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Phase structure:

• QGP and hadronic phase


• Transition temperature ( )

• Crossover at  small  


• 1st order P.T. at large 


• Critical end point

Tc
μB (

μB

T
< 2)

μB

 Phase diagram of strongly interacting matter 

 Largely conjectured

B. Mohanty, N. Xu, arXiv:2101.09210

Models

Lattice

QCD

Lattice QCD

μB /T < 2

Introduction: QCD Phase Diagram



• Lattice calculations at 
high  suffer from sign 
problem


• Effective models have 
several underlying 
assumptions/
approximations


μB
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CP LOCATION

A. Pandav, D. Mallick, B. Mohanty, PPNP. 125, 103960 (2022)

 Theory predictions in  plane. Experimental search very important.μB − T

Introduction: QCD Phase Diagram



Observable Definition Comments

For CP search: 
Look for non-monotonic collision 

energy dependence

Look for non-monotonic collision 
energy dependence

Look for scaling behavior of factorial 
moments w.r.t bin size M

Look for power law scaling of 
correlation function

Look for non-monotonic collision 
energy dependence

νdyn

< ΔpT,iΔpT,j >

Fq(M)

Cn

C(k*)

Particle ratio fluctuation

Momentum correlation

Intermittency: Scaled factorial mom.

Femtoscopic correlation function

Fluctuations/Cumulants

 of conserved charge   
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< Nx >2

+
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∑
k=1
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i=1
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∑
j=1, j≠i

(pT,i − < M(pT) > )(pT, j − < M(pT) > )

< 1
M2 ∑M2

i=1 ni(ni − 1) . . (ni − q + 1) >

< 1
M2 ∑M2

i=1 ni >

N
A(k*)
B(k*)

4

C1 = < n > , C2 = < δn2 >
C3 = < δn3 >

C4 = < δn4 > − 3 < δn2 >2

Observables (Selected):
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Observables (Selected):

Theory calculation available



6

Fluctuations near CP:

Critical Opalescence:  appears milky whiteCO2

T. Andrews. Phil. Trans. Royal Soc.,1869, 159:575.

Development of long range 

density fluctuations,


Divergence of correlation length,

thermodynamic response functions

(susceptibility, compressibility etc)


Enhanced fluctuations expected near CP.


How to quantify fluctuations? measure 
cumulants.
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C3 = < δn3 >

C1 = < n >

C4 = < δn4 > − 3 < δn2 >
C5 = < δn5 > − 10 < δn3 > < δn2 >
C6 = < δn6 > − 15 < δn4 > < δn2 > −10 < δn3 >2 + 30 < δn2 >3

*δn = n − < n >C2 = < δn2 >

n = net-proton multiplicity in an event๏Cumulants:

Skewness: Asymmetry

Kurtosis: Peakedness

๏Factorial cumulants:
κ1 = C1
κ2 = − C1 + C2
κ3 = 2C1 − 3C2 + C3
κ4 = − 6C1 + 11C2 − 6C3 + C4
κ5 = 24C1 − 50C2 + 35C3 − 10C4 + C5
κ6 = − 120C1 + 274C2 − 225C3 + 85C4 − 15C5

+C6

M. A. Stephanov, PRL 107 (2011) 052301

R.V. Gavai and S. Gupta, PLB696, 459(11)

S. Ejiri, F. Karsch, K. Redlich, PLB633, 275(06)

A. Bazavov et al., PRL109, 192302(12)

S. Borsanyi et al., PRL111, 062005(13)


Related to correlation length: 

Finite size/time effects reduces  

Higher order more sensitivity


Related to susceptibilities: 


 Comparison with lattice QCD, 

 HRG, QCD-based model calculations

C2 ∼ ξ2, C4 ∼ ξ7

ξ
→

C4q

C2q
=

χq
4

χq
2

,
C6q

C2q
=

χq
6

χq
2

cumulants:
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sNN *Not all are listed

Towards making the QCD phase diagram a reality

 Perform collisions of nuclei to produce and study QCD matter


 Check if produced system is governed by thermodynamics  


 Experimentally establish crossover at small 


 Search for signatures of 1st order P.T. at large 


 Search for signatures of QCD critical point


μB

μB

Strategy:
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9

 Varying collision energy, impact parameter varies T and  of system created

 Study energy/centrality dependence of cumulants

μB

B. Mohanty, N. Xu, arXiv:2101.09210

Experimentally accessing QCD Phase Diagram

A. Pandav, D. Mallick, B. Mohanty, PPNP. 125, 103960 (2022)
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Experiment Facility Mode Colliding energy  
(       ) Systems*

HADES SIS18 FXT 2.32 - 2.7 GeV Au+Au, Ag+Ag, C+C, p+p

NA61/
SHINE

SPS FXT 5.1 - 17.3 GeV Pb+Pb, Be+Be, Ar+Sc, p+p

STAR RHIC
COL/
FXT

3 - 200 GeV
Au+Au, U+U, Zr+Zr, Ru+Ru, Cu+Cu, d+Au, 

He3+Au, p+Au, p+p

ALICE LHC COL 2.76 - 13 TeV Pb+Pb, Xe+Xe, p+Pb, p+p

sNN *Not all are listed

Active Experiments Studying QCD Phase Diagram:



sNN

TPC

TOF

Analysis:
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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

Identifying and selecting protons and 
antiprotons within a kinematic phase space.

Construct net-proton 
distributions, obtain cumulants 
of these distributions.

STAR: Phys. Rev. Lett. 126, 092301 (2021) 11
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sNN *Not all are listed

Towards making the QCD phase diagram a reality

 Perform collisions of nuclei to produce and study QCD matter


 Check if produced system is governed by thermodynamics  


 Experimentally establish crossover at small 


 Search for signatures of 1st order P.T. at large 


 Search for signatures of QCD critical point


μB

μB

Strategy:
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 Within uncertainties, 7.7 - 200 GeV data consistent with lattice predicted hierarchy.

 At 3 GeV, violation of ordering is seen. Observed ordering reproduced by UrQMD.

1 2 3 4
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 2×

1 2 3 4

10−

0

(b) 7.7 GeV
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1 2 3 4
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(c) 39 GeV

 < 2.0 GeV/c
T

0.4 < p
Net-proton, |y| < 0.5
0-40% Au+Au Collisions

1 2 3 4
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UrQMD
LQCD
FRG

Data
STAR 

(d) 200 GeV

62  R51  R42   R31R 62   R51  R42    R31R 62   R51   R42    R31R62  R51   R42    R31R

LQCD: HotQCD, PRD101,074502 (2020)

FRG: Wei-jie Fu  et. al, PRD 104, 094047 (2021)

STAR: PRL  130, 082301 (2023)          STAR: PRL 126, 092301 (2021)

        : PRL 127, 262301 (2021)                   : PRC 104, 024902 (2021)

R31 = C3/C1 R42 = C4/C2 R51 = C5/C1 R62 = C6/C2

Study of thermodynamics: Net-baryon  - Lattice C3/C1 > C4/C2 > C5/C1 > C6/C2

-0.5 < y < 0

Results: Study Of Thermodynamics
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sNN *Not all are listed

Towards making the QCD phase diagram a reality

 Perform collisions of nuclei to produce and study QCD matter


 Check if produced system is governed by thermodynamics  


 Experimentally establish crossover at small 


 Search for signatures of 1st order P.T. at large 


 Search for signatures of QCD critical point


μB

μB

Strategy:
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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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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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Results: Hyper-order Fluctuation
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Results: Hyper-order Fluctuations in Small system

STAR: PRL 127, 262301 (2021)

STAR: arXiv:2311.00934

4

FIG. 4. Net-proton cumulant ratios, C4/C2, C5/C1, and C6/C2 as a function of charged-particle multiplicity for p+p collisions
and Au+Au collisions at 200 GeV for |y| < 0.5 and 0.4 < pT < 2.0 GeV/c. Cyan circles represent event averages for
3  mTPC

ch < 30 from the p+p collisions. Results from Au+Au collisions are shown as triangles for the 0-40%, 40-50%, 50-60%,
60-70%, and 70-80% centrality bins. Red and orange bands show the systematic uncertainties for p+p collisions and Au+Au
collisions, respectively. The Skellam baselines are shown in long-dashed lines. The navy bands show corresponding susceptibility
ratios of baryon number from lattice QCD calculations [19], where the multiplicity range is chosen arbitrary.

C5/C1 and C6/C2 from p+p collisions are consistent with
zero within large uncertainties, approaching negative val-
ues at higher-multiplicity region. While the multiplicity-
averaged ratios from p+p collisions remain positive, the
results of Au+Au central collisions are negative and qual-
itatively consistent with lattice QCD calculations. Sys-
tematic measurements of the cumulant ratios from higher
collision energies, in larger colliding systems, and wider
acceptance in rapidity will provide important information
on the underlying dynamics of high-order net-proton cu-
mulants and the process of thermalization in high-energy
collisions.
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Net-baryon fluctuations with cumulants up to third order in Pb–Pb collisions ALICE Collaboration

vanish under these conditions also if baryon number conservation is included, see Refs. [51, 56]. Also in
LQCD [57] the odd cumulants vanish.

In Fig. 7, the third-order cumulant measurements are also compared with HIJING and EPOS model
calculation results. Both models include baryon number conservation but, as mentioned above, the net-
proton number is positive within the current experimental acceptance. Therefore, the resulting third-order
cumulants for all centrality and pseudorapidity difference intervals shift toward positive values and are
affected by the volume fluctuations [18] visible in the 10–20% centrality interval, where the centrality
range doubles (left panel). The agreement of the experimental third-order cumulants with a value of zero
is a confirmation that the average number of protons and antiprotons is the same at LHC energies and
that the systematic uncertainties for these measurements are under good control.
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Figure 7: (Color online) Centrality (left) and pseudorapidity interval (right) dependence of the ratio of third- to
second-order cumulants for net protons at

p
sNN = 5.02 TeV. The ALICE data are shown by red markers, while

the colored shaded bands represent the results from HIJING [45] and EPOS [52] model calculations.

4 Conclusions

In summary, net-proton cumulant measurements up to third order and net-pion and net-kaon second-order
cumulant measurements are reported. The technical challenges related to data analysis, in particular ef-
ficiency correction and event pile-up, could be overcome as discussed in detail. Resonance contributions
prove to be challenging in the study of fluctuations of the net-electric charge and the net-strangeness. A
deviation of about 4% from the Skellam baseline is observed for the second-order net-proton cumulants
for the widest Dh interval. Investigation of this deviation in light of baryon number conservation led to
the conclusion that the 2010 data from ALICE [26] indicate the presence of long-range rapidity corre-
lations between protons and antiprotons originating from the early phase of the collision. This finding
is corroborated by the present analysis including the higher luminosity 2015 data with significantly dif-
ferent experimental conditions. Results of calculations using the HIJING generator, based on the Lund
string model, reflect a much smaller correlation length of one unit of rapidity. This observed discrepancy
calls into question the mechanism implemented in the Lund string model for the production of baryons.
After accounting for the effect of baryon number conservation, the data from ALICE are consistent with
LQCD expectations up to the third-order cumulants of the net protons. The finding of third-order net-
proton cumulants consistent with zero with a precision of better than 4% is promising for the analysis of
the higher-order cumulants during the operation of LHC with increased Pb–Pb luminosity [58] starting
in 2022 and for the future heavy-ion detector planned for the early 2030s [59].

10

 Vanishing third order cumulant ratio – consistent with LQCD and HRG calculations


 HIJING, EPOS does not describe the data well. 

ALICE: PLB 844, 137545 (2023)

Lattice QCD

Results: Data at vanishing μB



18

sNN *Not all are listed

Towards making the QCD phase diagram a reality

 Perform collisions of nuclei to produce and study QCD matter


 Check if produced system is governed by thermodynamics  


 Experimentally establish crossover at small 


 Search for signatures of 1st order P.T. at large 


 Search for signatures of QCD critical point


μB

μB

Strategy:
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 For   11.5 GeV, the proton within uncertainties does not support the  


   two-component shape of proton distributions expected near a 1st order P.T.


 Precision measurement needed. 

√𝑠𝑁𝑁 ≥ 𝜅𝑛 

Results: Search for the First-order Phase Transition

A. Bzdak and V. Koch, PRC100, 051902(R) (2019)
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sNN *Not all are listed

Towards making the QCD phase diagram a reality

 Perform collisions of nuclei to produce and study QCD matter


 Check if produced system is governed by thermodynamics  


 Experimentally establish crossover at small 


 Search for signatures of 1st order P.T. at large 


 Search for signatures of QCD critical point


μB

μB

Strategy:
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Results: Search for the Critical Point
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 BES-II at RHIC: ~10-20 fold increase in statistics and important detector upgrades and a new fixed 
target program. About factor 4 reduction in stat. and sys errors. More measurement ongoing.
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BES-II: 1st set of precision data out.
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Results: Search for the Critical Point
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sNN *Not all are listed

Findings:
 Perform collisions of nuclei to produce and study QCD matter

 Check if produced system is governed by thermodynamics  


      Data ( 7.7 GeV or  < 420 MeV) within uncertainties favors ordering expected from


      lattice thermodynamics. 3 GeV data violates. QCD matter out of equilibrium at 3 GeV?


 Experimentally establish crossover at small 

     Observed sign and trend in data ( 7.7 GeV) consistent with calculations from lattice     

     QCD (  < 110 MeV) with a crossover at O(~1 ) significance level.


 Search for signs of 1st order P.T. at large 

     Data ( 7.7 GeV) within uncertainties suggest absence of any bimodal structure expected


      near 1st order phase transition.


 Search for signs of QCD critical point

     Minimum seen in net-proton C4/C2 (0-5%) w.r.t. non-CP baselines around 20 GeV at ~3-5   

      significance - a feature of the proposed signal of the CP.

sNN ≥ μB

μB
sNN ≥

μB σ

μB
sNN >

σ
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interesting Trends in Other Observables
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Collision Energy Dependence of Light Nuclei Yield Ratio

✯Non-monotonic behavior observed in the energy dependence of the yield ratio from 0%-10% central 
Au+Au collisions around 19.6 and 27 GeV
✯The yield ratio in peripheral (40%-80%) collisions exhibits a monotonic trend and the data can be well 
described by coalescence models within uncertainties
✯The significance of the enhancements decreases with decreasing 4* acceptance in the region of interest

STAR: arXiv:2209.08058 
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Collision Energy sNN(GeV)

Light nuclei ratio Baryon-Strangeness Correlation Proton Directed flow

Light nuclei ratio show deviation

around 19.6 and 27 GeV.sNN =

STAR: PRL 130, 202301 (2023) STAR: Hanwen’s CPOD2024 talk
STAR: Emmy’s CPOD2024 talk

 deviates from lattice/FRG

at  GeV, consistent at


 higher energies.

CBS
sNN ≤ 27

Slope of Excess-p v1 follows a scaling

at   GeV. Scaling broken 


at lower energies. 

sNN ≥ 14.6



• Minimum seen in C4/C2 (0-5%) precision BES-II data w.r.t. non-critical baselines (~3-5 ) around 

    = 20 GeV. Theoretical insights needed for interpretation of data in regards to CP.


• Crossover for  27 GeV (  110 MeV): Lattice QCD, interesting trends also seen in BES-I data 


• Data falling to hadronic baseline at   = 3 GeV (  = 720 MeV): hadronic interactions dominant


                                                                         (observation supported by breakdown of NCQ scaling)

• Extensive BES-II measurements ongoing from  GeV.

σ
sNN

sNN > μB ≤
sNN μB

sNN = 3 − 27

Status so far:
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sNN
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Au+Au Collisions at RHIC Net-proton: 5% collisions
 < 2.0 (GeV/c)

T
 |y| < 0.5, 0.4 < p

Non-critical
References

Hydro PRC105(2022)
HRG-CE NPA1008(2021)
UrQMD (5% collisions)

Data: 70-80% collisions

HRG CE: P. B Munzinger et al, NPA 1008, 122141 (2021)  Hydro: V. Vovchenko et al, PRC 105, 014904 (2022)

A. Pandav (STAR): CPOD24

Outlook: Extending To Higher μB

CBM@ 
FAIR

STAR 
FXT

STAR-FXT (  GeV) analysis ongoing , CBM (  GeV) to take data 2028sNN = 3 − 3.9 sNN = 2.4 − 4.9
Latest theory predictions for CP: µBCP:  ~ 420 – 750 MeV,  TCP:   ~ 90 – 120 MeV

Christian S. Fischer (University of Gießen) QCD phase diagram with functional methods / 11  

Location of CEP

9

how stable is this result ??
crosscheck DSE-FRG 
Nf=2+1+1
baryon effects
inhomogenuous phases
cross-check with lattice

✔
✔

✔
CF, Luecker, Welzbacher, PRD 90 (2014) 034022

Eichmann, CF,  Welzbacher, PRD93 (2016)

T. F. Motta, J. Bernhardt, M. Buballa and CF, PRD 108 (2023)

✔
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freezeout points [various sources]
DSE/Lattice [Fischer et al., 2014]
FRG [Fu et al., 2019]
DSE/FRG [Gao, Pawlowski, 2020]
DSE/FRG [Gao, Pawlowski, 2020]
DSE/Lattice [Gunkel, Fischer, 2021]
Lattice [Borsanyi et al., 2020]

µB/T=2 µB/T=3

D.A. Clarke, et al. 
PoS LATTICE2023 (2024), 168

G. Basar, arXiv:2312.06952

Bernhardt, CF, in preparation

C.Fisher: CPOD24
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sNN

Outlook: Hyper-order data and Acceptance Scan

Hyper-order data: probes for crossover. STAR: BES-II,  Au+Au at  = 200 GeV: ~ 20 billion event 

(2023+2025) and  = 3 GeV: ~ 2 billion events collected. Precision measurement ongoing. 


ALICE : Higher order measurements to come with high statistic LHC Run3

Acceptance scan: Stronger CP signals expected with wider rapidity/  acceptance.

√𝑠𝑁𝑁

√𝑠𝑁𝑁

pT
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 Several intriguing observations made 
from currently available data. Lot of new 
precise experimental data to come.


 Detailed theoretical studies on QCD 
phase structure ongoing. 


 New experimental facilities at high 
baryon density to come in upcoming 
years: CBM@FAIR, NICA@JINR, J-PARC, 
HIAF.


   Exciting times ahead. Stay tuned.


Conclusion:
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Backup:
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 (GeV) 0-5% 70-80%

7.7 1.0σ 0.9σ

11.5 0.4σ 1.3σ

14.6 2.2σ 2.5σ

19.6 0.7σ 0.1σ

27 1.4σ 0.2σ

•BES-II results consistent with BES-I within uncertainties.

sNN
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