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QCD phase structure

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

Relativistic heavy-ion collisions allows access to the phase diagram of QCD
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QCD thermodynamics and 
baryon fluctuations

Ordering of 
ratios (Net-baryon): 
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Susceptibility ratio ordering
PHYS. REV. D 101, 074502 (2020)

Theory
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experiment

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

• Ordering of ratios as per 
LQCD for collision energies < 
7 GeV

• Reverse ordering observed for 
collision energy = 3.0 GeV.
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Baryon fluctuations and thermal 
model
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Measurements in central collisions agrees 
with thermal model, peripheral collisions do 
not.

Favors a thermal system for 
collision energies > 30 GeV
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QCD phase structure at µB = 0 MeV

Lattice QCD: Cross over at µB = 0 MeV

Nature 443 (2006) 675-678

Theory Observable for experiment
Eur. Phys. J. C 71 1694 (2011) JHEP 10 (2018) 205

PHYSICAL REVIEW D 101, 074502 (2020)

cB6/cB2 or CB
6/CB

2 < 0
Study the sign of high order baryon correlations
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Search for signals of cross over

Sixth order cumulant ratios sign consistent with lattice QCD calculation with a 
crossover except at collision energy ~ 3 GeV

Net-proton proxy for net-baryon

Charged Particle Multiplicity
STAR: PRL 130 , 82301 (2023)
STAR: PRL 127, 262301 (2021)
arxiv: 2311.00934 [nucl-ex]
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Search for signals of cross over 
– future 

4Net-proton !" and !# at STAR-RHIC −Ashish Pandav for STAR Collaboration

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).

In 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 χB

6 correspond approx-
imately to the zeros of χB

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 χB

2 and χB
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. In 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.
In 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
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B. Friman et. al Eur. Phys. J. C71, 1694 (2011) 

PQM

LQCD

Net-baryon 

q </, 	 <3, <6,	<8	(Hyper−order	cumulants)	<	0	OPQ	|<8|>|<3|,		|<6|>|</|		from LQCD, FRG, 
PQM− more sensitive probes for crossover. Stronger energy dependence.

q Sign of <3 and <8 together sensitive to hadronic phase, QGP phase and STU.

Hadronic Phase

VWX > Y,	V#X 	> Y

VWX < Y, 	V#X< Y

At Z[\

VWX > Y,V#X < Y

< Z[\
Hadronic Phase

QGP   Phase

VWX < Y,	V#X > Y

	V#X	

	VWX	

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

LQCD: JHEP10 (2018) 205, PRD101, 074502 (2020), PQM: EPJC71, 1694(2011), FRG: PRD104, 094047 (2021)
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A. Pandav, STAR Collaboration, SQM22 

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

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

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

Future:  Extending 
measurements to 𝐶"	and 
𝐶# - more sensitive 
probes for crossover
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Baryon fluctuations & QCD 
Critical point

If present, beyond µB = 200 MeV
Expected signature: Non-monotonic 
variations of 4th order proton number 
fluctuations as a function of collision energy.

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

Theory expectations

Prog.Part.Nucl.Phys. 125 (2022) 103960
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Search for signals of QCD 
Critical Point
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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)
HADES: RC 102,024914(20)

Measurements

Deviations from baseline

HRG CE: P. B Munzinger et al, NPA1008, 122141(2021) 
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Search for CP with higher baryon 
number carrying (nuclei) objects

STAR: Phys.Rev.Lett. 130 (2023) 202301

Sensitive to the neutron density fluctuations

STAR: e-Print: 2304.10993 [nucl-ex]

CE thermal model and UrQMD + Coalescence 
qualitatively agree with data
Large acceptance for nuclei needed for CP search
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https://arxiv.org/abs/2304.10993


Search for QCD CP - Future
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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

Larger statistics, larger acceptance and more 
differential measurements

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

e-Print: 2209.05009 [nucl-ex]
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https://arxiv.org/abs/2209.05009


Baryon fluctuation and 1st order 
phase transition 

1st order Phase Transition

4

Multiplicity distribution bi-modal (contribution from two phases)

Proton factorial cumulants 4PQ .:	with increasing order, increase rapidly in 
magnitude with alternating sign 

48 = 	 78
4, = 	−78 + 7,
4> = 278 − 37, + 7>
4* = −678 + 117, − 67> + 7*
45 = 2478 − 507, + 357> − 107* + 75
46 = −12078 + 2747, − 2257> +
										857*−1575 + 76

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

FIG. 1. The multiplicity distribution P (N ) at
√

sNN = 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:

K5/K2 ≈ −34, K6/K2 ≈ 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 K5/K2 = −14 (−61)
and K6/K2 = 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).

7K2 = ⟨N⟩ + C2, K5 = ⟨N⟩ + 15C2 + 25C3 + 10C4 + C5, and
K6 = ⟨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 al, PRC98, 054901 (2018), PRC100, 051902(R) (2019)

W ; = (1 − X)WY ; +XWZ(;):		Two Component/Bimodal Distribution

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

Multiplicity distribution bi-modal (two phases) 
Proton factorial cumulants 𝜅$: with increasing 
order, increase rapidly in magnitude with 
alternating sign. 

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

Non-monotonic variation of 
slope of directed flow of 
baryons with collision energy

12/20



Search for signals of 1st order 
phase transition 
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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)

qFor √𝑠!! ≥ 11.5 GeV, 𝜅$	within uncertainties does not 
support the two-component shape of proton distributions. 
Possibility of sign change at low energy.

qPeripheral data and UrQMD results consistent with zero.

Proton 
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Role of Baryon Junction in 
Baryon number Fluctuation

HIJING Bbar (v. 1.0) Model 
based study

14/20

Idea: Phys. Lett. B 378 (1996) 238-246: Can Gluons 
trace Baryon Numbers ? “the traces of baryon 
number in a high-energy process can reside in a 
non-perturbative configuration of gluon fields, 
rather than in the valence quarks. 

MODEL: Phys.Lett.B443:45-
50,1998: Baryon Number Transport 
via Gluonic Junctions:  A novel non-
perturbative gluon junction 
mechanism is introduced within the 
HIJING/B nuclear collision event 
generator to calculate baryon 
number transport. …In HIJING/B, 
we implement Kharzeev’s model 
through a “Y” string configuration for 
the excited baryon. 

PHYSICAL REVIEW LETTERS 83, 1735 (1999) 
PHYSICAL REVIEW C 68, 054902 (2003)
PHYSICAL REVIEW C 70, 064906 (2004)
PHYSICAL REVIEW C 72, 054901 (2005)
PHYSICAL REVIEW C 81, 054911 (2010) 
PHYSICAL REVIEW C 83, 024902 (2011)
PHYSICAL REVIEW C 98, 064903 (2018) 

Dashed – with Junction 



Distributions & Cumulants of 
proton, anti-proton and net-protons 
w/w.0 baryon junction
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Differences in 
net-proton 
distributions 
with and without 
baryon junction 
observed in 
central collisions



Cumulants of net-proton 
distributions w/w.0 baryon junction
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Exotic phases: Moat regime
normal
moat
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Low temperature and high baryon density

Theory

Z < 1 and W > 0

Region in phase diagram

Experimental observable

Arxiv: 21120: 07024

New feature in QCD phase diagram that high baryon density experiments 
could search
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https://arxiv.org/abs/2301.11484


Exotic phases: Quarkyonic 
matter

QCD-like Theory

Phases at large Nc - dense 
nuclear matter but 
confined phase.
Baryon number is the 
order parameter for 
transition.

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

Region in phase diagram

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.

Experimental signature 

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

Baryon-Baryon correlations to 
look for nucleation of baryon 
rich bubbles surrounded by 
baryon free regions
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Summary – QCD 
phase structure

• Programs to carry out systematic study of the 
phase structure of QCD phase diagram through 
relativistic heavy ion collisions underway. Baryons 
play a crucial role.

• Higher moments measurements seem to follow

    QCD thermodynamics except at 3 GeV

• Experimental evidences of signatures related 

    to critical point observed at a 3 s level

• Lattice QCD clearly shows cross over at µB = 0.

• Experimental indications of cross over at µB =

    20 MeV observed at < 2 s level

• Hints of change of  equation of state at high µB

•  First study of role of baryon junction on   

     fluctuation observable presented.

• Need to continue the dedicated programs in the

     high baryon density regime to unfold the QCD

     phase diagram. This includes looking for Moat

     and 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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