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Beam Energy Scan (BES)

order phase transition at large baryon density or equivalently baryon number chemical potential. If true, this phase
transition will end at a critical point since we know the transition to be a crossover at small baryon chemical potential.
These model ideas are typically summarized in a (conjectured) phase diagram of QCD matter shown in Fig. 1. Clearly
such a phase diagram has to be rather schematic. The only regions where we have firm knowledge are: (a) at low
temperature and baryon chemical potential, where we have a dilute gas of hadrons, which are predominantly pions,
where interactions are small corrections which can be systematically described in chiral perturbation theory and the
experimental knowledge of hadronic interactions. (b) At small values of the baryon number chemical potential and
finite temperatures (T & 130 MeV) from lattice QCD, and, (c), for small temperatures close to the nuclear matter
saturation density from the extrapolation of well tested nuclear forces and experiments of nuclear fragmentation [37–
39] .
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Figure 1: A schematic QCD phase diagram in the thermodynamic parameter space spanned by the temperature T and baryonic chemical potential
µB. The corresponding (center-of-mass) collision energy ranges for di↵erent accelerator facilities, especially the RHIC beam energy scan program,
are indicated in the figure. Figure adapted from [40].

In order to experimentally explore the QCD phase diagram at finite net-baryon density, one needs to create systems
with finite net-baryon density in heavy ion collisions. Since baryon number is conserved, the only way to increase
the net-baryon density is to ensure that some of the baryons from the colliding nuclei are transported to the mid-
rapidity region. This can be achieved by lowering the beam energy, and available particle production systematics [41]
confirm that this strategy indeed works. Therefore, a systematic scan of heavy ion measurements over a range of beam
energies enables the exploration of the high baryon density region of the QCD phase diagram and the search for the
existence of a first order phase transition and its associated critical point. Such a beam energy scan (BES) program
has been started at RHIC in 2010 (see e.g. [42]) and its next phase with improved beam quality, such as increased
luminosity and smaller beam packages, and detector capability has just started in 2019. Also, several experiments at
other facilities such as NA61/SHINE and HADES are able to measure some of the same observables at energies even
lower than those achievable at RHIC. In addition, new experiments extending the reach of the RHIC beam energies
towards lower energies are planned at the FAIR facility in Darmstadt (CBM), at NICA in Dubna (MPD), as well as
at the CSR in Lanzhou (CEE). Finally, a fixed-target experimental program enabling much lower energy collisions at
RHIC is underway, which allows measurements at center of mass energies down to

p
sNN = 3 GeV, although with

somewhat limited acceptance. These current and future programs provide unique opportunities for exploring and
mapping the phases of QCD across a wide range of conditions in the laboratory.

The first set of measurements resulting from the RHIC beam energy scan made a number of intriguing observa-
tions, such as a non-monotonic dependence on the beam energy of some of the key observables and the disappearance
at low energy of certain key signals observed at high energy. These observations underline the discovery potential
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A. Bzdak et al., Phys. Rep. 853 (2020) 1-87

Main purposes of BES program:

- Identify location of critical point (CP)

- Search for the first-order phase transition

- Search for onset/turn-off of QGP formation

“Conjectured” QCD phase diagram
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Lattice QCDによると

- A smooth crossover near μB~0 (μB<300 MeV)

- Pseudo-critical temperature at μB = 0: Tpc = 156.5 ± 1.5 MeV


Y. Aoki et al., Nature 443, 675 (2006)

A. Bazavov et al., PLB795 (2019) 15



Outline

• Particle production


• Fluctuations


• (a bit on) Femtoscopy ←maybe covered by 関口さん


• Vorticity and polarization


• (a bit on) Dilepton ←maybe covered by 八野さん
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Successful Operation of STAR in Years 2020-21

Run 20 and 21 completed successfully: enhanced collision rates due to Low Energy RHIC Electron 
Cooling (LEReC) system, smooth & desired performance of BES-II upgrades (iTPC, eTOF, EPD)

RHIC Beam Energy Scan II completed, p+p 510 run with fully installed forward upgrade is ongoing

https://online.star.bnl.gov/aggregator/livedisplay/
Watch Live Collisions At STAR:

7 energies between 7.7 - 27 GeV (collider mode) 
12 energies between 3.0 - 13.7 GeV (FXT mode)

EPD

eTOF
iTPC

BES-II upgrades

Early completion of BES-II data taking  
allowed O+O & d+Au runs in 2021

Year 2021
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Data taken by STAR BES-I&II + Fixed-Target program

＊Mostly based on STAR results but a few from other experiments

＊Sorry for a mixture of English and Japanese



Particle production at 3 GeV

!4

n    :   n=1
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Transverse Momentum Spectra

Hui Liu, QM2022 @ Krakow, Poland2022/4/7
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Ø Transverse momentum 
spectra of (, ,, /, -He, and
.He with rapidity slices     
in central (0-10%) Au+Au
collisions at s,, = 3 GeV

E. Schnedermann et al. Phys.Rev.C 48 (1993) 2462-2475

p d t

Au+Au Collisions  
s)) = 3 GeV 0-10%

w/o feed-down correction for proton: ~2% 

Freeze-out parameters:

( I( and K" are from Bjorken
Hydrodynamic assumption)

n   :   n=1

Talks by H. Liu (STAR) and B. Kimelman (STAR)
Baryon Stopping

Proton rapidity density is fit
with shape determined by
counting the number of
collisions each participating
nucleon takes part in a
Monte-Carlo Glauber model,
smoothed using a Gaussian
kernel

The stopping, �y , is defined
as the shift of the participant
proton peak from beam
rapidity

Benjamin Kimelman Quark Matter 2022 - Kraków, Poland April 5, 2022 17 / 21
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Fig. 6 Heavy nuclei (dashed lines) and (multi-)hypernuclei (symbols) yields calculated in the HRG model [70, 71] for central heavy-ion collisions at
mid-rapidity as a function of center-of-mass energy. Also shown for comparison are the yields of ! hyperon from the same model. The collision
energy region of fixed target program in STAR is indicated as a yellow band. Model results from Ref. [71]

star stability, see Ref. [53]) as well as the Y -N interac-
tion driven EoS, with the strangeness degrees of freedom,
in the hot and dense environment where the baryon
density could be very high. Simulations for neutron star
inner properties crucially depend on the EoS; see Ref.
[78] for the effect of Y -Y interactions and also Ref.
[79] for the hyperon effects including the possibility of
quark mixture. Furthermore, an additional benefit of the
unique high baryon density environment is the enhanced
production of multi-! hypernuclei as already suggested
in Fig. 6.
The future fixed target experiments, aimed for high

baryon density matter, will collect data in heavy-ion colli-
sions around 2−8GeV, which is within ideal energy range
serving as the HNF, see Fig. 6. Hence, these future exper-
iments could make tremendous contributions towards
measuring the yields of hypernuclei and their life-time.
This would then provide valuable inputs to understand-
ing the hyperon-nucleon (Y -N) interactions in heavy-ion
collisions and the inner dynamics of the compact stars.

5.3 Fluid vorticity of high baryon density matter
Experiments at RHIC and LHC have observed that
the polarization of hyperons and vector mesons have
a distinct energy dependence. Their values increase
with decrease in collision energy. The physics rea-
sons attributed for the observed energy dependence are
twofold. First, the baryon stopping is enhanced and shear
flow patterns in the beam direction emerge; second,
the shorter lifetime of the fluid phase thereby allows

perseverance of the initial vorticity in the system and
keeps it from getting diluted [80]. The possibility of high
interaction rate experiments in high baryon density mat-
ter at the upcoming facilities opens up a unique oppor-
tunity to study relativistic effects of the spin, the orbital
angular momentum, and the magnetic field in QCD mat-
ter. This will guide theoretical developments in the field of
relativistic spin- and magneto-hydrodynamics.

5.4 Future experimental facilities for high baryon density
matter

The upcoming facilities for studying high baryon den-
sity matter includes (a) the Nuclotron-based Ion Collider
fAcility (NICA) at the Joint Institute for Nuclear Research
(JINR), Dubna, Russia, (b) the Compressed Baryonic Mat-
ter (CBM) at Facility for Antiproton and Ion Research
(FAIR), Darmstadt, Germany, (c) the Japan Proton Accel-
erator Research Complex (J-PARC), Ibaraki, Japan, and (d)
the CSR External-target Experiment (CEE) at High Inten-
sity heavy-ion Accelerator Facility (HIAF) [81], Huizhou,
China. The interaction rates of these upcoming experi-
ments compared to existing and other future facilities are
shown in Fig. 7. Note that all the new facilities will focus
on the energy region where the baryon density is high.
Below, we discuss briefly the salient features of these four
experiments.

5.4.1 NICA a⃝JINR
At this new accelerator complex that is under construc-
tion, the plan is to provide accelerated particle beams

3 GeVでは、バリオンストッピングにより、バリオンが支配的な領域。

それに伴い、軽い原子核やハイパー核などがより多く生成されるようになる。

N. Xu et al., AAPPS Bull.31(2021)1



Effect of Coulomb potential
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Shift of the pion energy 
by the Coulomb potential

05.04.2022

Quark Matter 2022  |  Szymon Harabasz
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Black data points, SHM fits:
Nature 561 no.7723, 321-330 (2018), also the black curve
PLB 764, 241-246 (2017)
PRC 73, 034905 (2006)
PRC 96, 044904 (2017)
PRC 76, 052203 (2007)
EPJA 52 no.6, 178 (2016)

HADES Collaboration, arXiv:2202.12750

Talks by S. Harabasz (HADES) and B. Kimelman (STAR)

バリオンストッピングにより、正味電荷は正となり、クーロン場が生成される。

クーロン場によって、正と負電荷粒子のスペクトルが変化する。

Coulomb Potential in Central Collisions

Pions are susceptible to the Coulomb potential of stopped baryons due to their small
mass1,2

Model includes Bose-Einstein nature of pions and an e↵ective potential to account for
momentum distribution of stopped protons

1
D. Cebra et al. [arXiv:1408.1369 [nucl-ex]]

2
J. Adamczewski-Musch et al. (HADES Collaboration), [arXiv:2202.12750 [nucl-ex]]
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Strangeness production
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New results on identified hadron spectra in Be+Be and Ar+Sc collisions
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see more in the talk by Maciej Lewicki on Wednesday

Antoni Marcinek (IFJ PAN) Highlights from the NA61/SHINE experiment Quark Matter 2022, April 5 4 / 11

Talks by A. Marcinek (NA61)

Xu et al. AAPPS Bulletin            (2021) 31:1 Page 7 of 16

Fig. 4 a Particle yield ratios of kaons to pions as a function of
√
sNN . Thermal fits are also shown as bands in the plot. The dot dashed line represents

the net-baryon density at the chemical freeze-out. K+/π+ (circles) trace the baryon density at the chemical freeze-out well, while K−/π− (triangles)
increase smoothly as a function of

√
sNN . b Particle yield ratios of φ-meson to kaon (φ/K−) as a function of

√
sNN . At energy below 8GeV, the GCE fit

no longer works, and the strangeness CE takes over

net-baryon density with collision energy and shows a
smooth increasing trend.
Through these measurements we have the knowledge of

regions in collision energy where the maximal net-baryon
density is reached. This is an important aspect in the
context of planning of experiments that seek to explore
compressed baryonic matter.

3.3 Tests of thermal model—GCE vs. CE
Relativistic statistical thermodynamics has been applied
to systems ranging from cosmology to heavy-ion collisions
in the laboratory. The cosmological applications usually
deal with systems having large volumes and matter or
radiation; hence, the GCE is a suitable description, as we
slightly mentioned in the theory section of this paper. For
heavy-ion collisions, the situation is complicated due to
the femtometer-scale nature of the systems. Often one
assumes (approximate) local thermal equilibrium for such
processes. Further, such thermal models based on the
GCE employ chemical potentials to account for conserva-
tion of quantum numbers on average. These GCE models
have been able to explain the particle production success-
fully for a wide range of collision energies [12]. However,

conservation laws do impose restriction on particle pro-
duction if the available phase space is reduced. Hence,
the relativistic statistical thermodynamics provides two
choices for the formalisms: a GCE and a CE approaches
[39]. In the thermodynamic (large volume) limit, the GCE
and the CE formalisms are equivalent, but it is an interest-
ing question to ask where and when the transition from a
GCE picture to a CE one occurs for finite volume systems
produced in collisions in man made collisions, where the
collision energy spans from a few GeV to a few TeV (three
orders in magnitude).
Figure 4b in the lower panel shows the energy depen-

dence of φ/K− yield ratio. For most collision energies, the
ratio remains constant. Similar to the K−/π− ratio, the
φ/K− ratios seem not to be affected by the net-baryon
density. Below the collision energy where the freeze-out
net-baryon density peaks [shown by the dot-dashed line
in Fig. 4a] the φ/K− ratio starts to increase. Thermal
model calculations, adopting the GCE, which has been
quite successful in accounting for the observed yields of
the hadrons in heavy-ion collisions, explains the mea-
surements up to collision energy of 5GeV. Then, the
GCE model values decrease, while the increase in φ/K−

K+/pi+  “horn” was considered as a possible signature of phase transition. But with BES-I data, 

it is rather smooth transition with energy. No peak in smaller systems (Ar+Sc, Be+Be) by NA61/SHINE. 


＊バリオン密度が√sNN~7 GeVで最大、K+とΛのassociate production (N+N->N+Λ+K+)が支配的、
ということから7 GeV付近のピークは大体説明できる。

N. Xu et al., AAPPS Bull.31(2021)1



Baryon-to-meson ratio
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Enhancement at intermediate pT at √sNN >= 19.6

-> hadronization through quark coalescence

STAR, PRC102, 034909 (2020)

Yingjie Zhou

Strangeness production vs sNN
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•  produced below NN-thresholds 
• Following the world trend
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J. Cleymans, arXiv:nucl-th/9704046 
Phys. Rev. C 102 (2020) 34909 e-Print: 1906.03732 
Phys. Rev. Lett. 108, 072301
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Baryon-to-meson ratio
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Enhancement at intermediate pT at √sNN >= 19.6

-> hadronization through quark coalescence

STAR, PRC102, 034909 (2020)

Talk by M. Puccio (ALICE)

Similar enhancement in charm sector 

-> charm recombination?

ALICE, arXiv:2112.08156



Kinetic freeze-out parameters

STAR overview, P. Tribedy, QM 2022, Krakow, Poland 22

Kinetic freeze out of light nuclei Talk by Hui Liu (Thu T16)

Yields of proton & light nuclei measured at 3 GeV, well 
described by models, effective average kinetic freeze out 
parameters extracted using cylindrical blast wave fits 
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Discussions – Simultaneous Fitting of !, #, $

Hui Liu, QM2022 @ Krakow, Poland2022/4/7
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L. Adamczyk et al. [STAR Collaboration] Phys.Rev.C 96 (2017) 4, 044904
B.I. Abelev et al. [STAR Collaboration] Phys.Rev.C 79 (2009) 034909

Ø At 3 GeV Au+Au collisions, the freeze-out 
parameters (T/01, β2 ) show different trend 
compared to that of higher energy 
collisions

Ø At high energy collisions, the trends of 
freeze-out parameters (T/01, β2 ) for ( and 
, follow the 5, <, ( within the uncertainty

Different trend of kinetic freeze-out temperature (Tkin) and and radial flow velocity (β) at 3 GeV
(applicability of blast-wave model at this lower energy?)

３GeVにおけるTkinは、7.7-200 GeVと比較して低い。

Tkin(d) > Tkin(p) : pよりもdの方が早くfreeze-outする?



Probing hadronic-phase lifetime by K*0/K
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K*0/K Ratio
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New

● Here  K*0 denotes K*0 + K*0 and K denotes K++K-

H. Albrecht et al..Z. Phys. C, 61:1–18,1994 (e+e)
Yi-Jin Pei. Z. Phys. C,72:39–46,1996 (e+e)
W Hofmann. Ann. Rev. Nucl. Part.Sci., 38:279–322 
1988 (e+e)
K. Abe et al: .Phys.Rev. D, 59:052001, 1999 (e+e)
M. Aguilar-Benitez et al. Z. Phys. C, 50:405–426,1991 
(p+p)
D. Drijard et al. Z. Phys. C, 9:293, 1981 (p+p)
T. Akesson et al. Nucl. Phys. B, 203:27, 1983 (p+p)
NA49. Phys. Rev. C.84.064909 (2011),

STAR. Phys. Rev. C 66 (2002) 61901
STAR. Phys. Rev. C.71.064902 (2005)(p+p, Au+Au)
STAR. Phys. Rev. C, 78:044906 (2008) (d+Au,Au+Au)
STAR. Phys. Rev. C, 84:034909 (2011) (C+C,Si+Si)
STAR. Phys. Rev. C, 102(3):034909 (2020) (Au+Au)
ALICE. Phys. Rev. C.91.024609 (2015) (Pb+Pb)
ALICE. Phys. Rev. C.95.064606 (2017) (Pb+Pb)
ALICE. Phys. Lett. B, 802:135225 (2020) (Pb+Pb)
ALICE. Eur. Phys. J. C, 76(5):245,(2016) (p+Pb)

● (K*0/K)
central

 < (K*0 /K)
peripheral

● (K*0/K)
central

 < (K*0/K)
pp/ee-reference

● (φ/K): independent of centrality

Favors dominant hadronic re-scattering 
in central A+A collisions

● The K*0/K ratio for A+A collisions are for most central collision

STAR overview, P. Tribedy, QM 2022, Krakow, Poland
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FIG. 5. �/K� (a) and �/⌅� (b) ratio as a function of collision
energy,

p
sNN. The solid black circles show the measurements pre-

sented here in 0-10% centrality bin, while empty markers in black
are used for data from various other energies and/or collision sys-
tems [27–33, 57]. The vertical grey bands on the data points rep-
resent the systematic uncertainties. The grey solid line represents
a THERMUS calculation based on the Grand Canonical Ensemble
(GCE) while the dotted lines depict calculations based on the Canon-
ical Ensemble (CE) with different values of the strangeness corre-
lation radius (rc) [20, 59]. The green dashed line, green shaded
band and the solid red line show transport model calculations from
the public versions UrQMD1 [62, 63], modified UrQMD2 [60] and
SMASH [61], respectively.

IV. SUMMARY

In summary, we report the systematic measurements of
K�, �(1020) and ⌅� production yields and the �/K�,
�/⌅� ratios in Au+Au collisions at

p
sNN = 3GeV with the

STAR experiment at RHIC. The measured �/K� ratio is sig-
nificantly larger than the statistical model prediction based
on Grand Canonical Ensemble in the 0–10% central colli-
sions. Both the results of �/K� (rc ⇠ 2.7 fm) and �/⌅�

(rc ⇠ 4.2 fm) ratios favor the Canonical Ensemble model
for strangeness production in such collisions. Transport mod-
els, including the resonance decays, could reasonably describe
our measured �/K� ratio at 3 GeV and the increasing trend
of �/⌅� at lower energies. The new results from this paper
suggest a significant change in the strangeness production forp
sNN < 5GeV, providing new insights towards the under-

standing of the QCD medium properties at high baryon den-
sity.
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- 中心衝突におけるrescattering loss 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Probing hadronic-phase lifetime by K*0/K

!11
STAR overview, P. Tribedy, QM 2022, Krakow, Poland
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FIG. 5. �/K� (a) and �/⌅� (b) ratio as a function of collision
energy,

p
sNN. The solid black circles show the measurements pre-

sented here in 0-10% centrality bin, while empty markers in black
are used for data from various other energies and/or collision sys-
tems [27–33, 57]. The vertical grey bands on the data points rep-
resent the systematic uncertainties. The grey solid line represents
a THERMUS calculation based on the Grand Canonical Ensemble
(GCE) while the dotted lines depict calculations based on the Canon-
ical Ensemble (CE) with different values of the strangeness corre-
lation radius (rc) [20, 59]. The green dashed line, green shaded
band and the solid red line show transport model calculations from
the public versions UrQMD1 [62, 63], modified UrQMD2 [60] and
SMASH [61], respectively.

IV. SUMMARY

In summary, we report the systematic measurements of
K�, �(1020) and ⌅� production yields and the �/K�,
�/⌅� ratios in Au+Au collisions at

p
sNN = 3GeV with the

STAR experiment at RHIC. The measured �/K� ratio is sig-
nificantly larger than the statistical model prediction based
on Grand Canonical Ensemble in the 0–10% central colli-
sions. Both the results of �/K� (rc ⇠ 2.7 fm) and �/⌅�

(rc ⇠ 4.2 fm) ratios favor the Canonical Ensemble model
for strangeness production in such collisions. Transport mod-
els, including the resonance decays, could reasonably describe
our measured �/K� ratio at 3 GeV and the increasing trend
of �/⌅� at lower energies. The new results from this paper
suggest a significant change in the strangeness production forp
sNN < 5GeV, providing new insights towards the under-

standing of the QCD medium properties at high baryon den-
sity.
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短寿命の共鳴粒子は、hadronic phase lifetimeに敏感な量。

ただし、rescattering (減少)とregeneration (増加)の兼ね合い。 
- 中心衝突におけるrescattering loss 
- ΔtRHIC<ΔtLHC: LHCでhadronic phaseが長いことを示唆？ 
- ΔtSPS>ΔtRHIC: RHICにおけるregenerationの影響？
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CP search with fluctuations
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Higher-order fluctuation
• Moments and cumulants are mathematical measures of “shape” of a 

distribution, which probes fluctuations of an observable.

• Cumulant ↔ Central moment • Cumulants have additivity : 
proportional to the system volume

Kurtosis (κ) → sharpnessSkewness (S) → asymmetry

T. Nonaka  "Fluctuations of Conserved Charges"2022/4/9, QM2022@Krakow 4

Cumulants of conserved charges
• Measure event-by-event distributions of net-

baryon, net-charge, and net-strangeness number

STAR Collaboration, PRL105.022302(2010)

(1) Sensitive to the correlation length

(2) Comparison with susceptibilities
M.Cheng et al, 
PRD79.074505(2009)

T. Nonaka  "Fluctuations of Conserved Charges"2022/4/9, QM2022@Krakow 5

M. A. Stephanov, PRL102.032301(2009), PRL107.052301(2011) 
M. Asakawa, S. Ejiri, and M. Kitazawa, PRL103262301(2009) 

Talk by T. Nonaka

M. Stephanov, PRL102.032301 (2009)

M. Asakawa et al., PRL103.262301(2009)

Raw net-proton multiplicity distribution

STAR, PRL126.092301(2021), 
PRC104.024902(2021)

• Need to consider various experimental effects.

T. Nonaka  "Fluctuations of Conserved Charges"2022/4/9, QM2022@Krakow 10

Why do we want to study fluctuations of conserved charges?

• Critical pointでは、（無限に大きな系では）相関長が発散する


• 保存量の揺らぎ相関長ξに敏感で、揺らぎはキュムラントCnで定量化


• 体積効果をキャンセルするために、キュムラント比が測定量

• net-baryonは測定できないので、net-protonを用いる



Net-proton C4/C2
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FXT from HADES and STAR

HADES, PRC102.024914(2020)
STAR, arXiv:2112.00240

• No clear enhancement is observed for 2.4 and 
3.0 GeV data from HADES and STAR.

• Negative value at 3GeV is reproduced by 
UrQMD, which incorporates baryon number 
conservation.

• The data implies that the QCD critical region 
could only exist at energies > 3GeV.

T. Nonaka  "Fluctuations of Conserved Charges"2022/4/9, QM2022@Krakow 44

Apr. 5th, 4:30pm, Yu Zhang

2.4 GeV

FXT from HADES and STAR

HADES, PRC102.024914(2020)
STAR, arXiv:2112.00240

• No clear enhancement is observed for 2.4 and 
3.0 GeV data from HADES and STAR.

• Negative value at 3GeV is reproduced by 
UrQMD, which incorporates baryon number 
conservation.

• The data implies that the QCD critical region 
could only exist at energies > 3GeV.

T. Nonaka  "Fluctuations of Conserved Charges"2022/4/9, QM2022@Krakow 44

Apr. 5th, 4:30pm, Yu Zhang

2.4 GeV

Talks by T. Nonaka, Yu Zhang (STAR)

HADESの2.4 GeV、STARの3 GeVのC4/C2は、

ゼロもしくは負の値になる

→ baryon conservation (UrQMD)で説明できる


CPから予測されるピーク構造は、3 GeV以上にありそう

→ BES-IIの高統計に期待

STAR, arXiv:2112.00240

HADES, PRC102.024914 (2020)



Crossover search
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Net-proton C6/C2 for crossover search

• C6/C2 values are progressively 
negative from peripheral to central 
collisions at 200 GeV, which is 
consistent with LQCD calculations.

• Could suggest a smooth crossover 
transition at top RHIC energy. 

STAR, PRL127.262301(2021)

T. Nonaka  "Fluctuations of Conserved Charges"2022/4/9, QM2022@Krakow 42

STAR, PRL127.262301 (2021)

Talk by T. Nonaka,  
Talk by H.-S. Ko (STAR)

Ho-San Ko | QM202207/04/2022

Fifth- and Sixth-order cumulant

6

● Transition from QGP to hadronic matter 
is smooth crossover at μB  0.          
6th order: first principle lattice QCD 
calculation predicts C6/C2 < 0

≈
STAR, Phys. Rev. Lett. 127, 262301 (2021)

Net-baryon

Net-proton

               

HotQCD, Phys. Rev. D 101, 074502 (2020) 

Ho-San Ko | QM202207/04/2022
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High-order net-proton cumulant ratio comparison

1. Zr+Zr and Ru+Ru collision results fit into the p+p  Au+Au results at √sNN = 200 GeV
2. All cumulant ratios C4/C2, C5/C1, and C6/C2 decrease as the multiplicity increases

—> Most central Au+Au collision results become consistent with Lattice QCD prediction for the 
formation of thermalized QCD matter and smooth crossover transition
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(Efficiency uncorrected x-axis)
Data:    STAR, Phys. Rev. C 104, 024902 (2021)
            STAR, Phys. Rev. Lett. 127, 262301 (2021) Poster by Ashish Pandav (S1 T07_1)

LQCD predicts C6/C2<0 and C5/C1<0 


- In 200 GeV Au+Au, C6/C2 changes the sign to be negative when  
going from peripheral to central collisions


- Isobar results follow the trend of multiplicity dependence from Au+Au  
and p+p at 200 GeV
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Comparison with Net-proton
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Talk by D. Mallick (STAR) 
Talk by S. Kundu (ALICE)

ALI-PUB-521100

Monotonic energy dependence 
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Cumulant Ratios and p-d Correlation

Black bars: statistical uncertainties 
Grey caps: systematic uncertainties
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 Cumulant ratios in 0-5% centrality, show 
monotonic dependence on . 
 Ratios in 70-80% centrality show weak 

 dependence and are close to 1.  
 In panel(4), negative Pearson’s 
coefficient suggests, proton and deuteron 
number are anti-correlated across all 
collision energy and centrality.  

 With lowering the , anti-correlation  
becomes stronger. 

 GCE thermal model seems to fail to 
describe the cumulant ratios for lower 

. CE thermal model qualitatively 
reproduce collision energy dependence. 

 UrQMD+Coalescence also reproduces 
the trend and shows better agreement 
with the cumulant ratios. 

 Neither correlated nor independent 
assumption for proton and neutron in the 
toy model from Z. Fecková et. al,: PRC 93, 054906 

(2016)  reproduce the data. 
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Cumulant Ratios and p-d Correlation

Black bars: statistical uncertainties 
Grey caps: systematic uncertainties
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- p and d numbers are anti-correlated in both STAR BES and ALICE

- Data favors coalescence with independent p and n fluctuations
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Fluctuation as Probe of Deuteron Production Mechanism
Coalescence Toy Model 

 Z. Fecková, J. Steinheimer, B. Tomášik and M. Bleicher: Phys. Rev. C 93, 054906 (2016) 

Probability of deuteron formation,  

Assume, proton ( ) and neutron ( ) follow Poisson distributions, 

  At low ,   increases. STAR: Phys. Rev. C 99, 064905 (2019) 

  Larger value of  and  at low .  

  Results in rise of scaled moments of deuteron number. 
      Scaled Moments:  ,    ,  

Two assumptions in the model: 
Model A: Correlated p and n ( = ).      Model B: Independent p and n. 

                                                                

 Model A:                                     Model B:  

λd = B2 np nn

np nn

sNN B2

np nn sNN

σ2/M = C2/C1 Sσ = C3/C2 κσ2 = C4/C2

np nn

λd = B2 n2
p λd = B2 np nn
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Femtoscopy & correlation of nuclei Talk by Ke Mi (Thu T07-III)

Models incorporating coalescence provide a consistent explanation of deuteron formation at RHIC

First measurements of d-d 
femtoscopic correlation 

function at RHIC

Pearson coefficient of p-d with 
BES-I data indicates anti-

correlation, discriminates models 
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Proton-Deuteron Femtoscopy in Au+Au Collisions at 3 GeV

1. Clear depletion at small k* range seen in data
2. Data compared with Lednicky & Lyuboshitz model1,2

Ø A spherical source size with r = 3-4 fm is consistent with data

1.LednickýR,LyuboshitzV.Sov.J.Nucl.Phys.35:770(1982)
2.J. Arvieux, Nucl. Phys. A 221 (1974) 253–268 

First measurement of p-d CF at STAR
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Proton-Deuteron Femtoscopy in Au+Au Collisions at 3 GeV

1. Clear depletion at small k* range seen in data
2. Data compared with Lednicky & Lyuboshitz model1,2

Ø A spherical source size with r = 3-4 fm is consistent with data

1.LednickýR,LyuboshitzV.Sov.J.Nucl.Phys.35:770(1982)
2.J. Arvieux, Nucl. Phys. A 221 (1974) 253–268 
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Proton-Deuteron Femtoscopy in Au+Au Collisions at 3 GeV

1. Clear depletion at small k* range seen in data
2. Data compared with Lednicky & Lyuboshitz model1,2

Ø A spherical source size with r = 3-4 fm is consistent with data

1.LednickýR,LyuboshitzV.Sov.J.Nucl.Phys.35:770(1982)
2.J. Arvieux, Nucl. Phys. A 221 (1974) 253–268 

First measurement of p-d CF at STAR- p-d and d-d correlations show anti-correlation

- p-d CF is described well by Lednicky model

- d-d CF is described better by transport model (SMASH)  

with coalescence



Vorticity and polarization

!17
STAR overview, P. Tribedy, QM 2022, Krakow, Poland

Centrality [%]
20 25 30 35 40 45 50

 [%
]

ΛP

1−

0

1

2
ΛRu+Ru

Zr+Zr
Au+Au

 = 200 GeV NNs
Centrality
20-50%

STARPreliminary

1−

0

1

2

Average

Centrality [%]
20 25 30 35 40 45 50

 [%
]

ΛP

1−

0

1

2
ΛSTARPreliminary

Ru+Ru
Zr+Zr
Au+Au

 = 200 GeV NNs
Centrality
20-50%

1−

0

1

2

Average

9

Global lambda polarization Talk by Joey Adams (Thu T02-II)

Precision new FXT (3 GeV) and BES-II 
(19.6 GeV) results follow the global trend

No system dependence at fixed centrality or B-field driven splitting seen in 200 GeV collisions

Posters by Kosuke Okubo (Wed T02) & Xingrui Gou (Wed T02)
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Orbital angular momentum
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Strong magnetic field

D. Kharzeev, L. McLerran, and H. Warringa,  
Nucl. Phys. A803, 227 (2008) 
L. McLerran and V. Skokov, Nucl. Phys. A929, 184 (2014) 
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Orbital angular momentum/magnetic field in HIC
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 magnetar    

- 初期の軌道角運動量→反応平面垂直方向に粒子のスピンが偏極 
- weak decayするΛハイペロンを用いた測定  
（ΞやΩの偏極測定もされている） 

Talk by J. Adams (STAR) 
Poster by K. Okubo (STAR)

More precise results from BES-II are coming
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Global lambda polarization Talk by Joey Adams (Thu T02-II)

Precision new FXT (3 GeV) and BES-II 
(19.6 GeV) results follow the global trend

No system dependence at fixed centrality or B-field driven splitting seen in 200 GeV collisions

Posters by Kosuke Okubo (Wed T02) & Xingrui Gou (Wed T02)
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Isobarでは、初期の磁場 (B2)が10-15%異なるので 
Panti-Λ>PΛ の関係は見られるか？


小さい衝突系のほうが大きな偏極とモデルは予想
しているが、その関係は見られるか？ PΛAu > PΛRu/Zr


→ Λとanit-Λに有意な差はなさそう。 
＆ 衝突系の違いは見られない。O+O?

S. Shi et al., PLB788 (2019) 409

S. Alzhrani et al., arXiv:2203.15718

197
Au > 96

44Ru,
96
40Zr > 63

Cu > 16
O
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Flowによって、ビーム軸を回転軸とするような渦が生まれ、 
それが偏極に繋がる。


- Au+Au 200 GeV同様、isobarでもv2-drivenな偏極を観測

- ２次同様、３次平面に対する依存性も観測！ 
  →v3-drivenな渦＆偏極を示唆

- shear termを入れることで“spin puzzle”は、一応解決しそう
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Figure 5a shows how the ⇤’s polarization depends on
the specific shear viscosity used in the hydrodynamic
phase. Similar to the anisotropic flow coe�cients, a large
specific shear viscosity leads to a significant suppression
the global polarization. This result is expected because
shear viscosity smears out the flow velocity gradients and
the simulations will end up with smaller vorticity on the
particlization surface. Comparing the relative magni-
tudes of suppression in polarization and anisotropic flow
in Fig. 1, we find they are comparable. Figure 5b shows
a substantial sensitivity of the ⇤’s global polarization on
the initial hot spot size. A smaller hot spot size leads
to larger spatial gradients at the early time, which build
up the stronger hydrodynamic flow. Therefore, a small
w results in larger thermal vorticity at the particlization
surface in the simulations and enhance the magnitudes
of the ⇤’s global polarization. Figure 5c further explores
how the global polarization depends on the switching en-
ergy density. A lower switching energy density allows the
fireball to evolve longer. The flow velocity gradients re-
duce with esw. Our results are in qualitative agreement
with the recent work [69].

The parameter dependence studies presented in Fig-
ures 5 demonstrate that the global polarization observ-
ables have a strong sensitivity to the initial-state fluc-
tuations and QGP’s specific shear viscosity. Combining
the knowledge from hadronic observable comparisons in
Figs. 1 and 2, we can draw tighter constraints on model-
ing the dynamical evolution of relativistic heavy-ion col-
lisions.

C. Azimuthal-dependent longitudinal polarization

Now, we transit our focus to longitudinal polarization
P

z, which is sensitive to the flow velocity distribution in
the transverse plane [10].

Figure 6 shows the azimuthal dependence of the av-
eraged cosine of the daughter proton’s polar angle ✓

⇤
p in

the ⇤’s rest frame with respect to the elliptic flow event
plane. We compute this observable from the ⇤’s longitu-
dinal polarization P

z,

hcos(✓⇤p)i(�) = hcos(✓⇤p)
2i↵⇤P

z(�), (24)

where hcos(✓⇤p)
2i = 1/3 [5] and ↵⇤ = 0.732 [66]. The

azimuthal-dependent longitudinal polarization P
z(�) are

computed using the four combinations of the axial-vector
Aµ. Similar to previous works, the thermal vorticity
alone gives the opposite sign of the �-dependence com-
pared to the STAR measurements. The scale of the os-
cillation is about 5 times bigger than that in the data.
Adding the shear-induced polarization from Ref. [38] flips
the sign of the longitudinal polarization. While the sign
of the SIP correction agrees with the results shown in
Ref. [43], the magnitude of the correction is bigger in our
calculations. We believe the di↵erence lies in the di↵erent
types of initial conditions used in the simulations. The
shear-induced polarization from Ref. [37] gives a smaller
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FIG. 6. (Color Online) The averaged cosine of the daughter
proton’s polar angle in the ⇤’s rest frame computed from ⇤’s
longitudinal polarization with four combinations of the axial-
vector Aµ in 20-60% Au+Au collisions. Model calculations
are compared with the STAR measurements [5].

contribution compared to that from the SIP(BBP) term.
Our results with the SIP(LY) are in quantitative agree-
ment with those shown in Ref. [42, 44]. The di↵erence
between the two SIP terms can be understood as the flow
velocity vector u⇢ combined with the Levi-Civita tensor
killing the contributions from the temperature gradients
in the thermal shear tensor. And the transverse pro-
jection operator on p

?
� in Eq. (20) takes out the fluid

acceleration contributions. These two contributions are
substantial enough to change the sign of the longitudinal
polarization within our model. Lastly, the net baryon
chemical potential gradients give small contributions to
⇤’s longitudinal polarization.

After quantifying the individual term’s contribution
from the axial vector to ⇤’s longitudinal polarization,
we compare our model calculations with the STAR data
as a function of the collision centrality [5]. We expand
the longitudinal polarization P

z(�) into a Fourier series
as follows,

P
z(�) = P

z
0 + 2

1X

n=1

P
z
n cos(n(� � P z

n )). (25)

Here the n-th order Fourier coe�cient and its associated
phase can be combined as a complex vector,

Pz
n ⌘ P

z
ne

in Pz

n ⌘
Z 2⇡

0

d�

2⇡
P

z(�)ein�. (26)

In heavy-ion experiments, one measures the magnitude
of the P

z oscillation with respect to the event plane angle

B. Fu et al., PRL127, 142301 (2021)
F. Becattini et al., PRL127, 272302 (2021) 
S. Alzharani et al., arXiv:2203.15718
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density operator:

b⇢LE =
1

ZLE
exp


� 1

T

Z

⌃
d⌃µ

bTµ⌫
u⌫

�
(8)

So, instead of expanding �, like in the (7), one can take
T out and expand the four-velocity u, thereby replacing
the (7) with:

b⇢LE ' 1

ZLE
exp

h
��⌫(x) bP ⌫+ (9)

� 1

T
@�u⌫(x)

Z

⌃
d⌃µ(y)(y � x)� bTµ⌫(y)

�
.

Including temperature gradients, which are normal to the
hypersurface at x, in the Taylor expansion would only
make the whole approximation worse. Then, as a mat-
ter of fact, in all the previously derived expressions, one
can replace the gradients of � with the gradients of u

multiplied by 1/Tdec, where Tdec is the decoupling tem-
perature. Particularly, the spin polarization vector of an
emitted spin 1/2 baryon is:

S
µ
ILE(p) = (10)

� ✏
µ⇢�⌧

p⌧

R
⌃ d⌃ · p nF (1 � nF )

h
!⇢� + 2 t̂⇢

p�

" ⌅��

i

8mTdec

R
⌃ d⌃ · p nF

where ILE stands for isothermal local equilibrium,

!⇢� =
1

2
(@�u⇢ � @⇢u�)

is the kinematic vorticity and:

⌅⇢� =
1

2
(@�u⇢ + @⇢u�)

is the kinematic shear, including the properly called shear
tensor as well as the expansion scalar @ · u and acceler-
ation terms. Therefore, the equation (10) is the best
approximation of the spin polarization vector of a spin
1/2 baryon, at local thermodynamic equilibrium and at
linear order in the gradients of the thermodynamic fields
for a fixed decoupling temperature hypersurface. This
equation upgrades the original (1) and we are going to
show that it is able to restore the agreement between the
local equilibrium-hydrodynamic model and the data.

Analysis of Au-Au collisions at
p

sNN = 200 GeV -
We now compare the predictions of the hydrodynamic

model with typical initial conditions with the polariza-
tion data. We have used two di↵erent 3+1 D viscous
hydrodynamic codes implementing relativistic hydrody-
namics in the Israel-Stewart formulation: vHLLE [34]
and ECHO-QGP [35, 36]. The parameters defining the
initial hydrodynamic conditions have been set to repro-
duce charged particle multiplicity distribution in pseudo-
rapidity as well their elliptic flow and directed flow in
Au-Au collisions at

p
sNN = 200 GeV.

FIG. 2. ⇤ polarization components at mid-rapidity as a func-
tion of its transverse momentum (px, py), computed with vH-
LLE for 20-60% Au-Au collisions at

p
sNN = 200 GeV. Up-

per panel: polarization induced by thermal vorticity $, lower
panel: polarization induced by thermal shear ⇠.

In order to match the experimental conditions of the lo-
cal polarization measurements of ⇤ hyperons [37], we set
the same centrality range in our hydrodynamic simula-
tions, corresponding to 20-60% central Au-Au collisions.
vHLLE simulations have been initialized with averaged
entropy density profile from the Monte Carlo Glauber
model, generated by GLISSANDO v.2.702 code [38];
ECHO-QGP has been initialized with optical Glauber
initial conditions by using the same method as in ref. [39],
with a fixed impact parameter b set to 9.2 fm.

In figure 2 we show the components of the rest-frame
polarization vector P = 2S⇤ along the angular momen-
tum PJ and along the beam direction Pz (for the de-
scription of the QGP conventional reference frame, see
[40]) as a function of the transverse momentum of the
⇤ hyperon for rapidity y = 0, from vHLLE calculation.
The upper panels show the predictions of the formula (1),
and the lower panels the predictions of the new term (3),
at a decoupling temperature Tdec = 165 MeV. The two
contributions are of comparable magnitude and, most im-
portantly, the new term provides a local polarization in
qualitative agreement with the data [37, 41], both for
the PJ and the Pz components, and in agreement with
a very recent analysis [42] of the thermal shear contribu-
tion. The two terms are added up and the result shown
in the upper panels of the figure 3. It can be seen that,
although the model predictions are somewhat closer to
the experimental findings, there is still a consistent dis-
crepancy: a basically uniform PJ [41] and still the wrong
sign of Pz [37]. Finally, by using the formula (10), based

3

density operator:

b⇢LE =
1

ZLE
exp


� 1

T

Z

⌃
d⌃µ

bTµ⌫
u⌫

�
(8)

So, instead of expanding �, like in the (7), one can take
T out and expand the four-velocity u, thereby replacing
the (7) with:

b⇢LE ' 1

ZLE
exp

h
��⌫(x) bP ⌫+ (9)

� 1

T
@�u⌫(x)

Z

⌃
d⌃µ(y)(y � x)� bTµ⌫(y)

�
.

Including temperature gradients, which are normal to the
hypersurface at x, in the Taylor expansion would only
make the whole approximation worse. Then, as a mat-
ter of fact, in all the previously derived expressions, one
can replace the gradients of � with the gradients of u

multiplied by 1/Tdec, where Tdec is the decoupling tem-
perature. Particularly, the spin polarization vector of an
emitted spin 1/2 baryon is:

S
µ
ILE(p) = (10)

� ✏
µ⇢�⌧

p⌧

R
⌃ d⌃ · p nF (1 � nF )

h
!⇢� + 2 t̂⇢

p�

" ⌅��

i

8mTdec

R
⌃ d⌃ · p nF

where ILE stands for isothermal local equilibrium,

!⇢� =
1

2
(@�u⇢ � @⇢u�)

is the kinematic vorticity and:

⌅⇢� =
1

2
(@�u⇢ + @⇢u�)

is the kinematic shear, including the properly called shear
tensor as well as the expansion scalar @ · u and acceler-
ation terms. Therefore, the equation (10) is the best
approximation of the spin polarization vector of a spin
1/2 baryon, at local thermodynamic equilibrium and at
linear order in the gradients of the thermodynamic fields
for a fixed decoupling temperature hypersurface. This
equation upgrades the original (1) and we are going to
show that it is able to restore the agreement between the
local equilibrium-hydrodynamic model and the data.

Analysis of Au-Au collisions at
p

sNN = 200 GeV -
We now compare the predictions of the hydrodynamic

model with typical initial conditions with the polariza-
tion data. We have used two di↵erent 3+1 D viscous
hydrodynamic codes implementing relativistic hydrody-
namics in the Israel-Stewart formulation: vHLLE [34]
and ECHO-QGP [35, 36]. The parameters defining the
initial hydrodynamic conditions have been set to repro-
duce charged particle multiplicity distribution in pseudo-
rapidity as well their elliptic flow and directed flow in
Au-Au collisions at

p
sNN = 200 GeV.

FIG. 2. ⇤ polarization components at mid-rapidity as a func-
tion of its transverse momentum (px, py), computed with vH-
LLE for 20-60% Au-Au collisions at

p
sNN = 200 GeV. Up-

per panel: polarization induced by thermal vorticity $, lower
panel: polarization induced by thermal shear ⇠.

In order to match the experimental conditions of the lo-
cal polarization measurements of ⇤ hyperons [37], we set
the same centrality range in our hydrodynamic simula-
tions, corresponding to 20-60% central Au-Au collisions.
vHLLE simulations have been initialized with averaged
entropy density profile from the Monte Carlo Glauber
model, generated by GLISSANDO v.2.702 code [38];
ECHO-QGP has been initialized with optical Glauber
initial conditions by using the same method as in ref. [39],
with a fixed impact parameter b set to 9.2 fm.

In figure 2 we show the components of the rest-frame
polarization vector P = 2S⇤ along the angular momen-
tum PJ and along the beam direction Pz (for the de-
scription of the QGP conventional reference frame, see
[40]) as a function of the transverse momentum of the
⇤ hyperon for rapidity y = 0, from vHLLE calculation.
The upper panels show the predictions of the formula (1),
and the lower panels the predictions of the new term (3),
at a decoupling temperature Tdec = 165 MeV. The two
contributions are of comparable magnitude and, most im-
portantly, the new term provides a local polarization in
qualitative agreement with the data [37, 41], both for
the PJ and the Pz components, and in agreement with
a very recent analysis [42] of the thermal shear contribu-
tion. The two terms are added up and the result shown
in the upper panels of the figure 3. It can be seen that,
although the model predictions are somewhat closer to
the experimental findings, there is still a consistent dis-
crepancy: a basically uniform PJ [41] and still the wrong
sign of Pz [37]. Finally, by using the formula (10), based

vorticity: 
shear:
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- Shearを取り入れた流体計算は、２次＆3次とも定性的に再現（符号と強度）

- 理想流体ではPzがゼロになるという点で、addional constraint on η/s
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FIG. 9. (Color Online) The hcos(✓⇤p)i in Eq. (24) with respect
to the third-order event plane angle computed from the ⇤’s
longitudinal polarization P z(�) using four combinations of
the axial vector Aµ in 20-60% Au+Au collisions.

erate an almost zero p
z
2{SP}, while the two finite val-

ues of shear viscosity give comparable p
z
2{SP} in cen-

tral and semi-peripheral collisions. Figure 8b shows
that the p

z
2{SP} coe�cient has a mild dependence on

the initial hot spot size. Simulations with a large hot
spot size w = 1.2 fm have a smaller p

z
2{SP} coe�-

cient compare to those from simulations with the smaller
w. Finally, Figure 8c shows that a lower switching en-
ergy density esw = 0.25 GeV/fm3 leads to a 15% larger
p
z
2{SP} compared to the results from simulations with

esw = 0.5 GeV/fm3. This result suggests that the co-
e�cient p

z
2{SP} grows with the fireball lifetime. With

all these combinations of model parameters, we find the
values of p

z
2{SP} remain small in the peripheral Au+Au

collisions beyond 50% in centrality. It requires a more
detailed analysis to resolve the di↵erence with the ex-
perimental data in peripheral centrality bins. Compared
to the sensitivity study for the ⇤’s global polarization in
Figs. 5, the p

z
2{SP} coe�cient of the longitudinal polar-

ization does not show very strong sensitivity to the model
parameters.

Event-by-event simulations allow us to go beyond
the second-order oscillation of the longitudinal polariza-
tion. We can compute higher-order Fourier coe�cients
of P

z with respect to the event plane of higher-order
anisotropic flow. Figure 9 shows an example of per-
forming an event-average of the longitudinal polarization
P

z(�) with respect to the triangular flow event plane in
20-60% Au+Au collisions. We can clearly see the third-
order oscillation of the longitudinal polarization vector.
Similar to the second-order case, the shear-induced polar-
ization gives the opposite contributions to the azimuthal
dependence compared to those from the thermal vorticity
tensor. The SIP(BBP) term from Ref. [38] again gives a
substantial contribution to flip the sign of P

z. Therefore,
it is important to measure the third-order oscillation of
the longitudinal polarization in experiments to further
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FIG. 10. (Color Online) The centrality dependence of the
n-th order Fourier coe�cients of P z(�) with respect to n-th
order event-plane determined by charged hadron anisotropic
flow in Au+Au collisions at 200 GeV for n = 1� 5.

test whether this theoretical model is valid or not.
In Fig. 10, we compute the scalar-product p

z
n{SP}

between the Fourier coe�cients of P
z(�) and charged

hadron anisotropic flow vn for n = 1 � 5 as functions
of centrality in Au+Au collisions at 200 GeV. We find
that the magnitudes of the third and the fourth order
oscillations p

z
3{SP} and p

z
4{SP} are comparable to that

of p
z
2{SP}, while those of the p

z
1{SP} and p

z
5{SP} co-

e�cients are small. The coe�cient p
z
1{SP} computed

with thermal vorticity + the SIP(BBP) contribution is
negative for all centrality bins. We check that the shear
induced polarization from Ref. [38] flips the signs of all or-
ders of p

z
n{SP}. The centrality dependence of the p

z
n{SP}

coe�cients in Fig. 10 provides a quantitative model pre-
diction for the azimuthal dependence of longitudinal po-
larization and how it is correlated with the hydrodynamic
anisotropic flow coe�cients. Verifying these predictions
in the experiments can help us further understand the
origin of the ⇤ spin polarization in heavy-ion collisions.

To further quantify the event-by-event correlation be-
tween the magnitudes of the anisotropic flow vn and the
Fourier coe�cients of the longitudinal polarization P

z
n ,

we can define the following Pearson correlations,

⇢(v2n, (P z
n)2) =

h�̂v2n�̂(P z
n)2ievq

h(�̂v2n)2ievh(�̂(P z
n)2)2iev

, (29)

where h· · · iev represents the event average and the rela-
tive fluctuation of any observable O is defined as,

�̂O = �O � h�O�Nchiev
h(�Nch)2iev

�Nch with �O = O � hOiev.

(30)
Here the relative fluctuations subtract the correlation
with the particle multiplicity in the event [71].

In Fig. 11, we calculate the Pearson correlations be-
tween the magnitude of anisotropic flow vn and the P

z
n

S. Alzharani, S. Ryu, and C. Shen, arXiv:2203.15718

The 3rd order Fourier coefficient of 𝑃𝑧

• Non-zero 𝑓3 is comparable to 𝑓2 in both Au+Au and Ru+Ru systems

• Spin polarization also probes the initial state fluctuations

Event-by-event AMPT + MUSIC 

BF & H. Song,  in preparation
14

𝒇𝟑: induced by IC fluc. 𝒇𝟑: induced by IC fluc.

QM22, Baochi Fu
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Table 1
Excitation function of fireball parameters for its initial longitudinal size (z0) and 
temperature (T0), equation of state (Tpc), and chemical/kinetic freeze-out (Tch, µch

B , 
Tkin) conditions.

√
s (GeV) 6.3 8.8 19.6 62.4 200

z0 (fm/c) 2.1 1.87 1.41 0.94 0.63
T0 (MeV) 185 198 238 291 363
Tpc (MeV) 161 163 170 170 170
Tch (MeV) 134 148 160 160 160
µch

B (MeV) 460 390 197 62 22
Tkin (MeV) 114 113 111 108 104

Fig. 1. (Color online.) Excess dimuon invariant-mass spectra in In–In(
√

sNN =
17.3 GeV) collisions at the SPS. Theoretical calculations (solid line), composed of 
hadronic radiation (using in-medium ρ and ω spectral functions and multi-pion an-
nihilation with chiral mixing, dashed line) and QGP radiation (using a lattice-QCD 
inspired rate, dotted line) are compared to NA60 data [49,12].

(1/2) at 200 (62.4) GeV. At top SPS energy (
√

sNN ≃ 20 GeV) we 
use τ0 ≃ 0.8 fm/c which is slightly smaller than the “standard” 
value of 1 fm/c employed in Ref. [19], mainly to better describe 
the NA60 IMR spectra while staying above the nuclear overlap 
time of R A/γ = 0.7 fm/c (which may be considered a lower limit 
for thermalization). We then extrapolated these values to lower 
energies with a power-law fit z0 = 4(

√
sNN)−0.35, resulting in the 

quoted values for √sNN = 8.77 GeV and 6.27 GeV. At these ener-
gies, a relation between τ0 and z0 is no longer meaningful. Rather, 
one can compare the initial energy densities obtained from our z0
values to transport calculations, cf., e.g., Fig. 6.2 in part III of “The 
CBM physics book” [26] (page 638). For example, for E lab = 20 GeV
(corresponding to √

sNN = 6.27 GeV) various dynamical models 
produce a maximal excitation energy density (in the center of 
the collision) of ϵ∗

max = 1.6–2.4 GeV/fm3, compared to an average 
ϵ0 = 1.6 GeV/fm3 in our fireball for z0 = 2.1 fm. This appears to 
be a reasonable match, but we will consider a range of a factor of 
∼ 2 by varying z0 by ±30%.

We first test our updated approach with the most precise dilep-
ton data to date, the acceptance-corrected NA60 excess dimuons in 
In–In(

√
sNN = 17.3 GeV) collisions [49,12], cf. Fig. 1. Good agree-

ment with the invariant-mass spectrum is found, which also holds 
for the qt dependence, as well as for CERES data [50] (not shown). 
This confirms our earlier conclusions that the ρ-meson melts 
around Tpc [19], while the IMR is dominated by radiation from 
above Tpc [51–54], mostly as a consequence of a non-perturbative 
EoS [55]. Our predictions for low-mass and qt spectra of the RHIC 
BES-I program [23] also agree well with STAR [20–22] and the 
revised PHENIX [56] dielectron data. This framework therefore pro-
vides a robust interpretation of dilepton production in URHICs in 
terms of thermal radiation. In the following we utilize this set-up 
to extract the excitation function of two key fireball properties, i.e., 
its total lifetime and an average (early) temperature, directly from 

Fig. 2. (Color online.) Excitation function of the inverse-slope parameter, Ts, from 
intermediate-mass dilepton spectra (M = 1.5–2.5 GeV, diamonds connected with 
dashed line) and initial temperature T0 (triangles connected with solid line) in cen-
tral heavy-ion collisions (A ≃ 200). The error bars on Ts and T0 correspond to a 
variation in the initial longitudinal fireball size, z0, by ±30% around the central val-
ues quoted in Table 1. The hatched area schematically indicates the pseudo-critical 
temperature regime at vanishing (and small) chemical potential as extracted from 
various quantities computed in lattice QCD [15].

suitably chosen invariant-mass spectra. This should not merely be 
viewed as a prediction, but rather serve as a baseline to possibly 
discover effects indicative of new physics.

For the temperature determination we utilize the IMR, where 
medium effects on the EM spectral function are parametrically 
small, of order T 2/M2, providing a stable thermometer. With 
Im&EM ∝ M2, and in nonrelativistic approximation, one obtains

dRll/dM ∝ (MT )3/2 exp(−M/T ) , (3)

which is independent of the medium’s collective flow, i.e., there are 
no blue-shift effects. The observed spectra necessarily involve an 
average over the fireball evolution, but the choice of mass win-
dow, 1.5 GeV ≤ M ≤ 2.5 GeV, implies T ≪ M and therefore much 
enhances the sensitivity to the early high-T phases of the evolu-
tion. Since primordial (and pre-equilibrium) contributions are not 
expected to be of exponential shape (e.g., power law for Drell–
Yan), their “contamination” may be judged by the fit quality of 
the exponential ansatz. The inverse slopes, Ts, extracted from the 
thermal radiation as computed above are displayed in Fig. 2 for 
collision energies of √sNN = 6–200 GeV. We find a smooth depen-
dence ranging from T ≃ 160 MeV to 260 MeV. The latter value un-
ambiguously indicates that a thermalized QGP with temperatures 
well above the pseudo-critical one has been produced. Our results 
furthermore quantify that the “measured” average temperature at 
top RHIC energy is about 30% below the corresponding initial one 
(T0). This gap significantly decreases when lowering the collision 
energy, to less than 15% at √sNN = 6 GeV. This is in large part a 
consequence of the (pseudo-) latent heat in the transition which 
needs to be burned off in the expansion/cooling. The collision en-
ergy range below √sNN = 10 GeV thus appears to be well suited to 
map out this transition regime and possibly discover a plateau in 
the IMR dilepton slopes akin to a “caloric curve”. Another benefit 
at these energies is the smallness of the open-charm contribution 
(not included here), so that its subtraction does not create a large 
systematic error in the thermal-slope measurement (at higher en-
ergies, especially at RHIC and LHC, the open-charm and -bottom 
contributions to the IMR dilepton spectra become large and need 
to be carefully assessed to extract the thermal signal, ideally by 
both theoretical modeling of heavy-flavor diffusion/energy loss and 
experimental techniques such as displaced vertices or electron–

Rapp and Hess, PLB753(2016)586
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Fully Corrected Data vs. Cocktail

0 0.5 1 1.5 2 2.5 3 3.5
)2(GeV/cee M

5-10

3-10

1-10

10

/G
eV

)
2

dN
/d

M
 (c

 = 27 GeV (0-80%)NNsSTAR Au+Au 

STAR Preliminary

ee® 0pee & g ® 0p eeg ® h ee0p ® wee & ® w

eeg ®' h eeh ® f ee & ® f  ee® yJ/

 ee® cc  ee®DY Cocktail Sum

Data

LMR IMR
0 0.5 1 1.5 2 2.5 3 3.5

)2(GeV/cee M

5-10

3-10

1-10

10

/G
eV

)
2

dN
/d

M
 (c

 = 54.4 GeV (0-80%)NNsSTAR Au+Au 

STAR Preliminary

ee® 0pee & g ® 0p eeg ® h ee0p ® wee & ® w

eeg ®' h eeh ® f ee & ® f  ee® yJ/

 ee® cc  ee®DY Cocktail Sum

Data

LMR IMR

Eff. and Acc. Corrected Eff. and Acc. Corrected

LMR (low mass region):               Mee<Mφ

IMR (intermediate mass region):  Mφ<Mee<MJ/Ψ

588 R. Rapp, H. van Hees / Physics Letters B 753 (2016) 586–590

Table 1
Excitation function of fireball parameters for its initial longitudinal size (z0) and 
temperature (T0), equation of state (Tpc), and chemical/kinetic freeze-out (Tch, µch

B , 
Tkin) conditions.

√
s (GeV) 6.3 8.8 19.6 62.4 200

z0 (fm/c) 2.1 1.87 1.41 0.94 0.63
T0 (MeV) 185 198 238 291 363
Tpc (MeV) 161 163 170 170 170
Tch (MeV) 134 148 160 160 160
µch

B (MeV) 460 390 197 62 22
Tkin (MeV) 114 113 111 108 104

Fig. 1. (Color online.) Excess dimuon invariant-mass spectra in In–In(
√

sNN =
17.3 GeV) collisions at the SPS. Theoretical calculations (solid line), composed of 
hadronic radiation (using in-medium ρ and ω spectral functions and multi-pion an-
nihilation with chiral mixing, dashed line) and QGP radiation (using a lattice-QCD 
inspired rate, dotted line) are compared to NA60 data [49,12].

(1/2) at 200 (62.4) GeV. At top SPS energy (
√

sNN ≃ 20 GeV) we 
use τ0 ≃ 0.8 fm/c which is slightly smaller than the “standard” 
value of 1 fm/c employed in Ref. [19], mainly to better describe 
the NA60 IMR spectra while staying above the nuclear overlap 
time of R A/γ = 0.7 fm/c (which may be considered a lower limit 
for thermalization). We then extrapolated these values to lower 
energies with a power-law fit z0 = 4(

√
sNN)−0.35, resulting in the 

quoted values for √sNN = 8.77 GeV and 6.27 GeV. At these ener-
gies, a relation between τ0 and z0 is no longer meaningful. Rather, 
one can compare the initial energy densities obtained from our z0
values to transport calculations, cf., e.g., Fig. 6.2 in part III of “The 
CBM physics book” [26] (page 638). For example, for E lab = 20 GeV
(corresponding to √

sNN = 6.27 GeV) various dynamical models 
produce a maximal excitation energy density (in the center of 
the collision) of ϵ∗

max = 1.6–2.4 GeV/fm3, compared to an average 
ϵ0 = 1.6 GeV/fm3 in our fireball for z0 = 2.1 fm. This appears to 
be a reasonable match, but we will consider a range of a factor of 
∼ 2 by varying z0 by ±30%.

We first test our updated approach with the most precise dilep-
ton data to date, the acceptance-corrected NA60 excess dimuons in 
In–In(

√
sNN = 17.3 GeV) collisions [49,12], cf. Fig. 1. Good agree-

ment with the invariant-mass spectrum is found, which also holds 
for the qt dependence, as well as for CERES data [50] (not shown). 
This confirms our earlier conclusions that the ρ-meson melts 
around Tpc [19], while the IMR is dominated by radiation from 
above Tpc [51–54], mostly as a consequence of a non-perturbative 
EoS [55]. Our predictions for low-mass and qt spectra of the RHIC 
BES-I program [23] also agree well with STAR [20–22] and the 
revised PHENIX [56] dielectron data. This framework therefore pro-
vides a robust interpretation of dilepton production in URHICs in 
terms of thermal radiation. In the following we utilize this set-up 
to extract the excitation function of two key fireball properties, i.e., 
its total lifetime and an average (early) temperature, directly from 

Fig. 2. (Color online.) Excitation function of the inverse-slope parameter, Ts, from 
intermediate-mass dilepton spectra (M = 1.5–2.5 GeV, diamonds connected with 
dashed line) and initial temperature T0 (triangles connected with solid line) in cen-
tral heavy-ion collisions (A ≃ 200). The error bars on Ts and T0 correspond to a 
variation in the initial longitudinal fireball size, z0, by ±30% around the central val-
ues quoted in Table 1. The hatched area schematically indicates the pseudo-critical 
temperature regime at vanishing (and small) chemical potential as extracted from 
various quantities computed in lattice QCD [15].

suitably chosen invariant-mass spectra. This should not merely be 
viewed as a prediction, but rather serve as a baseline to possibly 
discover effects indicative of new physics.

For the temperature determination we utilize the IMR, where 
medium effects on the EM spectral function are parametrically 
small, of order T 2/M2, providing a stable thermometer. With 
Im&EM ∝ M2, and in nonrelativistic approximation, one obtains

dRll/dM ∝ (MT )3/2 exp(−M/T ) , (3)

which is independent of the medium’s collective flow, i.e., there are 
no blue-shift effects. The observed spectra necessarily involve an 
average over the fireball evolution, but the choice of mass win-
dow, 1.5 GeV ≤ M ≤ 2.5 GeV, implies T ≪ M and therefore much 
enhances the sensitivity to the early high-T phases of the evolu-
tion. Since primordial (and pre-equilibrium) contributions are not 
expected to be of exponential shape (e.g., power law for Drell–
Yan), their “contamination” may be judged by the fit quality of 
the exponential ansatz. The inverse slopes, Ts, extracted from the 
thermal radiation as computed above are displayed in Fig. 2 for 
collision energies of √sNN = 6–200 GeV. We find a smooth depen-
dence ranging from T ≃ 160 MeV to 260 MeV. The latter value un-
ambiguously indicates that a thermalized QGP with temperatures 
well above the pseudo-critical one has been produced. Our results 
furthermore quantify that the “measured” average temperature at 
top RHIC energy is about 30% below the corresponding initial one 
(T0). This gap significantly decreases when lowering the collision 
energy, to less than 15% at √sNN = 6 GeV. This is in large part a 
consequence of the (pseudo-) latent heat in the transition which 
needs to be burned off in the expansion/cooling. The collision en-
ergy range below √sNN = 10 GeV thus appears to be well suited to 
map out this transition regime and possibly discover a plateau in 
the IMR dilepton slopes akin to a “caloric curve”. Another benefit 
at these energies is the smallness of the open-charm contribution 
(not included here), so that its subtraction does not create a large 
systematic error in the thermal-slope measurement (at higher en-
ergies, especially at RHIC and LHC, the open-charm and -bottom 
contributions to the IMR dilepton spectra become large and need 
to be carefully assessed to extract the thermal signal, ideally by 
both theoretical modeling of heavy-flavor diffusion/energy loss and 
experimental techniques such as displaced vertices or electron–

IMR is dominated by QGP thermal radiation
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Low + Intermediate Mass Thermal Dielectron

NA60: EPJC (2009) 59: 607–623

IMR: QGP thermometer

27 GeV and 54.4 GeV data are 
consistent, and higher than NA60

"invariant" mass分布のfitから、 radial flowによるblue-shit freeな温度測定

588 R. Rapp, H. van Hees / Physics Letters B 753 (2016) 586–590

Table 1
Excitation function of fireball parameters for its initial longitudinal size (z0) and 
temperature (T0), equation of state (Tpc), and chemical/kinetic freeze-out (Tch, µch

B , 
Tkin) conditions.

√
s (GeV) 6.3 8.8 19.6 62.4 200

z0 (fm/c) 2.1 1.87 1.41 0.94 0.63
T0 (MeV) 185 198 238 291 363
Tpc (MeV) 161 163 170 170 170
Tch (MeV) 134 148 160 160 160
µch

B (MeV) 460 390 197 62 22
Tkin (MeV) 114 113 111 108 104

Fig. 1. (Color online.) Excess dimuon invariant-mass spectra in In–In(
√

sNN =
17.3 GeV) collisions at the SPS. Theoretical calculations (solid line), composed of 
hadronic radiation (using in-medium ρ and ω spectral functions and multi-pion an-
nihilation with chiral mixing, dashed line) and QGP radiation (using a lattice-QCD 
inspired rate, dotted line) are compared to NA60 data [49,12].

(1/2) at 200 (62.4) GeV. At top SPS energy (
√

sNN ≃ 20 GeV) we 
use τ0 ≃ 0.8 fm/c which is slightly smaller than the “standard” 
value of 1 fm/c employed in Ref. [19], mainly to better describe 
the NA60 IMR spectra while staying above the nuclear overlap 
time of R A/γ = 0.7 fm/c (which may be considered a lower limit 
for thermalization). We then extrapolated these values to lower 
energies with a power-law fit z0 = 4(

√
sNN)−0.35, resulting in the 

quoted values for √sNN = 8.77 GeV and 6.27 GeV. At these ener-
gies, a relation between τ0 and z0 is no longer meaningful. Rather, 
one can compare the initial energy densities obtained from our z0
values to transport calculations, cf., e.g., Fig. 6.2 in part III of “The 
CBM physics book” [26] (page 638). For example, for E lab = 20 GeV
(corresponding to √

sNN = 6.27 GeV) various dynamical models 
produce a maximal excitation energy density (in the center of 
the collision) of ϵ∗

max = 1.6–2.4 GeV/fm3, compared to an average 
ϵ0 = 1.6 GeV/fm3 in our fireball for z0 = 2.1 fm. This appears to 
be a reasonable match, but we will consider a range of a factor of 
∼ 2 by varying z0 by ±30%.

We first test our updated approach with the most precise dilep-
ton data to date, the acceptance-corrected NA60 excess dimuons in 
In–In(

√
sNN = 17.3 GeV) collisions [49,12], cf. Fig. 1. Good agree-

ment with the invariant-mass spectrum is found, which also holds 
for the qt dependence, as well as for CERES data [50] (not shown). 
This confirms our earlier conclusions that the ρ-meson melts 
around Tpc [19], while the IMR is dominated by radiation from 
above Tpc [51–54], mostly as a consequence of a non-perturbative 
EoS [55]. Our predictions for low-mass and qt spectra of the RHIC 
BES-I program [23] also agree well with STAR [20–22] and the 
revised PHENIX [56] dielectron data. This framework therefore pro-
vides a robust interpretation of dilepton production in URHICs in 
terms of thermal radiation. In the following we utilize this set-up 
to extract the excitation function of two key fireball properties, i.e., 
its total lifetime and an average (early) temperature, directly from 

Fig. 2. (Color online.) Excitation function of the inverse-slope parameter, Ts, from 
intermediate-mass dilepton spectra (M = 1.5–2.5 GeV, diamonds connected with 
dashed line) and initial temperature T0 (triangles connected with solid line) in cen-
tral heavy-ion collisions (A ≃ 200). The error bars on Ts and T0 correspond to a 
variation in the initial longitudinal fireball size, z0, by ±30% around the central val-
ues quoted in Table 1. The hatched area schematically indicates the pseudo-critical 
temperature regime at vanishing (and small) chemical potential as extracted from 
various quantities computed in lattice QCD [15].

suitably chosen invariant-mass spectra. This should not merely be 
viewed as a prediction, but rather serve as a baseline to possibly 
discover effects indicative of new physics.

For the temperature determination we utilize the IMR, where 
medium effects on the EM spectral function are parametrically 
small, of order T 2/M2, providing a stable thermometer. With 
Im&EM ∝ M2, and in nonrelativistic approximation, one obtains

dRll/dM ∝ (MT )3/2 exp(−M/T ) , (3)

which is independent of the medium’s collective flow, i.e., there are 
no blue-shift effects. The observed spectra necessarily involve an 
average over the fireball evolution, but the choice of mass win-
dow, 1.5 GeV ≤ M ≤ 2.5 GeV, implies T ≪ M and therefore much 
enhances the sensitivity to the early high-T phases of the evolu-
tion. Since primordial (and pre-equilibrium) contributions are not 
expected to be of exponential shape (e.g., power law for Drell–
Yan), their “contamination” may be judged by the fit quality of 
the exponential ansatz. The inverse slopes, Ts, extracted from the 
thermal radiation as computed above are displayed in Fig. 2 for 
collision energies of √sNN = 6–200 GeV. We find a smooth depen-
dence ranging from T ≃ 160 MeV to 260 MeV. The latter value un-
ambiguously indicates that a thermalized QGP with temperatures 
well above the pseudo-critical one has been produced. Our results 
furthermore quantify that the “measured” average temperature at 
top RHIC energy is about 30% below the corresponding initial one 
(T0). This gap significantly decreases when lowering the collision 
energy, to less than 15% at √sNN = 6 GeV. This is in large part a 
consequence of the (pseudo-) latent heat in the transition which 
needs to be burned off in the expansion/cooling. The collision en-
ergy range below √sNN = 10 GeV thus appears to be well suited to 
map out this transition regime and possibly discover a plateau in 
the IMR dilepton slopes akin to a “caloric curve”. Another benefit 
at these energies is the smallness of the open-charm contribution 
(not included here), so that its subtraction does not create a large 
systematic error in the thermal-slope measurement (at higher en-
ergies, especially at RHIC and LHC, the open-charm and -bottom 
contributions to the IMR dilepton spectra become large and need 
to be carefully assessed to extract the thermal signal, ideally by 
both theoretical modeling of heavy-flavor diffusion/energy loss and 
experimental techniques such as displaced vertices or electron–

Rapp and Hess, PLB753(2016)586
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 15 MeV± = 174 54.4 GeV
LMRT

 20 MeV± = 167 27 GeV
LMRT

STAR Preliminary

STAR Au+Au 54.4 GeV (0-80%)

STAR Au+Au 27 GeV (0-80%)
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Medium temperature with di-leptons Talk by Zaochen Ye (Thu T13-I)

+ -e e

Precision di-lepton spectra measured with Au+Au 27 GeV (2018) and 54.4 GeV data (2017)
blue-shift free average temperatures extracted: IMR systematically above LMR temperature

LMR IMR
TLMR  ~ TPC,LQCD TIMR > TLMR

QGP temperature of ~300 MeV at 27 & 54.4 GeV extracted, ρ mediated di-leptons dominate near TPC

(LMR)

(IMR)

STAR Preliminary

PreliminarySTAR TLMR

TIMR

Excess dilepton mass spectra from  STAR BES,
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Temperature vs. μB

STAR: PLB 750 (2015) 64-71, arXiv: 1810.10159

Thermal dileptons in IMR
• T always higher than Tpc

at RHIC and NA60
• Emitted from QGP phase

Thermal dileptons in LMR
• T close to both Tch and Tpc
• Emitted from hadronic 

phase, dominantly around 
phase transition

HADES: Nature Physics 15, 1040-1045 (2019)NA60: EPJC (2009) 59 607–623

HotQCD: PLB 795 (2019) 15-21

Tch SH: P. Braun-Munzinger et al.  Nature 561, 321-330 (2018) 
Tch GCE/SCE:  STAR PRC 96, 044904 (2017)

G. Tetyana: JPS Conf.Proc. 32 (2020) 010079

SPSよりもRHICの方がmediumの温度が高い

(27-54GeVにしては)高すぎるかもしれない (ただし誤差も大きい)
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Successful Operation of STAR in Years 2020-21

Run 20 and 21 completed successfully: enhanced collision rates due to Low Energy RHIC Electron 
Cooling (LEReC) system, smooth & desired performance of BES-II upgrades (iTPC, eTOF, EPD)

RHIC Beam Energy Scan II completed, p+p 510 run with fully installed forward upgrade is ongoing

https://online.star.bnl.gov/aggregator/livedisplay/
Watch Live Collisions At STAR:

7 energies between 7.7 - 27 GeV (collider mode) 
12 energies between 3.0 - 13.7 GeV (FXT mode)

EPD

eTOF
iTPC

BES-II upgrades

Early completion of BES-II data taking  
allowed O+O & d+Au runs in 2021

Year 2021
Au+Au √s   =7.7 GeV
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Data taken by STAR BES-I&II + Fixed-Target program

• Search for CP/crossover/1st-order phase transition is ongoing


• No conclusive result/signature so far (in my opinion)


• New results at lower energies (~3 GeV) where baryon-rich medium is created


• Data taking of BES-II just completed,  
so more interesting results will come soon.
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 Central Peripheral

Au + Au Collisions at Mid-rapidity

L. Adamczyk et al. [STAR Collaboration] Phys.Rev.C 96 (2017) 4, 044904
B.I. Abelev et al. [STAR Collaboration] Phys.Rev.C 79 (2009) 034909

Ø At 3 GeV Au+Au collisions, the freeze-out 
parameters (T/01, β2 ) show different trend 
compared to that of higher energy 
collisions

Ø The freeze-out parameter (T/01) of , is 
systematically higher than that of ( at 3 
GeV, which is different from higher energies

Indicate a different 
equation of state (EoS) 


