momentum imbalance of dijets was studied in
detail, pointing to strong parton energy losses in the medium and no
significant angular decorrelation of the jets. The measurements per-
formed for pPb collisions indicate that the jet suppression observed
in PbPb collisions cannot be explained by initial-state effects as the
phenomenon is not observed in pPb collisions.

• The measurements of RAA for charmonium and bottomonium states
confirm the sequential melting of quarkonia in PbPb collisions. Some
quarkonium suppression effects are also present in pPb collisions, as
found in the study of the Υ excited-to-ground state ratios.

• Proton–lead collisions are very valuable for the determination of cold
nuclear matter effects. For example, the measurements of the nuclear
modification factor (RpPb) and the ηdijet pseudorapidity distributions
are sensitive to the nuclear parton distribution functions (nPDFs).
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