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Figure 1: Conjectured QCD phase diagram. The phase boundary (solid line) between the hadronic

gas phase and the high-temperature quark-gluon phase is a first-order phase transition line, which

begins at large µB and small T and curves towards smaller µB and larger T . This line ends at the

QCD critical point whose conjectured position, indicated by a square, is uncertain both theoret-

ically and experimentally. At smaller µB there is a cross over indicated by a dashed line. The

region of µB/T  2 is shown as blue dot-dashed line. A comparison between RHIC data and lattice

QCD calculations disfavors the possible QCD critical point being located at µB/T  2 16, 17. The

red-yellow dotted line corresponds to the chemical freeze-out (where inelastic collisions among

the constituents of the system cease) inferred from particle yields in heavy-ion collisions using a

thermal model. The liquid-gas transition region features a second order critical point (red-circle)

and a first-order transition line (yellow line) that connect the critical point to the ground state of

nuclear matter (T ⇠ 0 and µB ⇠ 925 MeV) 8. The regions of the phase diagram accessed by past

(AGS and SPS), ongoing (LHC, RHIC, SPS and RHIC operating in fixed target mode), and future

(FAIR and NICA) experimental facilities are also indicated.
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Is there a critical point?

To what extent is the 
crossover in 𝑇 − 𝜇$
plane?
Is there a first-order 
transition at finite 𝜇$?
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Goal: Study the phase diagram of QCD.
Varying collision energy varies Temperature (T) and Baryon Chemical Potential (µB).
Fluctuations in various observables are sensitive to phase transition and critical point. 

Introduction: QCD Phase Diagram
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Observables
q Higher order cumulants of net-proton distributions (proxy for net-baryon).

𝐶& =	< 𝑁 >
𝐶, =	< 𝛿𝑁 , > Here, 𝛿𝑁 = 𝑁−< 𝑁 >
𝐶. =	< 𝛿𝑁 . >
𝐶/ =	< 𝛿𝑁 / > −3 < 𝛿𝑁 , >,
𝐶1 = < 𝛿𝑁 1 > −10 < 𝛿𝑁 . >	< 𝛿𝑁 , >
𝐶4 = < 𝛿𝑁 4 > −15 < 𝛿𝑁 / >	< 𝛿𝑁 , > −10 < 𝛿𝑁 . >, +30 < 𝛿𝑁 ,>.

q Higher order cumulants: sensitive probe for CP and the nature of phase transition. 

𝐶,~𝜉, 𝐶/~𝜉9 *Quantitative numbers - Model dependent 

:;
(=)

:;
(?) = 𝜅𝜎, = 	 B=,;

B?,;	

:;
(D)

:;
(?) = 𝑆𝜎 = 	 BD,;

B?,;	

M. A. Stephanov, Phys.Rev.Lett. 107 (2011) 052301, Y. Hatta et al, Phys.Rev.Lett. 91 (2003) 102003

Non-monotonic energy 
dependence of kurtosis 
of net-proton
in presence of CP

Search for CP
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Search for Crossover
Goal:  Identification of O(4) chiral criticality on the phase boundary.
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HotQCD, Phys. Rev. D101,074502 (2020)
Wei-jie Fu  et. Al, arXiv:2101.06035
B. Friman et al, Eur.Phys.J. C71 1694 (2011) 

q Increasing negative !6/!" (0-40%)  with decreasing collision energy. Weak energy 
dependence of !8/!9 (0-40%). Deviations from zero at a level of ≲ 2/ observed.

q !8/!9 and !6/!" for peripheral (70-80%) >0 for all energies. 

!8,	!6: negative for LQCD, FRG, PQM− crossover
!8,	!6: positive for HRG and UrQMD (No QCD transition)

Search for Crossover

CPOD2021
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B. Friman et al, Eur.Phys.J. C71 1694 (2011) 

q Increasing negative !6/!" (0-40%)  with decreasing collision energy. Weak energy 
dependence of !8/!9 (0-40%). Deviations from zero at a level of ≲ 2/ observed.

q !8/!9 and !6/!" for peripheral (70-80%) >0 for all energies. 

!8,	!6: negative for LQCD, FRG, PQM− crossover
!8,	!6: positive for HRG and UrQMD (No QCD transition)
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Wei-jie Fu  et. Al, arXiv:2101.06035
B. Friman et al, Eur.Phys.J. C71 1694 (2011) 

CPOD2021- Ashish Pandav

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

!",	!#: negative for LQCD, FRG, PQM− crossover
!",	!#: positive for HRG and UrQMD (No QCD transition)

FRG

PQM

Lattice QCD

𝐶1,	𝐶4: negative for LQCD, FRG, PQM− crossover
𝐶1,	𝐶4: positive for HRG and UrQMD (No QCD transition)

Ordering of ratios : BDBF
> B=

B?
> BG

BF
> BH

B?
- LQCD, FRG

LQCD: JHEP10 (2018) 205, PRD101, 074502 (2020), PQM: EPJC71, 1694(2011), FRG: PRD104, 094047 (2021)

Functional renormalization 
group (FRG) approach to QCD
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Search for First-order Phase Transition
Multiplicity distribution becomes bi-modal (contribution from two phases) 

Proton factorial cumulants 𝜅I:	with increasing order, increase rapidly in 
magnitude with alternating sign 

𝜅& = 	 𝐶&
𝜅, = 	−𝐶& + 𝐶,
𝜅. = 2𝐶& − 3𝐶, + 𝐶.
𝜅/ = −6𝐶& + 11𝐶, − 6𝐶. + 𝐶/
𝜅1 = 24𝐶& − 50𝐶, + 35𝐶. − 10𝐶/ + 𝐶1
𝜅4 = −120𝐶& + 274𝐶, − 225𝐶. +
										85𝐶/−15𝐶1 + 𝐶4

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 et al, PRC98, 054901 (2018), PRC100, 051902(R) (2019)

𝑃 𝑁 = (1 − 𝛼)𝑃Q 𝑁 +𝛼𝑃R(𝑁):		Two Component/Bimodal Distribution
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Analysis Procedure

1/ Event Selection 2/ Centrality Selection

3/ Track selection and PID
4/ Construct Multiplicity 
Distributions

5/Calculate Cumulants 6/ Correct for Efficiency

7/ Correct for Centrality Bin 
Width Effect

8/ Compute Statistical Errors 

9/ Compute Systematic Errors

10/ Comparison with models



√sNN (GeV) Events (106) µB (MeV)
200 900 20

62.4 43 73

54.4 550 83

39 92 112

27 31 156

19.6 14 206

14.5 14 264

11.5 7 315

7.7 2.2 420

3 140 750

Goal: to map the QCD phase diagram  20 < µB < 750 MeV
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Dataset Details
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J. Cleymans et. al, PRC. 73, 034905 (2006)
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1) Net-proton distributions, top 5% central collisions, efficiency uncorrected.
2) Values of the mean increase as energy decreases, effect of baryon stopping. Larger 

width à larger stat. errors:  err(	CX	)	∝
Z[

\]^_`

Event-by-event Raw Net-proton Distributions
4

10− 0 10 20 30 40

0

0.02

0.04

0.06

0.08

0.1
7.7

11.5

14.5

19.6

27

39

54.4

62.4

200

 (GeV)
NN

s Au+Au Collisions
0-5% Central
< 2.0 (GeV/c), |y|  < 0.5

T
0.4 < p

N
o

rm
a

liz
e

d
 N

u
m

b
e

r 
o

f 
E

ve
n

ts

Net-proton (∆Np = Np - Np)

FIG. 1. Event-by-event net-proton number distributions for head-on
(0-5% central) Au+Au collisions for nine

p
sNN values measured by

the STAR. The distributions are normalized to the total number of
events at each

p
sNN. The statistical uncertainties are smaller than

the symbol sizes and the lines are shown to guide the eye. The dis-
tributions in this figure are not corrected for proton and anti-proton
detection efficiency. The deviation of the distribution for

p
sNN =

54.4 GeV from the general energy dependence trend is understood
to be due to the reconstruction efficiency of protons and anti-protons
being different compared to other energies.

momenta, by reconstructing their tracks in the Time Projec-232

tion Chamber (TPC) placed within a solenoidal magnetic field233

of 0.5 Tesla, and by measuring their ionization energy loss234

(dE/dx) in the sensitive gas-filled volume of the chamber.235

The selected kinematic region for protons covers all azimuthal236

angles for the rapidity range |y|< 0.5, where rapidity y is the237

inverse hyperbolic tangent of the component of speed parallel238

to the beam direction in units of the speed of light. The pre-239

cise measurement of dE/dx with a resolution of 7% in Au+Au240

collisions allows for a clear identification of protons up to 800241

MeV/c in transverse momentum (pT). The identification for242

larger pT (up to 2 GeV/c, with purity above 97%) is made243

by a Time Of Flight detector (TOF) [34] having a timing res-244

olution of better than 100 ps. A minimum pT threshold of245

400 MeV/c and a maximum distance of closest approach to246

the collision vertex of 1 cm for each p( p̄) candidate track is247

used to suppress contamination from secondaries and other248

backgrounds (for example protons from interactions of ener-249

getic particles produced in the collisions with detector materi-250

als and the beam pipe) [15, 35]. This pT acceptance accounts251

for approximately 80% of the total p + p̄ multiplicity at mid-252

rapidity. This is a significant improvement from the results253

previously reported [35] which only had the p + p̄ measured254

using the TPC. The observation of non-monotonic variation255

of the kurtosis times variance (ks2) with energy is much more256

significant with the increased acceptance. The increased fluc-257

tuations are found to have contributions from protons and anti-258

protons in the entire pT range studied. For the rapidity depen-259

dence of the observable see Supplemental Material [34].260

Figure 1 shows the event-by-event net-proton (Np �Np̄ =261

DNp) distributions obtained by measuring the number of pro-262

tons (Np) and anti-protons (Np̄) at mid-rapidity (|y| < 0.5) in263

the transverse momentum range 0.4 < pT (GeV/c)< 2.0 for264

Au+Au collisions at various
p

sNN. To study the shape of265

the event-by-event net-proton distribution in detail, cumulants266

(Cn) of various orders are calculated, where C1 = M, C2 = s2,267

C3 = Ss3 and C4 = ks4.268

Figure 2 shows the net-proton cumulants (Cn) as a func-269
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FIG. 2. Cumulants (Cn) of the net-proton distributions for central
(0-5%) and peripheral (70-80%) Au+Au collisions as a function of
collision energy. The transverse momentum (pT) range for the mea-
surements is from 0.4 to 2 GeV/c and the rapidity (y) range is -0.5 <
y < 0.5. The vertical narrow and wide bars represent the statistical
uncertainties and systematic uncertainties, respectively.

tion of
p

sNN for central and peripheral Au+Au collisions.270

The cumulants are corrected for the multiplicity variations271

arising due to finite impact parameter range for the measure-272

ments [32]. These corrections suppress the volume fluctua-273

tions considerably [32, 36]. A different volume fluctuation274

correction method [37] has been applied to the 0-5% central275

Au+Au collision data and the results were found to be consis-276

tent with those shown in Fig 2 . The cumulants are also cor-277

rected for finite track reconstruction efficiencies of the TPC278

and TOF detectors. This is done by assuming binomial re-279

sponse of the two detectors [35, 38]. A cross-check using a280

different method based on unfolding [34] of the distributions281

for central Au+Au collisions at
p

sNN = 200 GeV has been282

found to give values consistent with the cumulants shown in283

Fig. 2. Further, the efficiency correction method used has been284

verified in a Monte Carlo. Typical values for the efficiencies285

in the TPC (TOF) for the momentum range studied in 0-5%286

central Au+Au collisions at
p

sNN = 7.7 GeV are 83%(72%)287

and 81%(70%) for the protons and anti-protons, respectively.288

The corresponding efficiencies for
p

sNN = 200 GeV colli-289

sions are 62%(69%) and 60%(68%) for the protons and anti-290

protons, respectively. The statistical uncertainties are obtained291

using both a bootstrap approach [28, 38] and the Delta theo-292

rem [28, 38, 39] method. The systematic uncertainties are293

estimated by varying the experimental requirements to recon-294

struct p ( p̄) in the TPC and TOF. These requirements include295

the distance of the proton and anti-proton tracks from the pri-296

mary vertex position, track quality reflected by the number of297

TPC space points used in the track reconstruction, the parti-298

cle identification criteria passing certain selection criteria, and299

the uncertainties in estimating the reconstruction efficiencies.300

The systematic uncertainties at different collision energies are301

uncorrelated.302

The large values of C3 and C4 for central Au+Au collisions303

show that the distributions have non-Gaussian shapes, a possi-304

ble indication of enhanced fluctuations arising from a possible305

critical point [11, 22]. The corresponding values for periph-306

STAR: PRL 126, 092301 (2021)
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Analysis Techniques (Corrections and Uncertainties) 
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q Reconstruction efficiency

q Centrality bin width correction

𝐶I = ∑ 𝑤c𝐶I,cc where 𝑤c = 𝑛c/∑ 𝑛cc ,		𝑛=1,2,3,4…
Here, 𝑛c is no. of events in 𝑟gh multiplicity bin 

q Statistical uncertainties:
Ø Bootstrap method

q Sources of systematic uncertainties:
Ø Particle identification
Ø Background estimates (DCA)
Ø Track quality cuts
Ø Efficiency variation

X. Luo , Phys. Rev. C 91, (2015) 034907 
T. Nonaka et al, Phys. Rev. C 95, (2017) 064912 
X. Luo et al, J.Phys. G 40, 105104 (2013)
X. Luo, J. Phys. G 39, 025008 (2012) 
X.Luo et al, Phys.Rev. C99 (2019) no.4, 044917
A.Pandav et al, Nucl. Phys. A 991, (2019)121608



Net-proton Cumulant Measurements

shown in Fig. 2. The cumulants are also corrected for the
finite track reconstruction efficiencies of the TPC and
TOF detectors. This is done by assuming a binomial
response of the two detectors [42,45]. A cross-check using
a different method based on unfolding [34] the distribu-
tions for central Auþ Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV
has been found to give values consistent with the cumu-
lants shown in Fig. 2. Further, the efficiency correction
method used has been verified in a Monte Carlo calcu-
lation. Typical values for the efficiencies in the TPC (TOF
matching) for the momentum range studied in 0%–5%
central Auþ Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 7.7 GeV are 83%
(72%) and 81% (70%) for the protons and antiprotons,
respectively. The corresponding efficiencies for

ffiffiffiffiffiffiffiffi
sNN

p ¼
200 GeV collisions are 62% (69%) and 60% (68%) for the
protons and antiprotons, respectively. The statistical
uncertainties are obtained using a bootstrap approach
[28,45] and the Delta theorem [28,45,46] method. The
systematic uncertainties are estimated by varying the
experimental requirements to reconstruct p (p̄) in the
TPC and TOF. These requirements include the distance of
the proton and antiproton tracks from the primary vertex
position, the track quality reflected by the number of TPC
space points used in the track reconstruction, the particle
identification criteria passing certain selection criteria,
and the uncertainties in estimating the reconstruction
efficiencies. The systematic uncertainties at different
collision energies are uncorrelated.
The large values of C3 and C4 for central Auþ Au

collisions show that the distributions have non-Gaussian
shapes, a possible indication of enhanced fluctuations
arising from a possible critical point [11,22]. The
corresponding values for peripheral collisions are small
and close to zero. For central collisions, the C1 and C3

monotonically decrease with increasing
ffiffiffiffiffiffiffiffi
sNN

p
.

We employ ratios of cumulants in order to cancel volume
variations to first order. Further, these ratios of cumulants
are related to the ratio of baryon-number susceptibilities.
The latter are χBn ¼ ðdnP=dμnBÞ, where n is the order and P
is the pressure of the system at a given T and μB,
computed in lattice QCD and QCD-based models [47].
The C3=C2 ¼ Sσ ¼ ðχB3 =TÞ=ðχB2 =T2Þand C4=C2 ¼ κσ2 ¼
ðχB4Þ=ðχB2 =T2Þ. Close to the critical point, QCD-based
calculations predict the net-baryon number distributions
to be non-Gaussian and the susceptibilities to diverge,
causing moments, especially higher-order quantities like
κσ2, to have nonmonotonic variations as a function offfiffiffiffiffiffiffiffi
sNN

p
[47,48].

Figure 3 shows the central 0%–5% Auþ Au collision
data for Sσ and κσ2 in the collision energy range of 7.7–
62.4 GeV, fitted to a polynomial function of order 5 and
4, respectively. The derivative of the polynomial function
changes sign [34] with

ffiffiffiffiffiffiffiffi
sNN

p
for κσ2, thereby indicating a

nonmonotonic variation of the measurement with the
collision energy. The uncertainties of the derivatives are
obtained by varying the data points randomly at each
energy within the statistical and systematic uncertainties
separately. The overall significance of the change
in the sign of the slope for κσ2 vs

ffiffiffiffiffiffiffiffi
sNN

p
, based on the

fourth order polynomial function fitting procedure fromffiffiffiffiffiffiffiffi
sNN

p ¼ 7.7–62.4 GeV, is 3.1 σ. This significance is
obtained by generating one million sets of points, where
for each set, the measured κσ2 value at a given

ffiffiffiffiffiffiffiffi
sNN

p
is

randomly varied within the total Gaussian uncertainties
(systematic and statistical uncertainties added in quad-
rature). Then for each new κσ2 vs a

ffiffiffiffiffiffiffiffi
sNN

p
set of points, a

fourth order polynomial function is fitted and the
derivative values are calculated at a different

ffiffiffiffiffiffiffiffi
sNN

p
(as
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FIG. 2. Cumulants (Cn) of the net-proton distributions for
central (0%–5%) and peripheral (70%–80%) Auþ Au collisions
as a function of collision energy. The transverse momentum (pT)
range for the measurements is from 0.4 to 2 GeV=c, and the
rapidity (y) range is −0.5 < y < 0.5.
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FIG. 3. Upper panels: Sσ (1) and κσ2 (2) of net-proton
distributions for 0%–5% central Auþ Au collisions fromffiffiffiffiffiffiffiffi
sNN

p ¼ 7.7–62.4 GeV. The bars on the data points are statistical
and systematic uncertainties added in quadrature. The black solid
lines are polynomial fit functions that best describe the data. The
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Derivative of the fitted polynomial as a function of

ffiffiffiffiffiffiffiffi
sNN

p
. The bar

and the shaded band on the derivatives represent the statistical
and systematic uncertainties, respectively.
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STAR: PRL 126, 092301 (2021)
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q Cumulants 𝐶& and 𝐶. decrease 
with collision energy for 0-5% 
centrality.

q 𝐶, and 𝐶/ (0-5%) show 
non-monotonic collision 
energy dependence.

q Peripheral measurements 
close to zero.
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Measurements and QCD Thermodynamics

Within uncertainties, experimental data consistent with predicted hierarchy.

UrQMD does not follow the ordering. Positive for all the ratios.
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Net-Proton 𝐶//𝐶, −CP Search
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q Non-monotonic collision energy 
dependence observed.

q UrQMD model fails to reproduce 
the observed non-monotonic 
dependence.

STAR: PRL 126, 092301 (2021)
STAR: PRL. 128, 202303 (2022)
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Net-Proton 𝐶//𝐶, −CP Search
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STAR: PRL 126, 092301 (2021)
STAR: PRL. 128, 202303 (2022)

q Non-monotonic collision energy 
dependence observed.

q UrQMD model fails to reproduce 
the observed non-monotonic 
dependence.

Precision measurements in the range: 
7.7 < √𝑠kk < 27 GeV ongoing at BES-II
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Net-Proton 𝐶//𝐶, −CP Search
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q Consistent with UrQMD.

q QCD matter is hadronic at 3 GeV.

q If CP exists, it exists at √𝑠kk > 3 GeV.

New measurement at 3 GeV
(𝜇$=720 MeV)

STAR: PRL 126, 092301 (2021)
STAR: PRL. 128, 202303 (2022)

q Non-monotonic collision energy 
dependence observed.

q UrQMD model fails to reproduce 
the observed non-monotonic 
dependence.

Precision measurements in the range: 
7.7 < √𝑠kk < 27 GeV ongoing at BES-II
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Net-Proton 𝐶//𝐶, −CP Search
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q Non-monotonic collision energy 
dependence observed.

q UrQMD model fails to reproduce 
the observed dependence non-
monotonicity.

New measurement at 3 GeV !

STAR: PRL 126, 092301 (2021)
STAR: PRL. 128, 202303 (2022)

STAR: PRL, 113, 092301 (2014) 
STAR: PLB. 785, 551 (2018) 

q Consistent with UrQMD.

q QCD matter is hadronic at 3 GeV.

q If CP exists, it exists at √𝑠kk > 3 GeV.
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Net-Proton 𝐶1/𝐶& and 𝐶4/𝐶, − Search for Crossover
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q 𝐶1/𝐶& (0-40%) fluctuates around zero as a function of √𝑠kk. 𝐶4/𝐶, (0-40%) increasingly 
negative with decreasing √𝑠kk - consistent with expectation from LQCD, FRG model.

q Peripheral data, UrQMD, HRG model calculation are positive or consistent with zero.

PRD.104.094047(2021)PRD.104.094047(2021)
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Net-Proton 𝐶1/𝐶& and 𝐶4/𝐶, at 200 GeV− Search for Crossover

q Zr+Zr and Ru+Ru data follows the multiplicity trend shown by p+p and Au+Au.

q Cumulant ratios decrease with increasing multiplicity. 𝐶1/𝐶& and 𝐶4/𝐶, from 
Au+Au results becomes negative: consistent with LQCD.
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Proton 𝜅1 and 𝜅4 − Search for First-order Phase Transition

q 𝜅1 (0-5%) consistent with two component model expectation within 
uncertainties while 𝜅4 (0-5%) remains 1.8𝜎 away. 
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Summary and Outlook

q Higher-order cumulants are important observable in the study of QCD phase structure. 
Sensitive to CP, crossover and first-order phase transition.

q Net-proton cumulant ratios seem to follow hierarchy predicted by QCD thermodynamics. 

q Non-monotonic collision energy dependence observed for net-proton 𝐶//𝐶,. Hint of CP in the 
collision energy range 7.7 ≤ √𝑠kk ≤ 27 GeV. Recent data at 3 GeV suggests QCD matter is 
hadronic at such low energies, indicating that if critical region is created in heavy-ion collisions, 
it should exist at √𝑠kk > 3 GeV.

q Net-proton 𝐶4/𝐶, is increasingly negative with decreasing √𝑠kk. Multiplicity dependence studies at 
√𝑠kk = 200 GeV suggest 𝐶4/𝐶, becomes negative with increasing multiplicity. Observations are 
consistent with sign predicted by lattice QCD for crossover.

q Proton 𝜅I measurement at 7.7 GeV have large uncertainties. Precision measurements at low √𝑠kk
from BES-II will be interesting for the search of first-order phase transition.

q Measurements with high statistic BES-II data (~10 −20 times of current statistics) ongoing.
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BES-II at RHIC

High statistics collected 
for √𝑠kk= 7.7 – 27 GeV:
Precision measurement

STAR FXT: Extend
precision measurements 
to 𝜇$=750 MeV

Detector Upgrades: iTPC, 
eTOF, EPD: Enlarged phase
Space coverage. 
Crucial for CP search.

√sNN (GeV) Events (106) µB (MeV)

7.7 101 420

9.2 162 355

11.5 235 315

14.5 324 264

17.3 256 230

19.6 478 206

27 555 156

√sNN (GeV) Events (106) µB (MeV)

7.7 163 420

6.2 118 487

5.2 103 541

4.5 108 589

3.9 170 633

3.5 116 666

3.2 201 699

3.0 2361 750

Collider Mode FXT Mode

STAR Internal Note: https://drupal.star.bnl.gov/STAR/starnotes/public/sn0598
T. Nonaka (for STAR Collaboration) : 3rd workshop on Physics performance studies 
at FAIR and NICA, 2021
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STAY TUNED FOR BES-II Results

THANK YOU FOR YOUR ATTENTION


