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Quark gluon phase and properties – what we 
know so far

QCD matter produced in relativistic 
heavy-ion collisions at RHIC and LHC have 
quark and gluon degrees of freedom.

Matter attained high temperature, has 
large energy density and exhibits partonic 
collectivity.

Shows emergent properties like:

(1) Perfect fluid 
(2) Vortical fluid 
(3) Heavy-quarks exhibiting Brownian 
    motion in fluid of light quarks.

Nature Physics, 15, 1113 (2019)
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ALICE: arXiv:2211.04384 

https://www.nature.com/nphys?proof=t


Physics Today 63, 5, 39 (2010)

What this talk will cover

Phase diagram of QCD

Hyperon polarization

Spin alignment of vector mesons

Nuclei production
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QCD phase diagram

4Prog.Part.Nucl.Phys. 125 (2022) 103960

Known (Theory/Experiment)
• Two distinct phases – quark-gluon degrees of 

freedom/hadronic d.o.f
• Transition temperature at B = 0 MeV
• Small B - crossover 

Relativistic heavy-ion collisions allows access to the phase diagram of QCD

Theory: LQCD, Thermal, 
transport, hydro etc.



Thermalization

Phys.Lett.B 829 (2022) 137021

Why address this topic ?
1. To establish quark-gluon plasma
2. To establish the QCD phase diagram
3. To understand several physics 

conclusions at Relativistic Heavy Ion 
Collisions

Ways to address the topic
1. Maximum entropy  -  dS/dt = 0 (Our 

system short lived)  -- To show 
experimentally is challenging 
(impossible?)

2. Interactions among constituents 
saturate. (State in thermal equilibrium 
has no knowledge of past) -- Can we 
demonstrate this experimentally ?

3. Space-momentum distributions reach 
equilibrium value -- Can we access this 
experimentally ?
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models. But that is not the full distribution. 
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Higher moments and thermal model

Fits to moments of multiplicity distributions
Measurements in central collisions agrees with thermal model
Peripheral collisions do not.

6



Higher moments and thermal model

Temperature versus Baryonic chemical potential Favors a thermal system for collision energies > 30 GeV

Future: (1) Try canonical approach specially at lower collision energies. (2) Fixed target 
energies and (3) Try the approach in multiplicity dependent proton-proton collisions 7



QCD 
thermodynamics

Ordering of ratios 
(Net-baryon): 
LQCD -
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STAR: PRL 130 , 82301 (2023)
STAR: PRL128, 202303 (2022)
STAR: PRL 127, 262301 (2021)
STAR: PRL 126, 092301 (2021)
STAR: PRC 104, 024902 (2021)

Measurements

• Ordering of ratios as per QCD 
thermodynamics observed for collision 
energies > 7 GeV

• Reverse ordering observed for collision 
energy = 3.0 GeV.Susceptibility ratio ordering

PHYS. REV. D 101, 074502 (2020)
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QCD critical point

Landmark point on the QCD phase diagram 9If present beyond B = 200 MeV



QCD critical point search
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Expected signature Measurements Deviations from baseline

M. A. Stephanov,  Phys.Rev.Lett. 107 (2011) 052301

HRG CE: P. B Munzinger et al, NPA1008, 122141(2021) HADES: PRC 102,024914(20) 

STAR: PRL 130 , 82301 (2023)
STAR: PRL128, 202303 (2022)
STAR: PRL 127, 262301 (2021)
STAR: PRL 126, 092301 (2021)
STAR: PRC 104, 024902 (2021)

Beam energy scan phase - I

Collision energy (GeV)
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QCD critical point search
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Larger statistics High statistics measurements
will come soon

Larger acceptance and more
differential measurements

Beam energy scan phase - II
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• New detectors enable 
larger coverage of 
acceptance

à rapidity window scan

Future experiments: STAR BES-II

J. Brewer, BEST Collaboration, CPOD2018 

Proton, STAR Au+Au
! " " = 3.9 GeV FXT mode

η = 1.5

iTPC upgrade

Proton, STAR Au+Au
! " " = 19.6 GeV collider mode

CBM TOF

Rapidity scan: sensitive 
probe of the critical region

BES-II whitepaper: 
https://drupal.star.bnl.gov/STAR/starnotes/public/sn0598

X. DongSept. 23-25, 2022             Hot and Cold QCD Townhall Meeting, MIT

Prospects from BES-II

21

Rapidity windows at BES-II
Collider:           |y|<0.8 
FXT:         -1.0<y<0.5 @ 3 GeV 

0.8

iTPC

7.7 GeV

19.6 GeV

Significantly improved statistics
Better systematic control
Extended acceptance and particle identification

H-S.Ko, SQM22 
X.Dong, QCD Town Hall Meetinghttps://drupal.star.bnl.gov/STAR/starnotes/public/sn0598

Largest search range in T vs. B of the QCD phase diagram in a single experiment
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QCD critical point search

Large statistics
and high baryon density Experiment Challenge: volume fluctuations

Compressed baryonic matter experiment 

Future experiments like CBM and NICA will probe high baryon density regime

8

Following theprocedureoutlined in Ref. [51], thesingle384

collision moments can be recursively expressed in terms385

of the measured moments of lower multiplicity bins as386
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The correction requires both ↵m and wi ,j to be de-
termined with a high level of precision. Both parameters
can be expressed in terms of the multiplicity of the single
collision events T(m) as

wi ,j =
↵T(i)T(j )

P
i ,j δm ,i + j ↵T(i)T(j )

, (16)

↵m =
↵

P
i ,j δm ,i + j T(i)T(j )

(1 − ↵)T(m) + ↵
P

i ,j δm ,i + j T(i)T(j )
, (17)

where ↵is the total pileup fraction overall reference mul-390

tiplicities. Therefore, the accuracy of ↵m and wi ,j is de-391

termined by one’s ability to extract the single collision392

distribution from the measured reference multiplicity.393

For this analysis, an unfolding technique [53] is used394

to estimate T(m). An overview of the unfolding proce-395

dure and a closure test of simulated events can be found396

in Ref. [52]. The unfolding is performed by generating397

both a pileup distribution and single collision distribu-398

tion from Monte-Carlo (toy-MC) events. The di↵erence399

between the toy-MC (single + pileup) distribution and400

the data multiplicity distribution is measured and prop-401

agated back to the toy-MC single collisions. The process402

is repeated until the toy-MC and data agree. Thebottom403

panel of Fig. 1 shows the ratio of the data and toy-MC404

after 100 iterations. In the top panel of Fig. 1 , the single405

collision and pileup distributions are represented by blue406

and green dashed lines, respectively. The procedure has407

one free parameter, which is the total pileup probability408

↵in Eq. 15. The procedure is run for various ↵param-409

eters and a χ2 test is performed. The pileup probability410

↵is determined to be (0.46± 0.09)% for all events and411

(2.10 ± 0.40)% in the 0–5% centrality class. With the412

unfolded single collision distribution and the ↵parame-413

ter, the response matrix wi ,j can be simulated as shown414

in Fig. 5. As stated, wi ,j is the probability to observe a415

sub-pileup event at multiplicity m with m = i + j . The416

pileup corrected cumulants are shown in Fig. 6. Addi-417

tionally, the event-averaged pileup corrected (red) and418

uncorrected (blue) cumulants are displayed. For all cu-419

mulants, only results from the top centrality class (0-420

5%) are a↵ected. Figure 7 are the pileup corrected and421

uncorrected cumulant ratios. Similar to the cumulants,422

the cumulant ratios are only a↵ected in the most central423

collisions. Pileup correction will increase uncertainties424

in the high multiplicity region, especially for reference425

multiplicity larger than 60. After the pileup correction,426

higher-order cumulant ratios, C4/C2, C5/C1 and C6/C2,427

are consistent with zero within uncertainty for the most428

central multiplicity bins.429
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FIG. 8. (a): Correlation distribution of Npart vs. reference
multiplicity from UrQMD model. Vertical and horizontal
dashed lines indicate the 0-5% central collisions selected by
Npart and reference multiplicity, respectively. (b): Npart root-
mean-square (RMS) distribution asa function of the reference
multiplicity. The vertical lines indicate the average reference
multiplicity for each centrality class.

Physics resultswill bediscussed asa function of a given431

event centrality class. Since the physics of higher-order432

cumulants and their ratios are supposed to be sensitive433

to collision dynamics including the centrality, it is im-434

portant to understand the correlation between the ex-435

perimentally measured referencemultiplicity distribution436

and the extracted class of collision centrality. I t is well-437

known that quantum fluctuations in particle production438

and fluctuation of the participating nucleon pairs will af-439

fect the final centrality determination, especially at low-440

energy collisions. The microscopic hadronic transport441

model UrQMD (v3.4) [54, 55], which does not contain442

critical phenomena physics, has been used to show the443

volumefluctuation e↵ect. Asan illustration, theUrQMD444

model results on the correlation of the reference multi-445

plicity and participating nucleons Npart is shown in the446

left panel of Fig. 8. The right panel shows the root-mean-447

square (RMS) values of the Npart distribution at a given448

fixed reference multiplicity.449

As onecan see, the correlation is broad and thedisper-450

sion (RMS) of Npart is as large as 30 in the mid-central451

UrQMD: Au+Au at �푁푁 = 3 퐺��

    − 0.5  <  �  <  0
��: 0.4  − 2 퐺��/�

         proton

New methods 
needed, e.g
A. Rustamov et 
al, arXiv:2211.14849
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Crossover at B = 0 MeV

Nature 443 (2006) 675-678

6/2 or C6/C2 < 0

Eur. Phys. J. C 71 1694 (2011)

JHEP 10 (2018) 205

PHYSICAL REVIEW D 101, 074502 (2020)
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Search for direct  experimental evidence of 
crossover

2 3 4 10 20 100 200

0

2

4

6
2/C

4
(a) C

Data (0-40%)

Data (50-60%)

40

STAR

2 3 10 20 100200
10-

0

10

20

30 1/C
5

(b) C

40

Au+Au Collisions

 < 2.0 GeV/c 
T

0.4 < p
       

                      Net-proton

2
/C 6

N
et

-p
ro

to
n 

C

2 3 4 10 20 100 200

200-

100-

0

100

LQCD
FRG
HRG CE

0-40% 50-60%
UrQMD

40

Au+Au Collisions at RHIC

 < 2.0 GeV/c
T

0.4 < p
Net-proton

 (GeV)NNsCollision Energy 

C
um

ul
an

t R
at

io
s

2
/C 6

N
et

-p
ro

to
n 

C

STAR: PRL 130 , 82301 (2023)
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H.-S. Ko, STAR Collaboration, QM22 

Charged Particle Multiplicity

|y| < 0.5, 0.4 < pT < 2.0 GeV/c

Sixth order cumulant ratios 
sign consistent with lattice 
QCD calculation with a 
crossover

Except for Au+Au 
collisions at 3 GeV and 
proton-proton collisions at 
200 GeV

Lower collision energies 
have large statistical 
uncertainties
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Going to still higher moments

4Net-pr oton and at STAR-RHIC Ash ish  Pandav for  STAR Col labor ation

Search for Crossover
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Figure 4: The sixth and eighth order cumulants of the net baryon number
fluctuations at µq/T = 0 in the PQM model. The temperature is given in
units of the pseudo-critical temperature Tpc(mπ) corresponding to a maxi-
mum of the the chiral susceptibility. The shaded area indicates the chiral
crossover region.

these derivatives have been implemented directly into the analysis of the
flow equations (see Appendix).

I n Fig. 4 we show the sixth and eighth order cumulants of the net baryon
number fluctuations computed at µq/T = 0 within the PQM model for phys-
ical values of the pion mass. The basic features dictated by O(4) symmetry
restoration, as discussed in the previous sections, are readily identified in the
figure. Moreover, the positions of the two extrema of χ B

6 correspond approx-
imately to the zeros of χ B

8 . This confirms that in the transition region, two
derivatives with respect to µq/T are indeed equivalent to one derivative with
respect to T .

From these calculations, as well as from calculations of the lower order
cumulants χ B

2 and χ B
4 , we obtain the ratios RB

n ,m of the n-th and m-th cu-
mulants. Results obtained for µq/T = 0 and µq/T > 0 are shown in Figs. 5
and 6, respectively. We note that these ratios approach unity at low tem-
peratures, as it is the case also in the hadron resonance gas model. I n the
transition region, they reflect the expected O(4) scaling properties; they have
a shallow maximum close to the transition region before they drop sharply.
I n particular, they show pronounced minima with R B

n ,2 < 0 in the vicinity
of the chiral crossover temperature. The exact location of these minima and

13

0.6 0.8 1 1.2
T/Tpc

-0.04

-0.02

0

0.02

cB 6

mq/T=0

0.6 0.8 1 1.2
T/Tpc

-0.2

-0.1

0

0.1

0.2

cB 8
mq/T=0

Figure 4: The sixth and eighth order cumulants of the net baryon number
fluctuations at µq/T = 0 in the PQM model. The temperature is given in
units of the pseudo-critical temperature Tpc(mπ) corresponding to a maxi-
mum of the the chiral susceptibility. The shaded area indicates the chiral
crossover region.

these derivatives have been implemented directly into the analysis of the
flow equations (see Appendix).

I n Fig. 4 we show the sixth and eighth order cumulants of the net baryon
number fluctuations computed at µq/T = 0 within the PQM model for phys-
ical values of the pion mass. The basic features dictated by O(4) symmetry
restoration, as discussed in the previous sections, are readily identified in the
figure. Moreover, the positions of the two extrema of χ B

6 correspond approx-
imately to the zeros of χ B

8 . This confirms that in the transition region, two
derivatives with respect to µq/T are indeed equivalent to one derivative with
respect to T .

From these calculations, as well as from calculations of the lower order
cumulants χ B

2 and χ B
4 , we obtain the ratios RB

n ,m of the n-th and m-th cu-
mulants. Results obtained for µq/T = 0 and µq/T > 0 are shown in Figs. 5
and 6, respectively. We note that these ratios approach unity at low tem-
peratures, as it is the case also in the hadron resonance gas model. I n the
transition region, they reflect the expected O(4) scaling properties; they have
a shallow maximum close to the transition region before they drop sharply.
I n particular, they show pronounced minima with RB

n ,2 < 0 in the vicinity
of the chiral crossover temperature. The exact location of these minima and

13

#$%

#"%

#$%, #"% > 0

Hadronic PhaseQGP Phase

At &' About &'

#$% < 0, #"% > 0

#$%, #"% < 0 #$% > 0, #"% < 0

B. Friman et. al Eur. Phys. J. C71 , 1 694 (201 1 ) 

PQM

LQCD

Net-baryon 

q ,	 from LQCD, FRG, 
PQM more sensitive probes for crossover . Stronger energy dependence.

q Sign of  and together sensitive to hadron ic phase, QGP phase and .

Hadronic Phase

At  
Hadronic Phase

QGP   Phase

Goal:  Identification of O(4) chiral criticality on the phase boundary.

LQCD: JHEP1 0 (201 8) 205, PRD1 01 , 074502 (2020), PQM: EPJC71 , 1 694(201 1 ), FRG: PRD1 04, 094047 (2021 )
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Future:  Extending 
measurements to 
�7 and �8 - more 
sensitive probes for 
crossover

q STAR: Au+Au at √�푁푁 = 200 GeV: ~ 20 billion 
event (2023+2025) Au+Au at √�푁푁 = 3 GeV: ~ 2 
billion events collected

q ALICE: Higher order measurements possible 
with high statistics LHC Run 3 data.

HotQCD: PRD101, 074502 (2020),  
S. Borsanyi et al, JHEP10 (2018) 205,   B. 
Friman et al,EPJC71, 1694(2011)

A. Pandav, STAR Collaboration, SQM22 
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0-40%
STAR Preliminary

STAR BUR Run22, STAR note 0773, ALICE: arXiv1812.06772



Search for signals 
of first order 
phase transition

First order phase transition:
• Multiplicity distribution bi-modal (two phases) 

• Proton factorial cumulants ��: with increasing order, 

   increase rapidly in magnitude with alternating sign. 

1 st order Phase Transition

4

Multiplicity distribution  bi-modal (contribu tion  from two phases)

Proton factorial cumu lan ts :	with  increasing order, increase rapidly in  
magn itude with  alternating sign  

= 
= 

BZDAK, KOCH, OLIINYCHENKO, AND STEINHEIMER PHYSICAL REVIEW C 98, 054901 (2018)

FIG. 1. The multiplicity distribution P (N ) at √
sN N = 7.7 GeV in the two component model given by Eq. (1) constructed with (a)

efficiency unfolded values for ⟨N ⟩, C3 and C4 and (b) with imposed efficiency of 0.65.

P(a)(N ) and P(b)(N ), provided C (a)
n and C (b)

n are much smaller
then the measured Cn, see Eqs. (8) and (9). The simplest
choice is to take Poisson distributions for both P(a) and P(b).
The next refinement is to use a binomial distribution for
P(a) in order to capture the effect of baryon number conser-
vation [64]. This actually results in C2 < 0, as seen in the
data.

Consequently, we take Pa (N ) as binomial,

Pa(N ) =
B !

N !(B − N )!
pN (1 − p )B−N (12)

with B = 350, which properly captures baryon number con-
servation, and Pb(N ) as Poisson.5 In this case the relevant
factorial cumulants are given by

C (a)
2 = −p2B, C (a)

3 = 2p3B, C (a)
4 = −6p4B,

C (a)
5 = 24p5B, C (a)

6 = −120p6B (13)

with ⟨N (a)⟩= pB . Obviously C (b)
n = 0 and Cn = C (a)

n .
Using Eqs. (7) we fit the mean number of protons as well

as the third and the fourth order factorial cumulants resulting
in

α ≈ 0.0033, N ≈ 14.7, p ≈ 0.114, (14)

which also gives ⟨N (a)⟩≈ 40 and ⟨N (b)⟩≈ 25.3. We note that
indeed α ≪ 1 as assumed in Eqs. (9), (10), and (11).

5We could also chose binomial here but this is rather irrelevant for
our results. For example, C2 depends on C (b)

2 through αC2 which
is expected to be much smaller than C (a)

2 . An actual fit to two
binomials results in C2 = −4.03 which, given the uncertainty of the
contribution due to participant fluctuations [64], is in equally good
agreement with the STAR data. At the same time the predictions for
C5 and C6 are within 3% of those using just one binomial.

Given the fit, we can also predict the factorial cumulants,
C2, C5, C6 and we obtain6

C2 ≈ −3.85, C5 ≈ −2645, C6 ≈ 40900, (15)

which corresponds to the following values for the cumulant
ratios7:

K 5/K 2 ≈ −34, K 6/K 2 ≈ 312. (16)

It is worth pointing out that C6/C5 ≈ C5/C4 ≈ C4/C3 is
in agreement with the discussion presented in the previous
section. We note that the resulting C2 ≈ −3.85 is slightly
more negative than the data. However, as shown, e.g., in
[64], the second order factorial cumulant receives a sizable
positive contribution from participant fluctuations C2 ≃ 2–3
whereas the correction to C3 and C4 are small. In any case cor-
recting data for the fluctuations of Npart should be done very
carefully to avoid model dependencies. In view of the sizable
errors in the preliminary STAR data we consider the present
fit as satisfactory.

The resulting probability distribution for the proton num-
ber, P (N ), Eq. (1), is shown in the left panel of Fig. 1.8
Even though the component centered at N ∼ 25 has a very
small probability α ∼ 0.3% it gives rise to a shoulder at low
N which should be visible in the multiplicity distribution.
However, this would require an unfolding of the measured dis-
tribution [43] in order to remove the effect of a finite detection
efficiency. Assuming a binomial model for the efficiency with

6Taking C4 = 130 (210), being consistent with the prelim-
inary STAR data [62], we obtain α ≈ 0.0078 (0.0017), N ≈
10.92 (18.43), p ≈ 0.115 (0.114), and C2 ≈ −3.64 (−3.99), C5 ≈
−1546 (−4030), C6 ≈ 17970 (77229). Also K 5/K 2 = −14 (−61)
and K 6/K 2 = 62 (818). For larger C4, the value of α gets smaller
but N gets larger, which is more effective in increasing the value of
C4, see Eq. (8).

7K 2 = ⟨N ⟩+ C2, K 5 = ⟨N ⟩+ 15C2 + 25C3 + 10C4 + C5, and
K 6 = ⟨N ⟩+ 31C2 + 90C3 + 65C4 + 15C5 + C6.

8Since we extract the multiplicity distribution from bin width
corrected cumulants, our result corresponds to an appropriately bin
width corrected multiplicity distribution.

054901-4

A. Bzdak et a l , PRC98, 054901  (2018), PRC1 00, 051 902(R) (201 9)

:		Two Component/Bimodal Distribu tion16Proper theory calculations with 1st order phase transition needed for interpretation the data

Phys.Rev.Lett. 120 (2018) 6, 062301

A. Bzdak and V. Koch,  
PRC100, 051902(R) (2019)



Search for 1st order phase transition signals
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Moat regime e-Print: 2301.11484 [hep-ph]

Low temperature and high baryon density

Theory

Z < 1 and W > 0

Region in phase diagram

Experimental observable

18

21120: 07024

New feature in QCD phase diagram that high baryon density experiments could look for

https://arxiv.org/abs/2301.11484


Quarkyonic matter

Baryon-Baryon correlations to 
look for nucleation of baryon 
rich bubbles surrounded by 
baryon free regions

Phys.Lett.B 690 (2010) 135-140

19

Region in phase diagram

Experimental signature 

Phases at large Nc - dense 
nuclear matter but 
Confined phase!
Baryon number is a order 
parameter for transition.

QCD-like Theory

L. McLerran, R.D. Pisarski
Nucl. Phys. A, 796 (2007), p. 83
Y. Hidaka, L.D. McLerran, R.D. Pisarski
Nucl. Phys. A, 808 (2008), p. 117

Large Nc, baryon mass MB ∼ Nc ΛQCD.  For T 
∼ΛQCD, baryon number is nB ∼exp(μB/T 
−MB/T)∼e-Nc (negligibly small) and it 
remains that way as long as μB < MB .  For 
larger μB the nB  becomes non- zero.  In the 
deconfined quark–gluon plasma phase there 
are no baryon masses, so that there is no 
baryon-number suppression.

For high baryon density regime experiments to look for



Summary – QCD phase 
structure

• Programs to carry out systematic study of the phase 
structure of QCD phase diagram through relativistic heavy 
ion collisions underway

• Higher moments measurements seem to follow

    QCD thermodynamics except at 3 GeV

• Experimental evidences of signatures related 

    to critical point observed at a 3  level

• Lattice QCD clearly shows cross over at B = 0.

• Experimental indications of cross over at B =

    20 MeV observed at < 2  level

• Hints of change of  equation of state at high B

• Need to continue the dedicated programs in the

     high baryon density regime to unfold the QCD

     phase diagram. This includes looking for Moat

     Quarkyonic matter regimes 

• Experiments: STAR@RHIC BES-II, CBM@FAIR,

     NICA@JNIR, SHINE@CERN-SPS, J-PARC-HI

     and CEE-HIAF complementary to each other
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Angular momentum and magnetic field
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D. E. Kharzeev et al.,
Nucl.Phys.A 803 (2008) 227 F. Becattini et al.,

Phys.Rev.C 77 (2008) 024906

Large magnetic field
Large angular momentum 
(Conserved Quantity)



Polarization of hyperons

22
STAR:
Nature 548 (2017) 62-65
Phys.Rev.C 104 (2021) 6, L061901
Phys.Rev.Lett. 126 (2021) 16, 162301
Phys.Rev.C 98 (2018) 014910



Global hyperon polarization

23

Nature 548 (2017) 62-65
Phys.Rev.C 104 (2021) 6, L061901
Phys.Rev.Lett. 126 (2021) 16, 162301
Phys.Rev.C 98 (2018) 014910
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PΛ ≈ 0.5ω/T + |μΛ|B/T and PΛ ≈ 0.5ω/T − |μΛ|B/T , where ω is 
the vorticity of the QGP, used to constrain the value of the 
magnetic field at freeze-out by evaluating (PΛ − PΛbar). 

ALICE: arXiv:2211.04384 

BES-II higher statistics will allow for estimate of magnetic field



Spin alignment of vector mesons

24STAR: Nature 614 (2023) 7947, 244-248

K. Schilling et al., Nucl. Phys. B 15 (1970) 397

00: Probability vector meson is in spin state = 0
     : 1/3 no spin alignment

   = Helicities 
 = spin density matrix
M = Decay amplitudeIn terms of spherical harmonics

Integrating over azimuthal angle

Normalized spin density matrix – Trace = 1



Physics processes and theory expectations

25

Physics process Theory Remarks Reference
Vorticity () 00() < 1/3 00() ~ 1

3
 - 1

9
()2 F. Becattini et al., Phys. Rev. 

C 95 (2017) 054902

Magnetic field (B) 00(B) > 1/3

~ 1
3
 - 1

9
 �1�2 
�1�2

 B2

00(B) < 1/3

Electrically neutral 
vector mesons

Electrically 
charged vector 
mesons

Y. Yang et. al., Phys. Rev. C 
97 (2018) 034917

Hadronization 00(rec) < 1/3
~ 1−�� ��

3+�� ��
00(frag) > 1/3
~ 1+��� ��

3−��� ��

Recombination

Fragmentation

Z. Liang et. al., Phys. Lett. B 
629 (2005) 20 (2005) 

Z. Liang and X. N. Wang 
Phys.Rev.Lett. 94 (2005) 
102301

Effective meson 
field

00 > 1/3 mesons X. L. Sheng et. al., 
arXiv:1910.13684 



Spin alignment 
of vector 
mesons

26

STAR: Nature 614 (2023) 7947, 244-248

BES-II – higher statistics will allow for differential measurements

RHIC LHC



Lattice QCD

Probing magnetic field in HIC using correlations

Measuring BS, BQ, QS correlations to 
probe magnetic field in HIC

Isospin symmetry broken 
due to magnetic field.

H.T. Ding et al, EPJA 57.202 (2021)
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Nuclei production in heavy-ion collisions

28

How can loosely bound objects 
like nuclei (binding energy B ~ 1 
MeV) be formed and survive in 
such a hot environment (kinetic 
freeze-out temperature Tfo ~ 100 
MeV)?

J. Kapusta, Phys. Rev. C 21 (1980) 1301

Thermal model Coalescence model
Measuring the yields of hyper-nuclei and their life-
time will provide valuable inputs to understanding 
the hyperon-nucleon interactions in heavy ion 
collisions and our understanding inner dynamics of 
compact stars. 

AAPPS Bull. 31 (2021) 1



Nuclei production: thermal vs. 
coalescence

29

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

 Anti-particle to particle ratio explained by 

thermal model for a wide range of �푁푁.

 퐵� 2 ∝ ��  �� �� −�� ,  퐵�2 ∝  4/

3 휋�� 0
3

� 0: Radius in momentum space.



Collectivity in light nuclei

30

Nucleon coalescence picture works up to 

�� � ≤ 1.5 GeV/c.

v2 values at mid-rapidity for all light nuclei are 
negative and no scaling is observed with the 
atomic mass number. 



Deuteron number fluctuations and proton-deuteron 
correlations

31
D. Mallick, QM2022, STAR

Discriminates  some 
thermal models and 
some coalescence 
models depending on 
collision energy



Hypernuclei - lifetime

32
Properties of hypernuclei give access to the study of interactions among hyperons and nucleons.
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Hypertriton lifetime

33

Small separation energy of the Λ to the pn core 
implies the lifetime of the hypertriton is very 
close to that of the free Λ hyperon.

In a quantum-mechanical model, the RMS radius 
of this hypernucleus is about 10.6 fm, if a 
deuteron-Λ bound state is assumed.

The Λ is with a very high probability
several femtometer away from the other 
nucleons.



Summary – polarization 
& nuclei 

• Experimental measurements of polarization of hyperons 

     and spin alignment of vector mesons have spurred

     systematic theoretical study of relativistic spin magneto

      hydrodynamics

•  Finite global polarization of hyperons observed, which

       increases as we go to lower collision energies.

• Finite spin alignment of vector mesons  observed, it has

      implications of new kinds of mesonic fields

•  Nuclei production mechanism still under debate,

      several kinds of experimental measurements exists

      and with higher statistics will be available in

       future.

•  Hypernuclei lifetime measurements are interesting

      inputs to hyperon-nucleon interactions and has

      implications beyond the field of heavy-ion collisions

• Experiments: STAR@RHIC BES-II, CBM@FAIR,

     NICA@JNIR, SHINE@CERN-SPS, J-PARC-HI

     and CEE-HIAF complementary to each other
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Fixed target vs. 
collider energies at 
RHIC

Hadronic degrees of freedom 
vs. 
quark gluon degrees of freedom
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Experimental program for high baryon 
density matter

AAPPS Bull. 31 (2021) 1 36



Femto-Nova
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Thermal 
models

Polarization
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