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1. Introduction

Collisions of heavy ions at high energies at the Large Hadron Collider (LHC) at CERN and
Relativistic Heavy Ion Collider (RHIC) at Brookhaven National Laboratory (BNL) allow to study
properties of strongly interacting (“QCD”) matter under extreme conditions of large temperature
and energy density which are above the expected thresholds for creation of a deconfined state
of nuclear matter, the quark gluon plasma (QGP). QGP, if created, lives only for a very short
time and its elusive characteristics require usage of various probes and measurements of different
observables. Heavy quarks, quarkonia and jets, which are commonly referred to as hard probes,
are created in the first moments after the collision and are therefore considered as key probes of the
QGP properties. In this proceedings we review recent measurements of jet interaction with nuclear
matter while an overview of heavy quark and quarkonia production is presented in [1].

Initial studies of jet interaction with QCD matter ( “jet quenching ”) at the center of mass energy
per nucleon pair /syy = 200 GeV accessible at RHIC were based on measurements of inclusive
particle production at large transverse momentum (pt) [2—4] and dihadron azimuthal correlations
with high-pr trigger hadrons [5, 6] which can be used as a proxy for jets. In these measurements
the jet quenching effect manifested itself by a large suppression of high-pr particle production by
a factor of five relative to proton-proton (pp) collisions and disappearance of the away-side jet at
intermediate pr = 2—6 GeV/c compensated by increased production of low pr particles. Dihadron
correlations showed in addition a striking difference relative to pp collisions - a new extended
correlation in pseudorapidity commonly referred to as the ridge which is present around the trig-
ger particle at low and intermediate pt of associated charged particles [7, 8]. Measurements with
leading hadrons are however known to suffer from several limitations. The leading hadrons are a
mixture of parent quarks and gluons and as a fragmentation product carry only a part of original
parton energy. In addition these measurements are influenced by a surface bias because leading
hadrons predominantly originate from the surface of the asymmetric collision zone. Nevertheless
even in the LHC era dihadron correlations remain a useful experimental observable that is com-
plementary to fully reconstructed jets and that brought several puzzling observations including the
observation of the ridge in high-multiplicity pp and p+Pb collisions in which no hot and dense
QCD matter is formed and which we will discuss below.

Complete understanding of jet quenching requires inevitably measurements of reconstructed
jets. However full jet reconstruction is a challenging task in the environment of heavy-ion colli-
sions due to presence of large and fluctuating underlying background. Although pioneering mea-
surements with reconstructed jets were already conducted at RHIC [9, 10], the LHC measurements
in Pb+Pb collisions at \/snn = 2.76 TeV undoubtedly started a new era and intensive development
of jet analysis and related correction methods. These jet measurements at the LHC renewed interest
in jet analyses at RHIC where in the meantime large statistics data samples became available.

2. Dijet and correlated jet pair production

Runl measurements of jet production in Pb+Pb collisions at the LHC energy of /sy =2.76 TeV
showed that inclusive jet [11-14] as well as dijet [15, 16] production is significantly modified with
respect to that in pp collisions. Inclusive jet production in central Pb+Pb collisions is suppressed
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Figure 1: Top row: CMS measurement of differential ;4 distributions for pp, 30—100 % and 0-30 % Pb+Pb
collisions at \/sNn = 2.76 TeV as a function of annulus radius AR. Various pt ranges studied correspond to

coloured boxes. The total ﬁ¥ integrated over all pt in a given AR for pp (squares) and Pb+Pb (crosses) data
is shown as well. Dashed and solid lines correpond to the cumulative p@ distribution for pp and Pb+Pb data.

Bottom row: Difference between the Pb+Pb and pp differential and total ;4 distributions. Figure from [18].

corroborating earlier findings of inclusive charged particle suppression at high pr. In addition,
the amount of the suppression varies with azimuthal angle of jet relative to the event plane [17]
pointing to path length effects on the evolution of parton shower in the QCD matter. While inclu-
sive jet measurements are sensitive to the average partonic energy loss, dijet measurements probe
differences in the quenching between two parton showers traversing the medium. To quantify en-
ergy imbalance between the leading and sub-leading jet in a given event, the ATLAS experiment
measured a dijet asymmetry Ay defined as [15]:

lead sublead
E T ET

= e | piblead 2.1)

J

where ElTead and E%“blead is the transverse energy of the leading jet and the sub-leading jet in the op-
posite hemisphere defined as |A¢| > /2 with A¢ being the azimuthal angle difference between the
two jets, respectively. This early measurement of ATLAS followed shortly by CMS [16], showed
a large enhancement of Aj in central relative to peripheral Pb+Pb collisions. In addition, CMS es-
tablished that the large momentum imbalance is accompanied by a softening of the fragmentation
pattern of the sub-leading jet. Consequently, Aj is recovered when integrating low pt particles
distributed over large angles relative to the direction of the sub-leading jet.

New studies of Ay with high statistics 2011 Pb+Pb data and measured pp reference in 2013 pre-
sented at the conference allow for a detailed investigation of the angular radiation pattern. The mul-
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Figure 2: The ATLAS measurement of (A;) as a function of azimuthal angle of leading jet relative to event
plane together with fits to the second order Fourier harmonic term (c2). Figure taken from [19].

tiplicity, angular and pt spectra of the radiation balancing large Ay were characterized by CMS us-
ing several techniques as a function of the Pb+Pb collision centrality, Ay and dijet momentum [18].
It is found that for a given Ay, the dijet in-cone momentum imbalance (missing pr)

I = Y. —Prcos (91 — Pijer) 2.2)

is in Pb+Pb collisions compensated by particles with low pt = 0.5-2.0 GeV/c, while in pp colli-
sions by particles with larger momenta (2—8 GeV/c). This also leads to a larger associated particle
multiplicity in Pb+Pb compared to pp data. The observed difference increases with Pb+Pb collision
centrality. In Figure 1 is displayed a direct measurement of angular dependence of missing pt up
to large distances from the jet axis (AR = 1.8). The angular pattern of the energy flow in Pb+Pb
collisions is similar to that in pp, despite the large shift in the pt spectrum of associated particles.

The ATLAS Collaboration presented at the conference dependence of the dijet asymmetry
on the angle between the leading jet and the event plane angle [19]. Figure 2 shows this angular
dependence for mean Ay in three different centrality bins of Pb+Pb collisions. The measured dis-
tributions are quantified by calculating the second Fourier coefficient ¢;. Despite its very small
magnitude (Jcz| &= 2%), the c; is systematically negative which indicates a slightly larger asym-
metry for dijet pairs oriented perpendicular to the event plane. It would be very interesting to use
this measurement in combination with non-zero single jet vo measurements [17,20] and other jet
observables discussed here and confront model calculations to provide simultaneous description of
the experimental data and enable to constrain parton energy loss mechanism in medium.

Another differential measurement performed recently by ATLAS is study of the production of
correlated jet pairs [21] which can be used to quantify fluctuations in the jet energy loss and help to
discriminate among theoretical models. This correlated jet pair production is quantified by the rate
of neighbouring jets Rar that accompany a test jet within a given range of angular distance AR:

test

N
Zizjft Nnbr (E}FeSt,E%br,AR)

jet,i

Ntest ( E%CSt) ’

jet

Rar(B,EJ) =

(2.3)

where EXS(ER™) is the transverse energy of the test (nearby) jet, Nig" is the number of test jets

in a given E* bin and l\ljrgt’r is the number of nearby jets. After subtraction of contribution from



Jets and correlations in heavy-ion collisions Jana Biel¢ikova

& [arlas’ Jfatias T ' “Jfatias T
aQ [ Pb+Pb 2011 i ©0-10%
L5} 5= 2.76 TeV ar 1[=10-20% ]
b Lin=0-14 nb* 1 4-20-40%
B - N o ——
e T W
osf g —— ]
anti-k, d=0.4 anti-k d=0.4 anti-k, d=0.4
E""'> 30 GeV 0.8<AR<1.6 j E"°'> 45GeV  0.8<AR<1.6 E""'> 60 GeV  0.8<AR<1. 6
ol 70 100 200 300 70 100 209eSI 300 70 100 zogest
EP [GeV] EF'[GeV] EF [GeV]
n:g :ATI'_AS' T T T :A1._L,A.S..,...,...,...,.. T T
aQ [ Pb+Pb 2011 ] ©0-10%
L9 Vo= 276 Tev T r=10-20% 1
[ Ln=0.14mb 1 +20-40% —_—
r _+_ 3y 1 T _ L ]
[ —¢= # — —§—-+— - 1 _‘_+:+ -
0.5l =F JF =‘= _+_ 1F B
3 anti-k, d=0.4 1 anti-k, d=0.4 anti-k, d=0.4
[ E*580 Gev 0.8<AR<1.6 ] EF>00 Gev 0 8<AR<1 6 EX>110 Gev 0 8<AR<1 6
T I ! | 1 P Ll R i N P
0=—Z26—"%0 80 100 120 206080100120 2060 80" 100120
EM [GeV] E™ [GeV] E™ [GeV]

Figure 3: pg,,distributions in Pb+Pb collisions measured by ATLAS at /sy = 2.76 TeV relative to 40—
80% centrality as a function of jet energy [21]. Top (bottom) row: pg,.is evaluated as a function of Ef™
(E%'") for three different choices of E%br (EF*). The data points and horizontal uncertainties for individual
centrality bins are shifted along the horizontal axis with respect to 0—10% centrality bin for clarity.

different hard scattering processes, remaining neighbouring jet pairs originate from the production
of multiple jets in the same hard scattering process. A significant dependence of Rz on collision
centrality in Pb+Pb collisions was observed and further quantified using the central-to-peripheral
ratio of Rag distributions (pg,,) displayed in Figure 3. The pg,, as a function of Ef* exhibits
a suppression of 0.5-0.7 in 10% most central Pb+Pb collisions and does not show any strong
dependence on Et. There are indications that suppression of pg,, as a function of nearby-jet Et
decreases with increasing nearby jet Et but data have currently limited statistical significance.

3. h-jet correlation measurements

Measurements of jets recoiling from a hard trigger particle in A+A collisions offer a new
unique approach to jet quenching studies. This study was introduced by ALICE [22] and followed
by STAR [23, 24] although with a technically different implementation of the signal extraction.
Both experiments analyze semi-inclusive differential distributions of charged jets recoiling from
a charged trigger hadron with a transverse momentum pr, m-g in a given interval (“TT”). Such

distribution normalized by the number of trigger hadrons (N22) can be written as:

trig
2NJAA i
1 d NJet 1 dZO-AA%th]etJrX (3 1)
NAA 4 AASh+X ch , ) :
o :
Nite 4P PruigETT 4P jer A prheTT
where A2+ X 5 the cross section to generate a hadron within the pr interval of the TT class,

d>oAATIHEX Jdpih dn s the differential cross section for production of a hadron in the TT
interval and a recoiling charged jet, and pT et and 7)je; are the charged jet transverse momentum
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Figure 4: Left: the nuclear modification factor Iaa of recoiling jets in central Pb+Pb collisions at
V/SNN = 2.76 TeV measured by ALICE. Right: azimuthal distribution of recoiling jets relative to trigger
hadron orientation in Pb+Pb (squares) data and PYTHIA (circles) together with a Gaussian fit (lines) [22].

and pseudorapidity, respectively. In order to remove background contributions, ALICE introduced
a Ay.coi Observable defined as a difference of semi-inclusive recoil jet distributions from Eq. (3.1)
for the signal (TTs;e) and reference trigger particle (TTger) classes as:

1 dZNAA 1 dZNAA
jet Jet
AI'CCOil h IAA ﬁ ﬁ ’ (32)
trig pT Jet n‘let PT rig GTTSig trlg pT Jet njet PT g ETTRer

with the signal class TTs;jg having higher pt trigger hadrons than the TTger class. The TTg;, class
corresponds to scattering processes with larger momentum transfers (Q?) and therefore the asso-
ciated recoiling jets have a harder pt spectrum than those from the TTger class. The positive part
of the recoiling jet spectra is however in both classes populated by random matching of the trigger
hadron and background jets. STAR uses a mixed event technique to subtract the uncorrelated com-
binatorial background in the signal TTs;, distribution described in [23,24]. By this procedure a
fully uncorrelated sample of charged tracks is created preserving essential features of the measured
events. Such mixed event (ME) distribution is then subtracted from that in real events (SE) with
a trigger hadron chosen in a random direction and finally corrected for background fluctuations
and instrumental effects using unfolding methods [25,26]. The resulting spectra are divided by the
reference pp spectra from PYTHIA in case of ALICE and peripheral Au+Au collisions in case of
STAR due to the lack of measured pp reference in both experiments.

Figure 4 (left) shows the nuclear modification factor I44 of the recoil charged jets in Pb+Pb
collisions at /sy = 2.76 TeV measured by ALICE for the resolution parameter R = 0.4 [22]. The
data at the LHC energy shows a significant suppression of recoiling jet yield relative to pp refer-
ence by up to a factor two. This indicates that the in-medium energy loss arises predominantly from
radiation at angles larger than 0.5. This suppression is even stronger in Au+Au collisions at RHIC
(v/snn = 200 GeV) as demonstrated in Figure 5 (left), where together with the corrected recoil
charged jet spectra in central and peripheral collisions for R = 0.3, also the central-to-peripheral
ratio Icp is shown. Despite a larger suppression of recoiling jet yields at RHIC energy, it is interest-
ing to note that a similar horizontal shift of -84+2 GeV/c in the jet pt spectrum to match peripheral



Jets and correlations in heavy-ion collisions Jana Biel¢ikova

Peripheral

_1 __ N a =
- 10 AusAu, \[s_ 200 GeV = - 30 5.04p""-pA<8.0 GeVic ]
o a ~ -
S 9.0<p;?<30.0GeVlc - = 6=030+00
3 102 = 3
& Ale(>020 R=03 2 <y
= 3 "
~ 10 \ ‘ anti-k; - %
-gq_ L N ﬁ“' Preliminary § Zg
Al 3 . N ER
<, sl ’ o 4 (rac)
o qns [ B 0%-10% ]
Z.‘R 10 ; 18 60%-80% § trig " jet
© [ — stat. error ~J7
210 - syst. uncertainty N =
z : Central
~ = - —
T 07 . ©  20F
107 ¢ | | L= 3 9 5.0<p{-pA<8.0 GeV/c ]
1 3 15-:::05010.05 E
5 i == 10F E
©
107" E ; SM ¢
0 10 20 30 I L . k r_?_‘_'_‘?_‘_‘_‘_‘_?_f_y__ ___________ E
h
P (GeVrc)
et &
lng ¢|el ( ad)

Figure 5: Left: Per trigger normalized recoil jet yield in central (0—10%) and peripheral (60-80%) Au+Au
collisions at /sy = 200 GeV (top) and the central-to-peripheral ratio of the yield Icp measured by the
STAR experiment [24]. Right: Azimuthal distribution of trigger hadrons and recoiling charged jets ( p’ft =5-
10 GeV/c) in peripheral (top) and central (bottom) Au+Au collisions [23].

(PYTHIA) to central A+A collision spectra is needed. This indicates that the larger suppression
of recoiling jets at RHIC arises from similar out-of-cone radiation in combination with a steeper
underlying jet spectrum relative to LHC energy. We would like to note that both measurements
could however suffer from different surface bias which needs to be investigated in more detail.

To further explore nature of jet quenching, one can study the deflection of the recoil jet axis
relative to the signal trigger hadron by replacing the jet py by an azimuthal angle difference A(¢) in
Eq. (3.1). At the LHC the azimuthal distributions of jets with pt = 40-60 GeV/c do not show any
significant medium-induced acoplanarity (cf. Figure 4 (right)) in agreement with direct photon-
jet [27] and dijet correlation studies discussed above. While the same is also true at RHIC for the
higher TTges range of 9-30 GeV/c and recoil jets with pr = 8-12 and 12-32 GeV/c, for jets with
lower momenta (pt = 5-8 GeV/c) a strong acoplanarity is observed as demonstrated in Figure 5
(right). Not only the amount of the acoplanarity is important but the rate of large angular devia-
tions in tails of the A¢ distribution is sensitive to the quasi-particle nature of the medium and is
expected to arise predominantly from single hard (Moliere) scattering in the medium. A first study
performed by ALICE in Pb+Pb collisions shows no evidence for Moliere scattering [22], unfor-
tunately statistical precision of this measurement is currently limited and requires more statistics
which should become available in Run2 at the LHC.

4. Strange particle production in jets and bulk

Measurements of identified particle spectra in jets provide an important tool to understand
interplay of various hadronization mechanisms in hot and dense medium. Already the first mea-
surements at RHIC established that in heavy-ion collisions an increased production of baryons over
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Figure 6: A/ Kg ratio associated with charged jets in p+Pb collisions at /sy = 5.02 TeV (left) and Pb+Pb
collisions at /sy = 2.76 TeV (right) measured by ALICE [38,39]. Black solid symbols correspond to
inclusive A/Kg. Black solid line corresponds to inclusive ratio from PYTHIAS simulation and the red
dashed lines denote the spread of the ratio in PYTHIAS jets for R = 0.2-0.4.

mesons relative to that in proton-proton collisions is present at intermediate transverse momenta
(pr =2-6 GeV/c) [28-30]. This finding is also corroborated by recent studies in Pb+Pb collisions at
the LHC [31], where in addition enhanced baryon/meson production in a small p+Pb collision sys-
tem, although of a smaller magnitude, is present as well [32]. While this phenomenon obtained in
last years lots of attention from theorists, a unique and fully satisfactory explanation is still missing.
Currently among the preferred scenarios are an interplay of jet fragmentation (possibly modified by
medium) with parton recombination and coalescence [33—35], hydrodynamically expanding bulk
matter, jets, and the interaction between them [36] or radial flow effects [37]. Figure 6 displays
first direct measurements of A/ Kg ratio associated with charged jets with pt > 10 and 20 GeV/c in
high-multiplicity p+Pb collisions at ,/syn = 5.02 TeV [38] and 0-10% central Pb+Pb collisions at
V/SNN = 2.76 TeV from ALICE [39] together with the corresponding ratio of inclusively produced
strange particles. In both collision systems the A/ Kg ratio associated with hard production is sig-
nificantly below that measured in inclusive data and very similar to the ratio in pp collisions as
demonstrated by comparing the data with PYTHIA simulations. Within the current experimental
precision, the data is consistent with no medium modification of strange particle production in jets.

5. Collectivity in small systems: the ridge

Two-particle correlation studies are based on measurements of azimuthal (A¢) and pseudora-
pidity (An) angular differences between a trigger particle selected in a transverse momentum pr yig
interval and an (associated) particle that is detected with a lower transverse momentum, pr assoc-
In pp collisions, the correlation at small angular differences (A¢,An ~ 0) and pr > 2 GeV/c is
naturally dominated by ‘jet-like’ correlations because both trigger and associated particles origi-
nate from the same fragmenting parton. These correlations then result in presence of a near-side
jet-like peak in the A¢ x An distributions. In contrast, at large azimuthal differences (A¢ ~ ) no
such pronounced peak is present because trigger and associated particles come from two different
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colliding partons and an elongated pseudorapidity structure on the away side of the trigger particle
is created. Below we focus on discussion of near-side peak properties due to limited space.

At RHIC energies it was discovered that the near-side peak is accompanied in heavy-ion col-
lisions by a novel extended pseudorapidity correlation, the ridge [7, 8]. These findings were also
later corroborated by measurements in Pb+Pb collisions at the LHC [40—42]. Although in small
collision systems such as pp or p+A no dense QCD matter is expected to be formed, recent mea-
surements at the LHC in pp collisions at /s = 7 TeV [46] and p+Pb collisions at /sy = 5.02
TeV [47-49] show that also there the near-side jet-like peak is accompanied by the ridge when
events with particle multiplicity approaching that of peripheral A+A collisions are analyzed. In
fact, after subtracting from the correlation distribution in high-multiplicity collisions that in low-
multiplicity collisions, the remaining distribution reveals presence of the ridge-like correlations at
both near and away side of the trigger particle.

To quantitatively describe properties of two-particle distributions, the distributions are com-
monly decomposed into a Fourier series of v, coefficients with n =2 (elliptic) and n = 3 (triangular)
coefficients being the dominant contributions. The v, coefficients are sensitive to the initial state
geometry and can be associated with transport properties of the QCD matter in hydrodynamical
models. The physics mechanism of the ridge in small collision systems could be however poten-
tially different as the size of collision volume is smaller and the system may not be able to reach
equilibrium and consequently hydrodynamical description will not be applicable. Several alterna-
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Figure 7: Top: Two-particle correlations at y/s = 13 TeV pp collisions measured by ATLAS [50] for charged
particles with pp = 0.5-5.0 GeV/c and || < 4.6 in two multiplicity intervals: 10-30 (left) and > 120 (right).
Bottom: v, values as a function of associated track pt for 13 and 2.76 TeV pp data in the 50-60 multiplicity
interval (left) and three different multiplicity intervals in the 13 TeV pp data (right).
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Figure 8: Two-particle correlations of charged particles with pr = 1-2 GeV/c in p+Pb collisions at
VSNN = 5.02 TeV measured by the LHCb experiment at forward rapidity. Top row: 2D correlations in low
(left) and high (right) event-activity classes. Bottom row: 1D azimuthal correlations after the ZYAM back-
ground subtraction in 2.0 < AN < 2.9 in identical p+Pb and Pb+p event activities. Figures taken from [51].

tive theoretical models for ridge in small systems were proposed. Besides hydrodynamic effects
in a high-density system [43,44], an alternative model including gluon saturation in the incoming
nucleons was shown to describe data as well [45]. On the experimental side intense effort has
been carried in parallel to theoretical developments resulting in observations which clearly sup-
port collective origin of the ridge phenomenon in small systems and which we review below. At
the conference ATLAS showed for the first time that the ridge persists also in /s = 13 TeV high
multiplicity collisions as shown in Figure 7 [50]. The extracted v, Fourier coefficient exhibits fac-
torization characteristic of a global modulation of the per-event single-particle distributions and its
magnitude at /s = 2.76 and 13 TeV is within uncertainties the same suggesting that the physics
mechanism does not have a strong collision energy dependence.

All these analyses were however performed in the central rapidity region, probing ranges of
up to |An| < 2.5. At the conference, LHCb and ALICE presented extension of these studies to
forward-forward and forward-backward rapidity regions, respectively. The unique forward accep-
tance layout of the LHCb detector among the LHC experiments offers to study the ridge in p+Pb
collisions in the range of 2.0 < 1 < 4.9 as shown in Figure 8 [51]. In the asymmetric LHCb
detector layout, the ridge was separately confirmed for both p+Pb and Pb+p beam configurations
which probe nucleon-nucleon c.m.s. rapidities of 1.5 <y < 4.4 and 2.5 <y < 5.4, respectively.
The “forward” ridge is most pronounced in pt = 1-2 GeV/c [51] and shows qualitatively similar
features as that in central rapidity. When probing identical absolute activity ranges in the p+Pb and
Pb+p configurations the strengths of the ridge are compatible with each other.
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Figure 9: The elliptic anisotropy (v2) values from muon-tracklet correlations in p-going and Pb-going di-
rections (left) and their ratio (right) in p+Pb collisions at \/snn = 5.02 TeV for -4 < 1 < -2.5 measured by
ALICE [52]. The data are compared to model calculations from AMPT [53].

ALICE measured forward-backward two-particle correlations utilizing muons from the muon
tracker in the forward pseudorapidity range (2.5 < 1 < 4.0) as trigger particles and tracks mea-
sured by the central barrel detectors at midrapidity (n < 1.0) as associated particles [52]. This
study which is presented in Figure 9 extended earlier studies at midrapidity [48,49] and confirms
that the double ridge structure persists to large pseudorapidity differences. The v, coefficients
in high-multiplicity after subtracting jet-like correlations from low-multiplicity p+Pb events have
a similar pt dependence in p-going and Pb-going configurations, with the latter being by about
16+6% larger. Although the multi-phase transport model (AMPT) [53] predicts a different pr and
1 dependence than observed in the data, we note that the results are sensitive to the parent particle
vy and related composition of reconstructed muon tracks as the contribution from heavy flavour
decays is expected to dominate at pt > 2 GeV/c and should be reflected in any model comparison
to draw quantitative conclusions.

In hydrodynamical models, the azimuthal anisotropies of particles produced in final state
should depend on the particle mass and in the kinematic regime applicable for hydrodynamical
description (pr < 2 GeV/c) and consequently the anisotropy is predicted to be larger for lighter
particles [37,54]. The presence of such mass ordering was first established in Au+Au collisions at
RHIC energies [55,56] and later corroborated by measurements at the LHC [57] for light flavour
hadrons containing u, d, and s quarks. The mass ordering has also been observed in small colli-
sion systems such as p+Pb [58] and d+Au [59] collisions for pions, kaons and protons consistent
with expectations from hydrodynamical models [60,61]. The CMS results presented at the confer-
ence [62] and published in [63] further extend our knowledge by measuring both anisotropies of
neutral strange mesons (KSO) and baryons (A). The CMS data for elliptic (v2) and triangular (v3)
anisotropy coefficients are shown in Figure 10. The data in high multiplicity p+Pb events show the
anticipated mass ordering in v2(pr) and v3(pr) for pr < 2 GeV/c with charged particles, composed
mainly from pions, manifesting the smallest anisotropy followed by heavier Kg mesons and even-
tually A baryons. It is interesting to note that for similar event multiplicities, the particle species
dependence of v, and v3 at low pr is more pronounced in p+Pb than in Pb+Pb collisions which
could be caused by a stronger radial flow boost in p+Pb collisions. The data are consistent with
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Figure 10: Top row: v, (left panel) and v3 (right panel) values for Kg (squares), A/A (circles) and charged
particles (crosses) as a function of pr in several p+Pb multiplicity at \/syn = 5.02 TeV measured by
CMS [63]. Bottom row: v, (v3) values scaled by number of constituent quarks (7,) as a function of transverse
kinetic energy KE7 scaled by n, together with a polynomial function fit for Kg data.

quark number scaling at the level of 10% as demonstrated in the bottom row of Figure 10 where the
v2 and v3 anisotropies are scaled by the respective number of constituent quarks (n,) and displayed
as a function of transverse kinetic energy (KE7) per n,. For similar event multiplicities the quark
number scaling holds in Pb+Pb collisions only up to about 25% [63].

The strongest evidence for collective origin of long-range correlations in pseudorapidity in
p+Pb collisions is provided by multiparticle correlations. The v, measurements based on two-
and four-particle correlations are however known to suffer from contributions from effects such as
fragmentation of back-to-back jets which mimic collective origin of the v, values. Therefore it is
crucial to test the anticipated collective origin of the long-range correlations by measuring v, via
six- and eight-particle cumulant methods as well as the Lee-Yang Zeros (LYZ) method that involves

o ————— T T
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Figure 11: v, values extracted from different methods (see legend) as a function of multiplicity in Pb+Pb
collisions at /syn = 2.76 TeV (left) and p+Pb collisions at /syn = 5.02 TeV (right) measured by CMS [64].
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correlations among all particles in an event. The CMS measurement of v, values obtained from six-
and eight-particle correlations as well as the LYZ method is presented in Figure 11 for both Pb+Pb
(left) and p+Pb collisions (right) at LHC energies from Runl [62, 64]. The v, values, averaged
over particle pr in the range of 0.3-3.0 GeV/c, are displayed as a function of event multiplicity
and are compared with earlier measurements of two- and four-particle correlations [65]. While
clearly the v, data from two-particle correlations show the bias from “non-flow” effects, the v,
data from six- and more particle correlations are within uncertainties consistent with previously
published four-particle results. This finding thus clearly supports the collective origin of the long-
range pseudorapidity correlations in p+Pb collisions and provides strong constraints on models.

Last but not least, long-range correlations and large v, and v3 anisotropies were also recently
detected in *He+Au collisions at RHIC by the PHENIX experiment [66] and are shown in Fig-
ure 12. The data are compared with several models and clearly show that formation of small
QGP droplets followed by their hydrodynamical expansion is offering an alternative explanation to
glasma models which incorporate novel initial state effects. RHIC due to its versatility of collision
systems offers therefore a large unexplored territory which will allow to choose the size and shape
of the initial collision zone using various nuclei species in asymmetric collisions.

6. Summary

Studies of nuclear matter created in heavy-ion collisions at ultrarelativistic energies offer a
unique place to probe the QCD phase diagram and non-abelian quantum field theory (QCD) in lab-
oratory. Runl at the LHC at CERN as well as recent high statistics data from RHIC experiments
brought rich collection of new physics results and important insights on jet production and particle
correlations in hot and dense QCD matter as well as novel features in particle production in ‘cold’
nuclear matter created in small collision systems such as p+Pb, d+Au, *He+Au or high-multiplicity
pp collisions. The initial measurements moved from inclusive jet measurements and dihadron
correlations to more differential observables including correlated jet production, hadron-jet corre-
lations, particle identification in jets or multiparticle correlations which will enable to constrain
details of jet quenching mechanism, collective effects on particle production and hadronization
mechanisms.
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Run?2 at the LHC will bring yet more statistics and also experiments at RHIC will collect and
analyze high statistics data with upgraded detectors which will open new avenues in research of jets
and correlations. These advances will enable to explore in detail for example jet shapes and extend
particle identified jet studies to heavy-flavour sector. Last but not least we would like to mention
that for the future of heavy-ion physics it is absolutely crucial to maintain both RHIC and LHC
heavy-ion programmes operational as the complementarity of both colliders and all experiments
operating at the LHC and RHIC is inevitable to pin down elusive characteristics of QGP and the
QCD phase diagram in general.
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