Niida and Miake AAPPS Bulletin (2021) 31:12
https://doi.org/10.1007/s43673-021-00014-3

AAPPS Bulletin

REVIEW ARTICLE Open Access

Signatures of QGP at RHIC and the LHC

T.Niida'" and Y. Miake!-2

Check for
updates

Abstract

Keywords: Quark-gluon plasma, Heavy-ion collisions

The progress over the 30 years since the first high-energy heavy-ion collisions at the BNL-AGS and CERN-SPS has been
truly remarkable. Rigorous experimental and theoretical studies have revealed a new state of the matter in heavy-ion
collisions, the quark-gluon plasma (QGP). Many signatures supporting the formation of the QGP have been reported.
Among them are jet quenching, the non-viscous flow, direct photons, and Debye screening effects. In this article,
selected signatures of the QGP observed at RHIC and the LHC are reviewed.

1 Introduction

For the study of extremely hot matter, experiments on
ultra relativistic heavy-ion collisions have been carried out
at the Relativistic Heavy Ion Collider (RHIC) at center-
of-mass per nucleon-nucleon energies of \/sNn = 7.7 —
200 GeV since 2000, and also at the Large Hadron Col-
lider (LHC) at /snn = 2.76 — 5.5 TeV since 2009. Many
experimental and theoretical studies have revealed a new
state of matter, the quark-gluon plasma (QGP), in these
collisions where quarks and gluons are no longer confined
within hadrons.

Figure 1 shows a schematic phase diagram of differ-
ent phases for nuclear matter as functions of temperature
and baryon chemical potential g, with conjectured phase
boundaries between the QGP and hadrons. Lattice QCD
calculations predict a rapid but smooth crossover phase
transition around the critical temperature T, ~ 155 MeV
at small up [1, 2]. Also, theoretical models suggest a first-
order phase transition at high yp and the existence of the
end point of the phase boundary, called the critical point.
However the location of the critical point remains to be
determined experimentally.

Two distinct features were discovered at RHIC and then
confirmed at the LHC: the high opacity of the matter and
its non-viscous, fluidic nature. The former, also known
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as jet quenching, is discussed in Section 2 and the lat-
ter, the hydrodynamic behavior in Section 3. In Section 4,
other signatures supporting QGP formation together with
related open questions are introduced. Since the signa-
tures of the QGP formation were observed both at RHIC
and the LHC, the next question is where the phase tran-
sition exists. In Section 5, the beam energy dependences
of various observables are discussed in the context of the
quantum chromodynamics (QCD) phase diagram.

There are many comprehensive review papers available
[5-9]. In this article, selected topics are reviewed, giving
views on where we are and where we are going.

2 Jet quenching—high opacity
External probes are often utilized to see inside matter
and study its properties, e.g. the internal structure of
hadrons by deep inelastic scattering. In heavy-ion colli-
sions, the system life time is extremely short (~ 10 fm/c)
and therefore it is almost impossible to use a literally exter-
nal probe. Instead such a “tomography" can be performed
by energetic and/or highly penetrating particles produced
in initial parton-parton scatterings. The scattered partons
have high transverse momentum and traverse the QGP
losing their energy. Since the partons cannot exist on their
own, they fragment into a spray of hadrons called a jet.
Energy loss of partons in the medium can be understood
by collisional and radiative processes similar to energy loss
in QED. Main difference between QED and QCD is that
gluons interact with themselves unlike photons in QED.
Collisional energy loss is due to elastic scatterings between
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Fig. 1 A sketch of QCD phase diagram as functions of temperature
and baryon chemical potential with conjectured phase boundaries
indicated by solid and dashed lines and a possible critical point
indicated by a solid circular point. Extracted T and g from a
statistical mode [3, 4] are also plotted. See Section 5 for details

the initial primary parton and a parton from the medium
and is expected to linearly scale with the path length of the
initial parton when traveling the uniform medium, while
radiative energy loss takes place due to gluon radiation.

Figure 2 shows event displays of jets in proton-
proton (p+p) and nucleus-nucleus (A+A) collisions. Two
collinear (“back-to-back”) jets forced by momentum con-
servation are clearly observed in p+p collisions, while one
of jets is significantly suppressed in A+A collisions: the
phenomena called “jet quenching” The jet quenching has
been studied by measuring a so-called nuclear modifica-
tion factor Rps defined as the ratio of normalized single
particle yields in p+p and A+A collisions:

d’>Nan/dpr/dy
(Neo)d*Npp/dpr/dy’

Ran =

Page 2 of 14

where (Ncop) is the average number of binary nucleon-
nucleon collisions. Figure 3 shows Ra 4 of various particle
species as a function of the transverse momentum prt
measured by the PHENIX experiment. A strong suppres-
sion of light hadron production (Rap < 1) at high pr
was observed for the first time at RHIC, while Rap of
direct photons (photons produced at all stages through
the system evolution except those from hadronic decays)
is consistent with unity as expected since the photons do
not interact via the strong force. The results on Ra as well
as on two-particle correlations [12, 13] show a significant
energy loss of the partons in the hot medium which is not
possible in ordinary nuclear matter, and therefore reveal a
formation of quark-gluon plasma in heavy-ion collisions.
Similar suppression in Raa was also confirmed at the
LHC with better precision for a wide range of kinematics
[14, 15] and was further investigated in heavy-flavor sec-
tor as shown in Fig. 4. While the Rps suppression for
heavy-flavor hadrons is quite similar to those for light
hadrons at high pr, there is a hint of mass-dependent
radiative energy loss, i.e., AE, 55 > AE. > AEy, in the
low pr (<15 GeV/c) region.

These results in concert with theoretical models allow
us to extract the medium properties such as the jet
transport coefficient g characterized by an average trans-
verse momentum transfer squared per unit length of the
medium traversed. The detailed comparisons between the
data and models determine § = 1.2 &+ 0.3 GeV?/fm
at RHIC and 1.9 + 0.7 GeV?/fm at the LHC for a
quark with its energy E = 10 GeV [21]. The extracted
q's are two orders of magnitude larger than those for
cold nuclear matter (~0.02 GeV?/fm) [22], support-
ing the finding that the extremely dense and opaque
matter, the QGP, is created in the collisions. Recent
studies from a Bayesian analysis [23] and lattice QCD
calculation [24] present the temperature dependence
of g which agree with the previous work mentioned
above.
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Fig. 2 Event display of dijet events in p+p (left) and Pb+Pb (right) collisions at /syy = 2.76 TeV from the CMS experiment [10]
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Fig. 3 Nuclear modification factor Raa for various particles as a
function of the transverse momentum in Au+Au collisions at /SN =
200 GeV from the PHENIX experiment. Figure was taken from Ref. [11]

and the references corresponding to each data are shown in the figure

A jet can be reconstructed by final state particles using
a clustering algorithm for a given jet radius and provides
direct access to the initial partons and their energy loss. A
momentum or energy imbalance of back-to-back jets was
observed at the LHC as direct evidence of the jet quench-
ing [25, 26], and later a similar trend was observed at
RHIC [27]. Figure 5 clearly shows an asymmetry in leading
and subleading jet transverse energies for central A+A col-
lisions, while less asymmetry is seen for peripheral colli-
sions which is similar to what is seen in p+p collisions. The
“missing energy” of the jet seems to be redistributed to low
momentum particles emitted to large angle relative to the
jet momentum direction [28, 29] due to parton-medium
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Fig. 4 Nuclear modification factor Raa for various particles as a
function of the transverse momentum in Pb+Pb collisions at
5.02 TeV from the CMS experiment [16-20]
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Fig. 5 Dijet asymmetry A in the transverse energy for most central
(right) and peripheral (left) events in Pb+Pb collisions as well as in
p+p collisions at 4/snn = 2.76 TeV from the ATLAS experiment [25],
compared with HJING+PYTHIA calculations

interactions. More differential measurements such as jet
fragmentation, jet substructure, and photon/Z%-jet cor-
relations have been started for better understanding the
mechanism of the parton energy loss and parton-medium
interaction, and to constrain the properties of the QGP
(see recent review papers [30, 31] for details).

3 Non-viscous flow

3.1 Anisotropic flow

In non-central collisions, the overlapped region of two
Lorentz contracted nuclei is not circular but has an
almond shape. The emission pattern of the particles is
influenced by the relation between the mean free path
A of the particles and the size of the system R. When
A is larger than R, the particle emission is isotropic in
the transverse direction. But, when A < R, a hydrody-
namic description is applicable and the particle emission
becomes anisotropic.

Hydrodynamics has been considered to be applicable
only to the system near the local equilibrium. However, it
has been pointed out recently that this may not be true
[32]. It is claimed that the criterion of the applicability of
the hydrodynamics may be too strict and even in a sys-
tem far from the local equilibrium hydrodynamic behavior
may be seen. This may be related to hydrodynamic effects
observed in small systems (Section 4.5).

Hydrodynamic flow is derived by pressure gradients.
In the overlapped region of two nuclei, the pressure
gradient is steeper in the plane of the_reaction plane
(plane defined by the impact parameter b and the beam
axis), and because of that more particles are produced in
plane than out of plane. Thus the azimuthal distribution
shows a characteristic cos(2¢) modulation (elliptic flow),
which is suggested to be important for the study of the
hydrodynamic properties [33, 34]. Thus, the initial spa-
tial anisotropy of the almond shape is converted to the
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momentum anisotropy called the elliptic flow. An impor-
tant feature of the elliptic flow is that it is sensitive to the
early stage of the collisions. Since the hot and dense region
expands more in plane, the spatial anisotropy disappears
quickly as it expands.

Experimentally, the azimuthal distribution is evaluated
in terms of a Fourier expansion [35],

Pl eN () + i 2, cos(n) @)
= cos(ng) |,
d3p  2mpdp.dy ot "

where ¢ is the azimuthal angle of produced particles with
respect to the reaction plane. The second-order coeffi-
cient vo quantifies the strength of the elliptic flow.

The top panel of Fig. 6 shows elliptic flow v, for pions,
kaons, protons, ¢, A, and 2 in mid-central Au+Au col-
lisions at \/s\w = 200 GeV [36-38]. In pT < 2 GeV/c,
vo increases with pr and a clear mass dependence is
observed, which is well described by the hydrodynamic
model as shown with solid and dashed curves [39]. On
the other hand, in higher pr, there is a clear depar-
ture from the solid curves and two loci for mesons and
baryons become visible. At the LHC, very similar behav-
ior is observed: the bottom panel of Fig. 6 shows v, for
pions, kaons, protons, ¢, and A in mid-central Pb+Pb
collisions at ,/sN\nv = 5.02 TeV [40]. As seen at RHIC,
a mass dependence is seen in the low pT region while
grouping of mesons and baryons is observed also in higher
p1, which suggests a different mechanism of particle pro-
duction above pr 2 2 GeV/c compared to the lower pr

~

region, i.e., quark coalescence/recombination.

3.2 Quark coalescence/recombination

As a characteristic hadron production mechanism of
the QGP, the quark coalescence/recombination picture
has been introduced [41-45], in which quarks (g) and
anti-quarks () combine to mesons (gg7) and baryons
(9qq)- This process becomes important at intermediate
pr region since production at high (low) pr region is
dominated by the fragmentation (thermal) process.

To simplify the model, two assumptions are made: (a)
(anti-)quarks with the same momentum combine to form
hadrons and (b) (anti-)quarks have the universal elliptic
flow v, 4(pT). Then the following relations are obtained:

dN;
T;A o (14 2vy, 05 2¢)2 ~ (1 + dva 4 cos2¢), (3)

dN,

d—; o (14 21,4 cos 20 ~ (1 + 6V3,4 COs2¢), (4)
where N and Np are yields of the meson and the baryon.
Thus, the elliptic flow for mesons (v, p) and baryons (v )
are scaled according to the number of constituent quarks
1y (quark number scaling) as,
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Fig. 6 (Upper panel) v, as a function of the transverse momentum for
7%, K= KO, p(p), ¢ A(A),and Q™ (Q*) in Au+Au collisions at
JSNN = 200 GeV from the STAR and PHENIX experiments [36-38].
Solid and dashed curves show the prediction of the hydrodynamic
model [39]. (Lower panel) v, as a function of the transverse
momentum for 7, K%, K9, p(p), ¢, and A(A) in semi-central Pb+Pb
collisions at \/syny = 5.02 TeV from the ALICE experiment [40]

voM@T) ~ 2v24(p1/2), v2,8(PT) ~ 3va4(pT/3). (5)

In Fig. 7, vo/n, as a function of transverse momen-
tum per quark, pr/ng, in central (0 — 20% centrality)
and mid-central (20 — 60% centrality) Au+Au collisions
at \/sNN = 200 GeV are shown. In central collisions,
va/ny of pions, kaons, and protons agree with each others
within the statistical and systematic uncertainties, which
supports the quark coalescence picture. But, in peripheral
collisions, a clear departure from the quark number scal-
ing is observed for pr > 1.3 GeV/c [46]. It is expected
that the scaling does not work at high pr region, where the
fragmentation process becomes dominant. At the LHC,
the scaling has been observed approximately at the level
of £20% [40].
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3.3 Higher-order harmonics
Not only the second Fourier coefficient, the elliptic flow,
but also higher-order Fourier coefficients have been mea-
sured. While the elliptic flow v, arises from the almond
shape of the initial overlapped region, higher-order har-
monics are primarily due to the initial fluctuations of the
geometry. In other words, because of the limited number
of nucleons involved in the collisions, there are event-
by-event fluctuations in the nucleon position and the
distribution. Such geometrical fluctuations are converted
through the hydrodynamic expansion and observed as
the higher flow harmonics. Figure 8 shows observed vy,
n =1-5, compared with the hydrodynamic model calcu-
lations [47]. The experimental data are from PHENIX [48]
and STAR [49] collaborations.

The hydrodynamic calculations start from the equilib-
rium state of the QGP after a very short (< 1 fm/c) pre-
equilibrium state and compute the expansion, in which
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Fig. 8 Root-mean-square anisotropic flow coefficients (v2)
function of the transverse momentum in mid-central Au+Au
collisions at /Snn = 200 GeV. Curves show hydrodynamic model
calculations [47] assuming the shear viscosity n/s = 0.12.

Experimental data are from PHENIX [48] and STAR [49] experiments

shear viscosity is included as 7/s (the ratio of shear vis-
cosity n to the entropy density s), followed by hadronic
expansions. As seen in Fig. 8, an agreement between the
experiment and the theory is striking: the model with the
intrinsic fluctuations reproduces the higher flow harmon-
ics as well as the elliptic flow assuming the shear viscosity
of n/s = 0.12, which is very close to the theoretical lower
limit of ;L [50].

In order to extract the properties of the QGP and
constrain the initial conditions, a state-of-the-art calcula-
tion, Bayesian parameter estimation methods have been
applied and the temperature-dependent specific shear
and bulk viscosity have been extracted. Shear viscosity is
known to primarily affect the collective behavior and the
azimuthal anisotropy, while bulk viscosity also affects the
collective behavior in particular radial flow and mean pt
of hadrons. To evaluate these key physics properties with
quantitative uncertainties, this method has been applied
using many experimental observables at the same time.
Results of two independent studies with this method are
shown in Fig. 9. In Ref. [51], parameters in the hydrody-
namic model are carefully studied to constrain the range
of each parameter according to the experimental data such
as yields of charged particles, transverse energy, yields of
pions, kaons and protons as well as mean pt of pions,
kaons, protons, and azimuthal anisotropies (v,, n =1-
4) in Pb 4 Pb collisions at ,/snn = 2.76 and 5.02 TeV. In
Ref. [52], both RHIC and the LHC data are used. Param-
eter constraining methods and conditions are different in
these studies, which also leads to slightly different results
of the shear and bulk viscosities and their uncertainties.
In Fig. 9, the shear viscosity 7/s and the bulk viscosity
£ /s are shown as a function of temperature 7. The shear
viscosity is compared with that of helium at its critical
pressure. As seen in the figure, the extracted n/s of the
QGP is much smaller than that of helium, showing that
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Fig. 9 Estimated temperature-dependent specific shear (left) and bulk (right) viscosities of the QGP using Bayesian method [51, 52]. The shaded
bands show 90% credible region for the QGP n/s(T) and ¢ /s(T) estimated from experimental data. The green bands are from Ref. [51] and the
orange bands from Ref. [52]. The pseudo-critical temperature T, = 156.5 & 1.5 MeV [2] for a crossover phase transition from the QGP to hadronic
matter is assumed. Solid line shows 5 /s(T) for helium relative to its critical temperature and dashed line for theoretical lower limit [50]

the QGP is a nearly non-viscous fluid. The right panel
of Fig. 9 shows the bulk viscosity ¢/s as a function of
temperature. In the early days, hydrodynamic calculations
used to assume that the bulk viscosity is negligible. But,
these studies have successfully provided the most reliable
constraints on the shear viscosity as well as the bulk vis-
cosity, providing a better description of the experimental
data.

While it is not clear due to the large uncertainty, n/s
tends to increase at higher temperature in Fig. 9. At RHIC
and the LHC, the high opacity and the non-viscous fluid
nature, i.e. short mean free path/large cross section in
the fluid, suggest a strongly-coupled QGP. On the other
hand, in much higher energy collisions like at CERN-FCC
[53], the viscosity may increase leading to a more vis-
cous fluid, and we may have a chance to observe even
a weakly-coupled QGP instead of the strongly-coupled
QGP.

Many hydrodynamic model calculations have been car-
ried out and they have shown two important features; very
low n/s and very short pre-equilibrium state before the
QGP established (¢t < 1fm/c). Mechanism of the rapid
thermalization is not understood yet, where one missing
piece of the information is the initial stage of the collisions.
For this information, measurements of small-x gluon dis-
tribution via direct photon and jets are proposed at the
LHC [54].

4 Other signatures and questions

4.1 Direct photons and their puzzle

Photons are a penetrating probe because of their small
cross section and can be used to study the space-time
evolution of the system since they are produced at all
stages through the collision. Transverse momentum dis-
tributions of direct photons have been measured at both

RHIC and the LHC [55-57], where the enhancement at
low pr (< 4 GeV/c) in central A+A collisions relative to
the scaled p+p data is described well by perturbative QCD.
The excess indicates the photon production due to ther-
mal radiation from the QGP. Figure 10a shows the direct
photon yields after the subtraction of scaled p+p yield. An
effective temperature extracted from the excess is found
to be Tefr = 260i§3 MeV for 20-40% Au+Au collisions
at RHIC top energy and Tegg = 297 &+ 12 £ 41 MeV for
0-20% Pb+Pb collisions at the LHC, both of which are
much hotter than the critical temperature 7, discussed in
Section 5.

Since photons are predominantly emitted at early times
(high temperature), one expects that azimuthal anisotropy
of direct photons would be small because the flow is devel-
oped later in time with the collective expansion of the
system as discussed in Section 3. However, experimental
data at RHIC and the LHC show a sizable vy (even v3)
of direct photons comparable to the hadron vy [58-60].
Figure 10 shows the direct photon yield(a) and v,(b) and
v3(c) measured at RHIC, comparing to hydrodynamic cal-
culations. So far none of models can satisfactorily explain
both the yield and vy simultaneously, which is known as
“photon puzzle” (see Ref. [61] for recent review). There are
still ongoing efforts from the experimental side to reduce
the uncertainty as well as ones from the theoretical side
with new ideas.

4.2 Debye screening effect

Suppression of heavy quarkonium has been proposed as
a signature of the QGP [62]: heavy quarkonium such
as charmonium or bottomonium is expected to dissolve
in the QGP when the potential between the quarks is
screened by copious color charges of quark and gluon in
the plasma, i.e., the Debye screening effect.



Niida and Miake AAPPS Bulletin (2021) 31:12 Page 7 of 14
S - (a) Invariant yield
2 10 4 0.2F
S g PRL114, 072301 <1
> C and priv. comm. L
™ | [« . r
ol 1 @ QGP w/o viscous 0.15
w F —— QGP w/ viscous [
C - - - semi-QGP i
1 0.1 L w/o viscous 0.1}
(All three include HG) ;
10_2'_ 0.05}
g :
r oL 1 1 sl 1
-3=_ [
107 r(©)v, PHENIX
C 02
4 — 96033 - @Calorimeter
10 E Ten = 2605 MeV * 0.15 . @Conversion
s L Au+Au 200 GeV, 20-40% U
10°F I
E  Yield is from PRC 91, 064904 01
-I 11 1 I L1l 1 1 I L1l 1 | I 1L 1 | I 11 | :
I | H
c -
sl= - -
g 3t H 3 0.0
o 1f i .
P ot ; : : : 0 e
0 1 2 3 4 0 3 4

P, (GeV/c)

P, (GeV/c)
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Ref. [58] and references therein for details

Since the first measurement of the J/ W yields in Pb+Pb
collisions at ,/syny = 17 GeV at SPS [63], heavy quarko-
nia have been measured rigorously at RHIC and also at the
LHC. Quantitative understanding of the yields at higher
energies is found to be complicated since there are at least
two competing effects: suppression due to the screening
effects and the enhancement due to the recombination
process.

Quarkonia larger than the Debye length, the range of
the interaction, are dissolved in the plasma. Therefore, the
weaker bound quarkonium (larger radius) is expected to
dissolve more completely compared to the stronger bound
quarkonium (smaller radius). Thus, when suppressions of
various quarkonia are compared, sequential suppression
of their yields is expected according to their radii/binding
energies. As shown in Fig. 11, Ras of charmonia, //¢ and
¥ (2S), and bottomonia, Y (1S) and Y (2S), have been mea-
sured and the sequential suppression behavior has been
clearly observed at the CMS experiment [64—66] which
supports the assumption of QGP formation. For quantita-
tive understanding, further theoretical and experimental
studies are needed.
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in Pb+Pb collisions at \/syy = 2.76 TeV measured by the CMS
experiment, which is consistent with the sequential suppression

pattern [64-66]
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4.3 Electromagnetic field/chirality

In heavy-ion collisions, a short-lived strong magnetic field
is created due to the moving electric charges carried by
protons inside (fragmented)nuclei. The peak magnitude
is expected to reach 101314 Tesla [67, 68], stronger by
a few orders than the magnetic field on the surface of
neutron star called magnetars. The presence of such a
strong magnetic field has not been confirmed experimen-
tally and the measurement of the strong field itself is of
great interest. The lifetime of the field has large uncer-
tainty and could be significantly extended depending on
the electric conductivity of QGP due to Faraday’s law of
induction [68—70]. In other words, one can probe the con-
ductivity of QGP by studying the QGP response to the
strong magnetic field generated by the charged spectator
fragments. It is suggested that the effect of the magnetic
field appears in difference of directed flow (the first-order
coefficient in Eq. 2) between particles and antiparticles
[71, 72], although the uncertainty is still too large to make
any statement [73, 74].

Not only the magnetic field but also the electric field
should be created in the initial state particularly for asym-
metric collisions, e.g., Cu+Au. The effect appears in the
charge difference of directed flow due to the Coulomb
force, which is sensitive to the electric conductivity of
QGP [75] and the time evolution of charge creation, i.e.
quark and antiquark production [76]. Experimental result
shows such a charge difference in hadron directed flow
[77], indicating the presence of the initial electric field.
Comparing to theoretical model with the electric field
[76], only ~10% of all (anti)quarks produced in the colli-
sions are found to be created at that time when the electric
field is strong (¢ < 0.5 fm/c).

Chiral symmetry is spontaneously broken in the QCD
vacuum but under high temperature and/or high den-
sity the chiral symmetry is restored where chirality is
well defined. It is proposed that the presence of the
initial strong magnetic field with QGP leads to chiral
phenomena such as the chiral magnetic effect (CME):
the phenomenon that electric current is induced along
the magnetic field under chirality imbalance created by
topological fluctuations of QCD vacuum [67, 78]. Such
an electric current, i.e. charge separation of produced
particles, has been extensively studied via two-particle
correlations relative to the reaction plane [79] at RHIC
and the LHC, however the definitive conclusion is not
yet reached because of significant contributions from
backgrounds [80]. Analysis of isobar collision (ZgRu+22Ru
and 35Zr+30Zr) data is ongoing at the STAR experiment.
The two species have the same mass number (similar
background) but different electric charges (>10% dif-
ference in the magnetic field), therefore it is expected
that the measurements provide a definitive answer
for CME.
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4.4 \Vorticity and polarization

Similar to the initial magnetic field, large orbital angular
momentum is expected to be created in the initial state
for non-central collisions. A fraction of the orbital angu-
lar momentum would be transferred to the created matter,
leading to global polarization of produced particles due
to spin-orbit coupling [81-83]. The “global" means net
spin alignment along the initial angular momentum direc-
tion which is perpendicular to the reaction plane and
coincides with the direction of the initial magnetic field.
Global polarization of A and A hyperons was measured
at the STAR experiment and the extracted vorticity is
found to be w ~ 1022 s—1 [84, 85]. The matter created
in the collisions is realized as the most vortical fluid
ever observed. The polarization may also help to con-
strain the lifetime of the initial magnetic field since the
polarization due to magnetic-spin coupling differs in the
sign between particles and antiparticles. Theoretical mod-
els [86—90] can describe the energy dependence of the
polarization quantitatively as shown in Fig. 12 where cal-
culations from viscous hydrodynamic model [86] and a
multi-phase transport model [87] are compared, for both
of which local thermal equilibrium is assumed and the
polarization is calculated based on thermal vorticity at
freeze-out [83, 95]. On the other hand, discrepancies
between the data and models are seen in differential mea-
surements and those issues need to be resolved [96-98].
For better understanding the nature of vorticity and spin
dynamics in heavy-ion collisions, the measurement has
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Fig. 12 Global polarization as a function of the collision energy for A
and A hyperons as well as for & and € hyperons [84, 85, 91-93]. Solid
line and shaded bands denote calculations from viscous
hydrodynamic model (vHLLE) with UrQMD initial condition [86] as
well as a multi-phase transport (AMPT) model [87] respectively. Decay
parameters « and y of each particles [94] used in the measurements
are shown in the figure. Note that the old results are corrected for
recent update of the decay parameter

o, = 0.732+0.014
758 +£0.012
L. =-0.401+£ 0.010

Q
Ll Ll I L1l




Niida and Miake AAPPS Bulletin (2021) 31:12

been recently extended to other hyperons, E and Q2 [91],
as shown in Fig. 12. These measurements will provide new
information on the dynamics of the QGP and open new
directions to study QCD matter under extremely strong
magnetic and vorticity fields [99, 100].

4.5 QGP dropletin small system?

Recent results for high multiplicity events in small sys-
tems such as p+p and p+A collisions draw great attention
because even in such small systems many similarities
compared to the large systems have been reported, i.e.
long-range correlation between two hadrons [101-104],
sizable flow coefficients v, [105-108], and multiplicity
scaling of (multi)strange hadron yields from large systems
to the small system [109]. Figure 13 shows two-particle
correlation in high multiplicity p+p collisions at the LHC,
where the long-range near-side correlation was observed
along An at A¢ ~ 0 which can be attributed to flow coef-
ficients seen in large systems as discussed in Section 3.
Now a question is whether or not a QGP droplet is
created. Viscous hydrodynamic models [110, 111] have
been applied to explain the flow coefficients as shown in
Fig. 14. The agreements between the model calculations
and the data are not as good as what we saw in Fig. 8,
which may imply differences in flow development in the
A+A collisions and the small systems as mentioned in
Section 3.1. A part of the difficulty and complexity in the
interpretation comes from contributions from so-called
non-flow, especially correlations of fragmented particles
from back-to-back jets, which mimics the flow signal in
small systems. Also, there is a discrepancy in the flow
coefficients between PHENIX and STAR at this moment

CMS N=110, 1.0GeV/c<pT<3.0GeV/c

3 i A
g Al );“‘\\‘\\\\‘\‘\‘ “‘\'\ BN
S 2l
= e i &
A
S 4

Fig. 13 Two-particle correlation as functions of relative azimuthal
angle A¢ and pseudorapidity An for high multiplicity events in p+p

collisions at /sy = 7 TeV from the CMS experiment [101]
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[107, 113], which needs to be resolved before making
conclusive remarks.

Strangeness enhancement in small systems is claimed to
be explained assuming partial formation of QGP droplet
[114]. On the other hand, jet quenching is not observed
in the particle yield for small systems [115, 116], while a
finite elliptic flow v, at high pr is observed in high mul-
tiplicity events of small systems [117] as in large systems,
which could be explained by the path length dependence
of parton energy loss. Possible contradiction between the
two observables is still an open question and needs to be
investigated.

5 Whereis the phase transition?

5.1 Mapping of QCD phase diagram

One of the main goals in heavy-ion collisions is to map
out the QCD phase diagram (Fig. 1). As mentioned in
Section 1, a first-order phase transition at high up and a
smooth cross over phase transition at small up are the-
oretically expected. In Sections 2 and 3, experimental
results are shown that the QGP is formed in heavy-ion col-
lisions at RHIC and the LHC corresponding to the region
at large temperature with small g in Fig. 1 and the phase
transition is considered to be the smooth cross over. In
order to study the structure of the QCD phase diagram
experimentally, one can vary the collision beam energy,
which leads to the change in the temperature as well as
baryon chemical potential g in the reaction region [118,
119].

Assuming the fireball formed in the collisions is uni-
form and in chemical equilibrium, ratios of hadron yields
can be well described by a simple statistical model with
a few parameters; chemical equilibrium temperature T¢p,
and baryon chemical potential up. Statistical hadroniza-
tion models are found to remarkably describe the hadron
yields for various particle species [3, 4, 120], indicating
that the chemical equilibrium is achieved. The extracted
Tch and pp are plotted in Fig. 1 and are close to
the crossover critical temperature for hadronization pre-
dicted by lattice QCD at small j15. As the collision energy
decreases, T¢ decreases and pp becomes larger.

As well as chemical equilibrium, kinetic freeze-out
dynamics has been also studied employing a blast-wave
model [121, 122]. The model is based on the picture that
particles are emitted from a boosted thermal source which
is characterized by the freeze-out temperature Ti, and
a common collective transverse flow velocity 8. System-
atic study of Tyi, and average flow velocity (8) has been
performed over a wide range of the collision energy as
shown in Fig. 15 [4]. The chemical freeze-out temperature
Ten stays constant above /sy ~ 10 GeV, while it coin-
cides with the kinetic freeze-out temperature Ti;, around
V3NN = 7 GeV and sharply decreases when decreasing
the energy. The flow velocity (8) becomes larger in the
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Fig. 14 Elliptic and triangular flow coefficients v, of charged hadrons as a function of the transverse momentum in p+Au, d+Au, and 3He+Au

collisions at ,/syn = 200 GeV from the PHENIX experiment [107]. Solid lines with bands represent calculations from viscous hydrodynamic models
with IP-Glasma initial state model [112]

LHC energy, suggesting a strong expansion of the fireball,
while it also shows a similar sharp drop around /sy < 7
GeV.

The elliptic flow has been also extensively studied over
a wide range of the collision energies as shown in Fig. 16a.
The sign of v, changes twice in the plot; it changes from
positive to negative and again becomes positive when
the energy increases, corresponding to the rotational-like
emission (v > 0 at \/ssnv S 1.4 GeV), “squeeze-out”
emission due to spectator shadowing with an increased
expansion of fireball (v < 0), and the pressure-gradient-
driven expansion (v > 0 for ,/sxn > 4 GeV) as discussed
in Section 3.

These results also show a sudden change below ,/snn &
8 GeV, indicating change in underlying physics which
might be related to the phase transition. Ongoing projects
(STAR Beam Energy Scan Phase-II including the fixed tar-
get program and HADES experiment) as well as future
experiments (CBM at FAIR, MPD at NICA, CEE at HIAF,
J-PARC-HI) are planned to study that energy range to
search for a signature of the critical point.

5.2 Critical point search

Several observables have been proposed to probe a pos-
sible critical point in the QCD phase diagram, e.g.
net-baryon fluctuations, directed flow, particle emission
duration via femtoscopy, and neutron density fluctuation
probed by light nuclei production (see Refs. [126, 127]
and references therein for details). Higher-order cumu-
lants of net-proton distributions as a proxy for net-baryon
number especially have been considered to be a promising
tool to search for the critical point. The idea is based on
the fact that the correlation length of fluctuations in net
conserved quantities, such as net-charge or net-baryon
number, diverges in the vicinity of the critical point.

200F T T T
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Fig. 15 Collision energy dependence of a extracted chemical and
kinetic freeze-out temperatures (Tc, and Tiin) and b average
transverse flow velocity ({(8)) [4]. This figure is adapted from Ref. [4]
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Ref. [123] and references therein for details) and (b) 4th-order
cumulant ratio of net-proton distribution ko2 [124, 125]

Experimental results on net-proton higher-order cumu-
lants shown in Fig. 16b indicate non-monotonic behaviour
over the collision energy [124, 125] but the uncertainty
is still large. Also many other effects such as an exper-
imental limitation of the measurement (acceptance and
efficiency), finite size and lifetime of the system, baryon
stopping, and non-equilibrium effect especially in lower
energies, need to be understood before making a definitive
claim.

6 Summary
Extensive experimental and theoretical investigations
have revealed that the matter produced in heavy-ion col-
lisions at RHIC and the LHC is truly a new state of mat-
ter and the two features of the high opacity for color
charges together with the non-viscous flow suggest that
it is strongly-coupled QGP unlike expectations of almost
non-interacting gas of deconfined quarks and gluons.

On the other hand, we are still far from an understand-
ing of the nature of the QGP phase transition: we do not
know the location of the phase transition in terms of beam
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energies nor volumes of the fireball. We do not know
whether the region of a first-order phase transition and
the associated critical point is experimentally accessible.
More experimental and theoretical studies are required.

Beam energies at AGS, SPS, and RHIC to the LHC
accelerators have been increasing steadily, but two direc-
tions are being considered for the future. One direction
is toward higher beam energies such as the CERN-FCC
project [53] where higher temperature and longer life-
time are expected, where a more viscous fluid may be
created and where we may have a chance to observe a
weakly-coupled QGP. The other direction is to probe the
vicinity of the phase transition point with a high lumi-
nosity, lower-energy accelerator. From this viewpoint, new
accelerator projects, NICA at JINR [128], FAIR at GSI
[129], CEE at HIAF [130], and J-PARC-HI [131] have been
proposed, some of which are under construction. These
new facilities are the frontier of the field.

In addition, high-energy collisions provide an unique
opportunity to study hadron-hadron interactions, espe-
cially for unstable hadrons. Recent measurements on two
baryon correlations, such as A-A [132] and p-Q [133],
in the small relative momentum of the pairs demonstrate
that one can study the strong interaction between the
baryons and search for exotic hadrons such as dibaryons.
These measurements are a new tool providing valuable
data for quantitative comparisons with lattice QCD cal-
culations and are also crucially important for the studies
of neutron stars and hyperon interactions. The new fron-
tiers, together with these new tools, will allow this field to
continue to grow over the next decades.

Acknowledgements

The authors thank Drs. S. A. Voloshin, Y. Tachibana, T. Hirano, T. Hatsuda, and S.
Nagamiya for helpful discussions. The authors also thank Drs. S. Esumi, T.
Chujo, and H. Sako for daily discussions.

Authors’ contributions
TN and YM equally contributed to all aspects of the manuscript. The authors
read and approved the final manuscript.

Authors’ information

Takafumi Niida is an assistant professor at Department of Physics, Faculty of
Pure and Applied Sciences, University of Tsukuba, Japan. Yasuo Miake is a
Specially Appointed Professor and Professor Emeritus at Faculty of Pure and
Applied Sciences, University of Tsukuba, Japan, and a visiting researcher at
Advanced Science Research Center, Japan Atomic Energy Agency, Japan.

Funding
YM was supported in part by Japan Society for the Promotion of Science (JSPS)
KAKENHI, Nos. 17H02876 25287048 and 20224014,

Availability of data and materials

All data and figures presented in this article are based on the materials
available in public through the experimental collaborations’ webpages and/or
figures of the corresponding references with their permissions.

Declarations

Ethics approval and consent to participate
Not applicable.



Niida and Miake AAPPS Bulletin (2021) 31:12

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

' Department of Physics, Faculty of Pure and Applied Sciences, University of
Tsukuba, Tsukuba, Ibaraki 305-8571 Japan. 2Advanced Science Research
Center, Japan Atomic Energy Agency, Tokai, Naka, Ibaraki 319-1195 Japan.

Received: 22 February 2021 Accepted: 22 April 2021
Published online: 21 May 2021

References

1. Y. Aoki, G. Endrodi, Z. Fodor, S. Katz, K. Szabo, The Order of the quantum
chromodynamics transition predicted by the standard model of particle
physics. Nature. 443, 675-678 (2006)

2. A. Bazavov, et al,, Chiral crossover in QCD at zero and non-zero chemical
potentials. Phys. Lett. B. 795, 15-21 (2019)

3. A. Andronic, P. Braun-Munzinger, K. Redlich, J. Stachel, Decoding the
phase structure of QCD via particle production at high energy. Nature.
561(7723),321-330(2018)

4. L. Adamczyk, et al., Bulk Properties of the Medium Produced in
Relativistic Heavy-lon Collisions from the Beam Energy Scan Program.
Phys. Rev. C. 96(4), 044904 (2017)

5. J. Schukraft, QM2017: Status and Key open Questions in Ultra-Relativistic
Heavy-lon Physics. Nucl. Phys. A. 967, 1-10 (2017)

6. E. Shuryak, Strongly coupled quark-gluon plasma in heavy ion collisions.
Rev. Mod. Phys. 89, 035001 (2017)

7. P.Braun-Munzinger, V. Koch, T. Schafer, J. Stachel, Properties of hot and
dense matter from relativistic heavy ion collisions. Phys. Rept. 621,
76-126 (2016)

8. B.V. Jacak, B. Muiller, The Exploration of Hot Nuclear Matter. Science. 337,
310-314(2012)

9. B. Muller, J. L. Nagle, Results from the relativistic heavy ion collider. Ann.
Rev. Nucl. Part. Sci. 56, 93-135 (2006)

10.  Eventdisplay of lead ion collisions from CMS experiment. http://cdsweb.
cern.ch/record/1309898. Accessed 20 Feb 2021

11. T.Sakaguchi, Overview of latest results from PHENIX. HardProbes2018.
PoS, 035 (2019)

12. C. Adler, et al, Disappearance of back-to-back high p7 hadron
correlations in central Au+Au collisions at /sy = 200-GeV. Phys. Rev.
Lett. 90, 082302 (2003)

13.  J.Adams, et al., Evidence from d + Au measurements for final state
suppression of high p(T) hadrons in Au+Au collisions at RHIC. Phys. Rev.
Lett. 91, 072304 (2003)

14. K Aamodt, et al., Suppression of Charged Particle Production at Large
Transverse Momentum in Central Pb 4 Pb Collisions at /sny = 2.76
TeV. Phys. Lett. B. 696, 30-39 (2011)

15.  S.Chatrchyan, et al,, Study of high-pT charged particle suppression in
PbPb compared to pp collisions at \/syy = 2.76 TeV. Eur. Phys. J. C. 72,
1945 (2012)

16. A M. Sirunyan, et al, Nuclear modification factor of D mesons in PbPb
collisions at ./syN = 5.02 TeV. Phys. Lett. B. 782, 474-496 (2018)

17. A M. Sirunyan, et al,, Measurement of prompt and nonprompt
charmonium suppression in PbPb collisions at 5.02 TeV. Eur. Phys. J. C.
78(6), 509 (2018)

18.  A.M.Sirunyan, et al, The production of isolated photons in PbPb and pp
collisions at ./syn = 5.02 TeV. JHEP. 07, 116 (2020)

19.  V.Khachatryan, et al,, Charged-particle nuclear modification factors in
PbPb and pPb collisions at /sy N = 5.02 TeV. JHEP. 04, 039 (2017)

20. A M.Sirunyan, et al, Measurement of the B* Meson Nuclear
Modification Factor in Pb + Pb Collisions at /sy = 5.02TeV. Phys. Rev.
Lett. 119(15), 152301 (2017)

21. K M.Burke, et al,, Extracting the jet transport coefficient from jet
quenching in high-energy heavy-ion collisions. Phys. Rev. C. 90(1),
014909 (2014)

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34

35.

36.

37.

38.

39.

40.

41.
42.

43.

44,

45.

46.

47.

48.

49.

50.

Page 12 of 14

P.Ru, Z-B. Kang, E. Wang, H. Xing, B-W. Zhang, A global extraction of the
jet transport coefficient in cold nuclear matter. Phys. Rev. D103, L031901
(2021)

R. Soltz, Bayesian extraction of ¢ with multi-stage jet evolution
approach. PoS. HardProbes2018, 048 (2019)

A. Kumar, A. Majumder, J. H. Weber, Jet transport coefficient ¢ in
(2+1)-flavor lattice QCD, 10 (2020). https://arxiv.org/abs/2010.14463

G. Aad, et al,, Observation of a Centrality-Dependent Dijet Asymmetry in
Lead-Lead Collisions at /syn = 2.77 TeV with the ATLAS Detector at
the LHC. Phys. Rev. Lett. 105, 252303 (2010)

S. Chatrchyan, et al., Jet momentum dependence of jet quenching in
PbPb collisions at \/syy = 2.76 TeV. Phys. Lett. B. 712, 176-197 (2012)
L. Adamczyk, et al., Dijet imbalance measurements in Au + Au and pp
collisions at \/syn = 200 GeV at STAR. Phys. Rev. Lett. 119(6), 062301
(2017)

S. Chatrchyan, et al,, Observation and studies of jet quenching in PbPb
collisions at nucleon-nucleon center-of-mass energy = 2.76 TeV. Phys.
Rev. C. 84, 024906 (2011)

V. Khachatryan, et al.,, Measurement of transverse momentum relative to
dijet systems in PbPb and pp collisions at \/snn = 2.76 TeV. JHEP. 01,
006 (2016)

M. Connors, C. Nattrass, R. Reed, S. Salur, Jet measurements in heavy ion
physics. Rev. Mod. Phys. 90, 025005 (2018)

S. Cao, X-N. Wang, Jet quenching and medium response in high-energy
heavy-ion collisions: a review. Rept. Prog. Phys. 84(2), 024301 (2021)

P. Romatschke, Relativistic Fluid Dynamics Far From Local Equilibrium.
Phys. Rev. Lett. 120, 012301 (2018)

J-Y. Ollitrault, Anisotropy as a signature of transverse collective flow.
Phys. Rev. D. 46, 229-245 (1992)

J-Y. Ollitrault, Determination of the reaction plane in ultrarelativistic
nuclear collisions. Phys. Rev. D. 48, 1132-1139 (1993)

S.Voloshin, Y. Zhang, Flow study in relativistic nuclear collisions by
Fourier expansion of Azimuthal particle distributions. Z. Phys. C. 70,
665-672 (1996)

J. Adams, et al,, Particle type dependence of azimuthal anisotropy and
nuclear modification of particle production in Au + Au collisions at
S(NN)**(1/2) = 200-GeV. Phys. Rev. Lett. 92, 052302 (2004)

L. Adamczyk, et al,, Centrality and transverse momentum dependence
of elliptic flow of multistrange hadrons and ¢ meson in Au+Au collisions
at \/syn = 200 GeV. Phys. Rev. Lett. 116(6), 062301 (2016)

A. Adare, et al,, Scaling properties of azimuthal anisotropy in Au+Au and
Cu+Cu collisions at s(NN) = 200-GeV. Phys. Rev. Lett. 98, 162301 (2007)
P. Huovinen, P. Kolb, U. W. Heinz, P. Ruuskanen, S. Voloshin, Radial and
elliptic flow at RHIC: Further predictions. Phys. Lett. B. 503, 58-64 (2001)
S. Acharya, et al,, Anisotropic flow of identified particles in Pb 4+ Pb
collisions at /sy = 5.02 TeV. JHEP. 09, 006 (2018)

S. A.Voloshin, Anisotropic flow. Nucl. Phys. A. 715, 379-388 (2003)

D. Molnar, S. A. Voloshin, Elliptic flow at large transverse momenta from
quark coalescence. Phys. Rev. Lett. 91,092301 (2003)

R.J. Fries, B. Muller, C. Nonaka, S. A. Bass, Hadron production in heavy ion
collisions: Fragmentation and recombination from a dense parton
phase. Phys. Rev. C68, 044902 (2003)

V. Greco, C. M. Ko, P. Levai, Parton coalescence and anti-proton / pion
anomaly at RHIC. Phys. Rev. Lett. 90, 202302 (2003)

R. C. Hwa, C. B. Yang, Fractional energy loss and centrality scaling. Phys.
Rev. C. 69, 034902 (2004)

A. Adare, et al,, Deviation from quark-number scaling of the anisotropy
parameter v, of pions, kaons, and protons in Au+Au collisions at

/SNN = 200 GeV. Phys. Rev. C. 85,064914 (2012)

C. Gale, S. Jeon, B. Schenke, P. Tribedy, R. Venugopalan, Event-by-event
anisotropic flow in heavy-ion collisions from combined Yang-Mills and
viscous fluid dynamics. Phys. Rev. Lett. 110(1), 012302 (2013)

A. Adare, et al,, Measurements of Higher-Order Flow Harmonics in Au+Au
Collisions at \/syn = 200 GeV. Phys. Rev. Lett. 107, 252301 (2011)

Y. Pandit, Beam Energy Dependence of First and Higher Order Flow
Harmonics from the STAR Experiment at RHIC. Nucl. Phys. A904-905,
357c-360c (2013)

P.Kovtun, D. T. Son, A. O. Starinets, Viscosity in strongly interacting
quantum field theories from black hole physics. Phys. Rev. Lett. 94,
111601 (2005)


http://cdsweb.cern.ch/record/1309898
http://cdsweb.cern.ch/record/1309898
https://arxiv.org/abs/2010.14463

Niida and Miake AAPPS Bulletin

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

(2021) 31:12

J.E.Bernhard, J. S. Moreland, S. A. Bass, Bayesian estimation of the
specific shear and bulk viscosity of quarkgluon plasma. Nat. Phys. 15(11),
1113-1117 (2019)

D. Everett, et al, Phenomenological constraints on the transport
properties of QCD matter with data-driven model averaging, 10 (2020).
https://arxiv.org/abs/2010.03928

CERN, CERN Future Circular Collider. https://home.cern/science/
accelerators/future-circular-collider. Accessed 20 Feb 2021

Letter of Intent: A Forward Calorimeter (FoCal) in the ALICE experiment.
CERN-LHCC-2020-009, LHCC-I-036, 6 (2020). https://cds.cern.ch/record/
2719928?In=en

A. Adare, et al.,, Enhanced production of direct photons in Au+Au
collisions at \/snn = 200 GeV and implications for the initial
temperature. Phys. Rev. Lett. 104, 132301 (2010)

A. Adare, et al,, Centrality dependence of low-momentum direct-photon
production in Au+Au collisions at S = 200 GeV. Phys. Rev. C. 91(6),
064904 (2015)

J. Adam, et al,, Direct photon production in Pb + Pb collisions at

J/SNN = 2.76 TeV. Phys. Lett. B. 754, 235-248 (2016)

A. Adare, et al., Azimuthally anisotropic emission of low-momentum
direct photons in Au+Au collisions at /sy, = 200 GeV. Phys. Rev. C.
94(6), 064901 (2016)

A. Adare, et al.,, Observation of direct-photon collective flow in

/SNN = 200 GeV Au+Au collisions. Phys. Rev. Lett. 109, 122302 (2012)
S. Acharya, et al,, Direct photon elliptic flow in Pb 4 Pb collisions at \/snn
=276 TeV.Phys. Lett. B. 789, 308-322 (2019)

G. David, Direct real photons in relativistic heavy ion collisions. Rept.
Prog. Phys. 83(4), 046301 (2020)

T. Matsui, H. Satz, J/ W Suppression by Quark-Gluon Plasma Formation.
Phys. Lett. B. 178, 416-422 (1986)

M. C. Abreu, et al,, Observation of a threshold effect in the anomalous
J/ W suppression. Phys. Lett. B450, 456-466 (1999)

S. Chatrchyan, et al.,, Observation of Sequential Upsilon Suppression in
PbPb Collisions. Phys. Rev. Lett. 109, 222301 (2012). [Erratum:
Phys.Rev.Lett. 120, 199903 (2018)]

Z.Hu, N. Leonardo, T. Liu, Review of bottomonium measurements from
CMS. Int. J. Mod. Phys. A. 32, 1730015 (2017)

P. Faccioli, C. Lourenco, The fate of quarkonia in heavy-ion collisions at
LHC energies: a unified description of the sequential suppression
patterns. Eur. Phys. J. C. 78,731 (2018)

D. E.Kharzeev, L. D. McLerran, H. J. Warringa, The Effects of topological
charge change in heavy ion collisions: ‘Event by event P and CP
violation’. Nucl. Phys. A. 803, 227-253 (2008)

V. Skokov, A. lllarionov, V. Toneev, Estimate of the magnetic field strength
in heavy-ion collisions. Int. J. Mod. Phys. A. 24, 5925-5932 (2009)

K. Tuchin, Time and space dependence of the electromagnetic field in
relativistic heavy-ion collisions. Phys. Rev. C. 88(2), 024911 (2013)

L. McLerran, V. Skokov, Comments About the Electromagnetic Field in
Heavy-lon Collisions. Nucl. Phys. A. 929, 184-190 (2014)

A. Rybicki, A. Szczurek, Spectator induced electromagnetic effect on
directed flow in heavy ion collisions. Phys. Rev. C. 87(5), 054909 (2013)
U. Gursoy, D. Kharzeev, K. Rajagopal, Magnetohydrodynamics, charged
currents and directed flow in heavy ion collisions. Phys. Rev. C. 89(5),
054905 (2014)

S. Acharya, et al, Probing the effects of strong electromagnetic fields
with charge-dependent directed flow in Pb + Pb collisions at the LHC.
Phys. Rev. Lett. 125(2), 022301 (2020)

J. Adam, et al,, First Observation of the Directed Flow of D° and DO in
Au+Au Collisions at /syy = 200 GeV. Phys. Rev. Lett. 123(16), 162301
(2019)

Y. Hirono, M. Hongo, T. Hirano, Estimation of electric conductivity of the
quark gluon plasma via asymmetric heavy-ion collisions. Phys. Rev. C.
90(2), 021903 (2014)

V. Voronyuk, V. Toneev, S. Voloshin, W. Cassing, Charge-dependent
directed flow in asymmetric nuclear collisions. Phys. Rev. C. 90(6),
064903 (2014)

L. Adamczyk, et al,, Charge-dependent directed flow in Cu+Au collisions
at \/Syy = 200 GeV. Phys. Rev. Lett. 118(1), 012301 (2017)

K. Fukushima, D. E. Kharzeev, H. J. Warringa, The Chiral Magnetic Effect.
Phys. Rev. D. 78, 074033 (2008)

79.

80.

82.

83.

84.

85.

86.

87.

88.

89.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

109.

Page 13 of 14

S. A. Voloshin, Parity violation in hot QCD: How to detect it. Phys. Rev. C.
70, 057901 (2004)

D.Kharzeev, J. Liao, S. Voloshin, G. Wang, Chiral magnetic and vortical
effects in high-energy nuclear collisions—A status report. Prog. Part.
Nucl. Phys. 88, 1-28 (2016)

Z-T. Liang, X-N. Wang, Globally polarized quark-gluon plasma in
non-central A+A collisions. Phys. Rev. Lett. 94, 102301 (2005). [Erratum:
Phys.Rev.Lett. 96,039901 (2006)]

S. A. Voloshin, Polarized secondary particles in unpolarized high energy
hadron-hadron collisions? (2004). https://arxiv.org/abs/nucl-th/0410089
F. Becattini, F. Piccinini, J. Rizzo, Angular momentum conservation in
heavy ion collisions at very high energy. Phys. Rev. C. 77, 024906 (2008)
L. Adamczyk, et al., Global A hyperon polarization in nuclear collisions:
evidence for the most vortical fluid. Nature. 548, 62-65 (2017)

J. Adam, et al., Global polarization of A hyperons in Au+Au collisions at
S =200 GeV. Phys. Rev. C. 98,014910 (2018)

. Karpenko, F. Becattini, Study of A polarization in relativistic nuclear
collisions at \/syn = 7.7 =200 GeV. Eur. Phys. J. C. 77(4), 213 (2017)

D.-X. Wei, W.-T. Deng, X.-G. Huang, Thermal vorticity and spin
polarization in heavy-ion collisions. Phys. Rev. C. 99(1), 014905 (2019)

Y. Sun, C. M. Ko, A hyperon polarization in relativistic heavy ion collisions
from a chiral kinetic approach. Phys. Rev. C. 96(2), 024906 (2017)

Y. Xie, D. Wang, L. P. Csernai, Global A polarization in high energy
collisions. Phys. Rev. C. 95(3), 031901 (2017)

H. Li, L-G. Pang, Q. Wang, X-L. Xia, Global A polarization in heavy-ion
collisions from a transport model. Phys. Rev. C. 96(5), 054908 (2017)

J. Adam, et al,, Global polarization of E and € hyperons in Au+Au
collisions at Snn =200 GeV. STAR, Phys. Rev. Lett. 126, 162301 (2021)
B. Abelev, et al,, Global polarization measurement in Au+Au collisions.
Phys. Rev. C. 76, 024915 (2007). [Erratum: Phys.Rev.C 95, 039906 (2017)]
S. Acharya, et al, Global polarization of A A hyperons in Pb+-Pb collisions
at /sy = 2.76 and 5.02 TeV. Phys. Rev. C. 101(4), 044611 (2020)

P. Zyla, et al,, Review of Particle Physics, vol. 2020, (2020), p. 083C01

F. Becattini, V. Chandra, L. Del Zanna, E. Grossi, Relativistic distribution
function for particles with spin at local thermodynamical equilibrium.
Annals Phys. 338, 32-49 (2013)

T. Niida, Global and local polarization of A hyperons in Au+Au collisions
at 200 GeV from STAR. Nucl. Phys. A. 982, 511-514 (2019)

J. Adam, et al, Polarization of A (A) hyperons along the beam direction
in Au+Au collisions at 3w =200 GeV. Phys. Rev. Lett. 123(13), 132301
(2019)

F. Becattini, M. A. Lisa, Polarization and Vorticity in the Quark-Gluon
Plasma. Ann. Rev. Nucl. Part. Sci. 70, 395-423 (2020)

Y. Jiang, J. Liao, Pairing Phase Transitions of Matter under Rotation. Phys.
Rev. Lett. 117(19), 192302 (2016)

Y. Fujimoto, K. Fukushima, Y. Hidaka, Deconfining Phase Boundary of
Rapidly Rotating Hot and Dense Matter and Analysis of Moment of
Inertia. Phys. Lett. B. 816, 136184 (2021)

V. Khachatryan, et al,, Observation of Long-Range Near-Side Angular
Correlations in Proton-Proton Collisions at the LHC. JHEP. 09, 091 (2010)
S. Chatrchyan, et al,, Observation of Long-Range Near-Side Angular
Correlations in Proton-Lead Collisions at the LHC. Phys. Lett. B. 718,
795-814(2013)

B. Abelev, et al., Long-range angular correlations on the near and away
side in p-Pb collisions at \/syy = 5.02 TeV. Phys. Lett. B. 719, 29-41
(2013)

R. Aaij, et al., Measurements of long-range near-side angular correlations
in /sNn = 5TeV proton-lead collisions in the forward region. Phys. Lett.
B.762,473-483 (2016)

G. Aad, et al,, Observation of Long-Range Elliptic Azimuthal Anisotropies
in v/s =13 and 2.76 TeV pp Collisions with the ATLAS Detector. Phys.
Rev. Lett. 116(17), 172301 (2016)

V. Khachatryan, et al., Evidence for collectivity in pp collisions at the LHC.
Phys. Lett. B. 765, 193-220 (2017)

. C.Aidala, et al,, Creation of quark-gluon plasma droplets with three

distinct geometries. Nat. Phys. 15(3), 214-220 (2019)

. A. M. Sirunyan, et al,, Elliptic flow of charm and strange hadrons in

high-multiplicity pPb collisions at /s, = 8.16 TeV. Phys. Rev. Lett.
121(8), 082301 (2018)

J. Adam, et al,, Enhanced production of multi-strange hadrons in
high-multiplicity proton-proton collisions. Nature Phys. 13, 535-539
(2017)


https://arxiv.org/abs/2010.03928
https://home.cern/science/accelerators/future-circular-collider
https://home.cern/science/accelerators/future-circular-collider
https://cds.cern.ch/record/2719928?ln=en
https://cds.cern.ch/record/2719928?ln=en
https://arxiv.org/abs/nucl-th/0410089

Niida and Miake AAPPS Bulletin

110.

111,

112.

113.

114.

115.

116.

117.

118.

119.

120.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

(2021) 31:12

P. Bozek, Collective flow in p-Pb and d-Pd collisions at TeV energies.
Phys. Rev. C. 85,014911 (2012)

R. D. Weller, P. Romatschke, One fluid to rule them all: viscous
hydrodynamic description of event-by-event central p+p, p+Pb and
Pb+Pb collisions at /s = 5.02 TeV. Phys. Lett. B. 774, 351-356 (2017)

B. Schenke, C. Shen, P. Tribedy, Hybrid Color Glass Condensate and
hydrodynamic description of the Relativistic Heavy lon Collider small
system scan. Phys. Lett. B. 803, 135322 (2020)

R. A. Lacey, Nucl. Phys. A, Long-range collectivity in small
collision-systems with two- and four-particle correlations @ STAR. 1005,
122041 (2021)

Y. Kanakubo, Y. Tachibana, T. Hirano, Unified description of hadron yield
ratios from dynamical core-corona initialization. Phys. Rev. C. 101(2),
024912 (2020)

J. Adam, et al,, Centrality dependence of particle production in p-Pb
collisions at \/snv= 5.02 TeV. Phys. Rev. C. 91(6), 064905 (2015)

G. Aad, et al,, Transverse momentum, rapidity, and centrality
dependence of inclusive charged-particle production in /sy = 5.02
TeV p + Pb collisions measured by the ATLAS experiment. Phys. Lett. B.
763,313-336 (2016)

G. Aad, et al, Transverse momentum and process dependent azimuthal
anisotropies in /syn = 8.16 TeV p+Pb collisions with the ATLAS
detector. Eur. Phys. J. C. 80(1), 73 (2020)

A. Bzdak, S. Esumi, V. Koch, J. Liao, M. Stephanov, N. Xu, Mapping the
Phases of Quantum Chromodynamics with Beam Energy Scan. Phys.
Rept. 853, 1-87 (2020)

K. Fukushima, B. Mohanty, N. Xu, The Little-Bang and the femto-nova in
nucleus-nucleus collisions. AAPPS Bull. 31, 1 (2020)

F. Becattini, J. Steinheimer, R. Stock, M. Bleicher, Hadronization
conditions in relativistic nuclear collisions and the QCD pseudo-critical
line. Phys. Lett. B. 764, 241-246 (2017)

E. Schnedermann, J. Sollfrank, U. W. Heinz, Thermal phenomenology of
hadrons from 200-A/GeV S+S collisions. Phys. Rev. C. 48, 2462-2475
(1993)

F. Retiere, M. A. Lisa, Observable implications of geometrical and
dynamical aspects of freeze out in heavy ion collisions. Phys. Rev. C. 70,
044907 (2004)

J. Adam, et al,, Flow and interferometry results from Au+Au collisions at
/SNN = 4.5 GeV. STAR, Phys. Rev. €103, 034908 (2021)

J. Adam, et al,, Nonmonotonic Energy Dependence of Net-Proton
Number Fluctuations. Phys. Rev. Lett. 126(9), 092301 (2021)

J. Adamczewski-Musch, et al., Proton-number fluctuations in /sy =2.4
GeV Au + Au collisions studied with the High-Acceptance DiElectron
Spectrometer (HADES). Phys. Rev. C. 102(2), 024914 (2020)

SN0696: STAR Collaboration Beam Use Request for Runs 19 and 20.
https://drupal.star.bnl.gov/STAR/starnotes/public/sn0696. Accessed 20
Feb 2021

SNO721 : STAR Collaboration Beam Use Request for Run-20 and Run-21.
https://drupal.star.bnl.gov/STAR/starnotes/public/sn0721. Accessed 20
Feb 2021

I. Meshkov, G. Trubnikov, in 71th International Workshop on Beam Cooling
and Related Topics. NICA Project: Three Stages and Three Coolers, (2018),
p. 1. https://accelconf.web.cern.ch/cool2017/doi/JACOW-COOL2017-
THM21.html

GSI, FAIR-Facility for Antiproton and lon Research. https://fair-center.eu/
index.php?id=1. Accessed 20 Feb 2021

J.C.Yang, et al, High Intensity heavy ion Accelerator Facility (HIAF) in
China. Nucl. Instrum. Meth. B. 317, 263-265 (2013)

J-PARC Heavy lon Project. https://asrcjaea.go.jp/soshiki/gr/hadron/
jparc-hi/indexhtml

Z.Hu, N.T. Leonardo, T. Liu, AA Correlation Function in Au + Au
Collisions at \/syn = 200 GeV. Phys. Rev. Lett. 114, 022301 (2015)

S. Acharya, et al,, Unveiling the strong interaction among hadrons at the
LHC. Nature. 588(7837), 232-238 (2020)

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 14 of 14

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



https://drupal.star.bnl.gov/STAR/starnotes/public/sn0696
https://drupal.star.bnl.gov/STAR/starnotes/public/sn0721
https://accelconf.web.cern.ch/cool2017/doi/JACoW-COOL2017-THM21.html
https://accelconf.web.cern.ch/cool2017/doi/JACoW-COOL2017-THM21.html
https://fair-center.eu/index.php?id=1
https://fair-center.eu/index.php?id=1
https://asrc.jaea.go.jp/soshiki/gr/hadron/jparc-hi/index.html
https://asrc.jaea.go.jp/soshiki/gr/hadron/jparc-hi/index.html

	Abstract
	Keywords

	Introduction
	Jet quenching—high opacity
	Non-viscous flow
	Anisotropic flow
	Quark coalescence/recombination
	Higher-order harmonics

	Other signatures and questions
	Direct photons and their puzzle
	Debye screening effect
	Electromagnetic field/chirality
	Vorticity and polarization
	QGP droplet in small system?

	Where is the phase transition?
	Mapping of QCD phase diagram
	Critical point search

	Summary
	Acknowledgements
	Authors' contributions
	Authors' information
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher's Note

