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Fluctuation Probes of the QCD Phase 
Structure: Results and Prospects



Lattice QCD 
μB /T < 2

Largely conjectured, theory challenging at high , experimental exploration very important μB

Phase diagram of strongly
interacting matter: 

- Hadronic & QGP phase
- Crossover at small 
- Transition temperature   
 
- First-order P.T. at large   
- Critical point (CP) 

μB
Tc

μB
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Experimental study of QCD

A. Pandav, D. Mallick, B. Mohanty, PPNP. 125, 103960 (2022)
P. Braun-Munzinger, J. Stachel, Nature 448 (2007) 302 Beam Energy Scan to explore QCD phase structure
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Chemical freeze-out

Lattice-QCD crossover
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CP LOCATION

SPS AGSLHC

RHIC-BES

J-PARC/FAIR/NICA/SIS CSR

RHIC-FXT

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

CP locations from theory 
• Lattice calculations at 
high  suffer from sign 
problem

• Effective models have 
several underlying 
assumptions/
approximations

• Experimental search 
crucial.

μB

QCD Critical Point: Theory Estimates



5

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.

Fluctuations of particle multiplicities 
coupled to critical models.
 
How to quantify fluctuations? 
Measure moments/cumulants

What can be good observables?
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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 charged particle multiplicities

< Nx(Nx − 1) >
< Nx >2

+
< Ny(Ny − 1) >

< Ny >2
− 2

< NxNy >
< Nx > < Ny >

1
Nev

Nev

∑
k=1

Ck

Nk(Nk − 1)

Ck =
Nk

∑
i=1

Nk

∑
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*)

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

C4 = < δn4 > − 3 < δn2 >2

Observables (Selected)
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Cumulants

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
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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

Experiments
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sNN *Not all are listed
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Ongoing detector upgrade

2017/8/17

iTPC upgrade EPD upgrade eTOF upgrade
Continuous pad rows

Replace all inner TPC sectors
Replace Beam Beam Counter Add CBM TOF modules and 

electronics (FAIR Phase 0)

|η|<1.5 (was 1.0) 2.1<|η|<5.1 -1.6<η<-1.1

pT >60 MeV/c (was 150MeV/c) Better trigger & b/g reduction Extend forward PID capability

Better dE/dx resolution
Better momentum resolution

Greatly improved Event Plane info 
(esp. 1st-order EP)

Allows higher energy range of Fixed
Target program

Fully operational in 2019 Fully operational in 2018 Fully operational in 2019

endcap Time-Of-Flight

Chi Yang, ICNFP 2017, Aug 17th - 29th,  2017, Crete

Event Plane Detector

inner Time Projection Chamber

7

Event Plane 
Detector
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Refmult3/3X

Access to wide range of QCD phase diagram
3 ≤ sNN (GeV) ≤ 200 → 750 ≥ μB (MeV) ≥ 25

Precision measurements with high event statistics 
and important detector upgrades

STAR at RHIC
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sNN *Not all are listed

Results: data vs Non-CP Models 
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Non-CP models: 
-Hydrodynamical model 
with excluded volume effects

-Hadronic transport model 
UrQMD

-Thermal model HRG 

All models include exact  
baryon number conservation

-Deviation between data and non-CP models seen in low collisions energies 
   -  Change of trends in  and  around  10 GeV.  An opposite trend seen for . 
   -  A dip in  (0-5%) at ~ 20 GeV compared to models 
-All non-CP models are monotonic, do not capture the full energy dependence trends.

C2/⟨p + p̄⟩ κ2/κ1 sNN ∼ κ3/κ1

C4/C2

STAR: PRL 135, 142301 (2025) 
HRG CE: P. B. Munzinger et al, NPA 1008, 122141 (2021)  
Hydro EV: V. Vovchenko et al, PRC 105, 014904 (2022) 
LQCD: D. Bollweg et al, PRD 110, 054519 (2024)
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sNN *Not all are listed

Results: data vs Non-CP Models 

Qualitative features near CP:
-A minimum/negative deviation
-A maximum/positive deviation
-Consistency with baseline  
away from CP

: Data vs. modelC4/C2

-A minimum in  w.r.t. non-CP models and peripheral data at 2-5  level around 20 GeV 
-Consistency with non-CP baseline for data at  GeV 
-Dynamic baseline with a CP needed for quantitative assessment of data

C4/C2 σ
sNN ≥ 27

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

9
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FIG. 4. Net-proton cumulant ratios C4/C2 as a function of
collision energy in Au+Au collisions at RHIC. The latest re-
sults from BES-II (red markers) with RefMult3 centrality def-
inition are compared with those from BES-I (grey markers).
The 0-5% central collision results are shown as open circles
and peripheral 70-80% data as open diamonds. The periph-
eral datapoints from BES-I are slightly shifted in x-axis for
clarity of presentation. The bars and bands on the data points
reflect statistical and systematic uncertainties, respectively.
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collisions and non-critical baselines (UrQMD, HRG CE, and
hydro EV) as well as peripheral 70-80% data as a function of
collision energy. The values are marginally shifted along the
x-axis for di!erent choices of baselines for clarity of presenta-
tion. The data at

→
sNN = 3 GeV is with protons measured in

rapidity acceptance of ↑0.5 < y < 0 while all other collision
energies are measured with |y| < 0.5. The bars and bands on
the data points reflect statistical and systematic uncertain-
ties, respectively.
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sNN *Not all are listed

Extension to Lower Energies: STAR FXT
STAR FXT Collisions: 

 = 3, 3.2, 3.5, 3.9, 4.5, 5.2 GeV 

Mid-rapidity acceptance: -0.5 < y < 0

Uniform acceptance challenging 
for higher energies 

sNN
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sNN *Not all are listed

Extension to Lower Energies: STAR FXT
Energy Scan of (Factorial) Cumulants

• C4/C2 right on baseline
• !4/!1 shows no strong energy dependence within uncertainties

Zachary Sweger                        9/4/2025 Quark Matter 45

STAR

Results from  = 3- 3.9 GeV:
2nd and 3rd order ratios show change in trends with decreasing , deviate from UrQMD 

sNN

sNN

Z. Sweger (STAR) at QM2025
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sNN *Not all are listed

Extension to Lower Energies: STAR FXT

: Data vs. modelC4/C2Z. Sweger (STAR) at QM2025

Results from  = 3- 3.9 GeV FXT

-  data consistent with non-CP baseline 
UrQMD

- FXT data on 4.5 GeV, 5.2 GeV awaited!

sNN

C4/C2
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sNN

Recent Developments
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Recent CP estimates from 
diverse theory calculations

 ~ 550 - 650 MeV
  ~ 90-120 MeV

μBCP
TCP

Corresponds to
 ~ 4 - 5 GeV in collision energysNN

Different approaches, different 
extrapolations and assumptions at large μB

Complementary motivations for precision exploration of the  = 4 – 5 GeV regionsNN
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Recent Developments

Y. Huang (STAR) at QM2025

-Finite-size scaling study using BES-II collider data leads to extraction of critical parameter 
 =  MeV, which corresponds to ~ 4 - 4.5 GeVμBC

648+6
−61 sNN

t =
μB − μBc

μBc

A.Sorensen and P.Sorensen: arXiv:2405.10278

χ(W, t) = Wγ/νΦ(tW1/ν)
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Recent Developments
Elliptic flow measurements at FXT energies

NCQ scaling restoration at  ~ 4.5 GeV - possible QGP formationsNN

STAR: PRL 135, 72301 (2025)
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sNN *Not all are listed

Challenges and Progress
Initial Volume Fluctuations

8

Following the procedure outlined in Ref. [51], the single384

collision moments can be recursively expressed in terms385

of the measured moments of lower multiplicity bins as386

hNr
i
t
m =

hNr
im � ↵m�(r)

m

1� ↵m + 2↵mwm,0
, (13)387

where �(r)
m is defined as388

�(r)
m = µ(r)

m +
X

i,j>0

�m,i+jwi,j hN
r
i
sub
i,j , (14)389

and

µ(r)
m =

8
>>>><

>>>>:

2wm,0

r�1X

k=0

✓
r

k

◆⌦
Nr�k

↵t
0

⌦
Nk

↵tm
(m > 0)

r�1X

k=1

✓
r

k

◆⌦
Nr�k

↵t
0

⌦
Nk

↵t
0

(m = 0).

(15)

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 �m,i+j↵T (i)T (j)
, (16)

↵m =
↵
P

i,j �m,i+jT (i)T (j)

(1� ↵)T (m) + ↵
P

i,j �m,i+jT (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. The bottom403

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 �2 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

G. E↵ects of volume fluctuation430
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part

Number of Participating Nucleons N Reference Multiplicity

(a) (b)UrQMD Au+Au
 = 3 GeVNNs

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 as a function of the reference
multiplicity. The vertical lines indicate the average reference
multiplicity for each centrality class.

Physics results will be discussed as a 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 reference multiplicity distribution436

and the extracted class of collision centrality. It 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

volume fluctuation e↵ect. As an illustration, the UrQMD444

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 one can see, the correlation is broad and the disper-450

sion (RMS) of Npart is as large as 30 in the mid-central451
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FIG. 10. UrQMD results of the proton cumulant ratios up to 6th-order in Au+Au collisions at
p
sNN = 3 GeV. The black
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proton

UrQMD: Au+Au at 3 GeV

STAR: PRC 107, 024908 (2023)

     Lower collision energy (STAR FXT)-> lower charged particle multiplicity -> poorer centrality 
     resolution -> larger initial volume fluctuations

FXT energies while interesting region for CP search, are also experimentally challenging 
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Challenges and Progress
A new method: 

Bayesian fit to the total proton distribution

• Sum of several sub-distributions, one 
per volume class

•Each sub-distribution: Edgeworth 
expansion with its own C₁…C₄ as 
parameters

ZH. Wang and XF. Luo, PLB 871 (2025) 139984
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Challenges and Progress

⟨Npart⟩

Results from multiplicity based centrality and  based centrality method disagree at low energy
New method seen to effectively removes volume fluctuation effects 

Npart

ZH. Wang and XF. Luo, PLB 871 (2025) 139984
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Challenges and Progress
Observables with reduced 
sensitivity to volume fluctuations

νdyn [p, π] = νdyn[p + p̄, π+ + π−] νdyn [p, K] = νdyn[p + p̄, K+ + K−] νdyn [K, π] = νdyn[K+ + K−, π+ + π−]

- Data show a monotonically decreasing trend for  and . UrQMD follows 
but large differences compared to data seen at 3 GeV.  show opposite trend.

νdyn [p, π] νdyn [p, K]
νdyn [K, π]

A. Pandav (STAR) CPOD 2026

νdyn[A, B] =
⟨NA(NA − 1)⟩

⟨NA⟩2
+

⟨NB(NB − 1)⟩
⟨NB⟩2

− 2
⟨NANB⟩

⟨NA⟩⟨NB⟩
Insensitive to Volume effects  
in the wounded nucleon  
model picture
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Challenges and Progress
Bridging the  gap from 3.9 - 7.7 GeVsNN

High statistics data at 4.2, 4.5, 5.2 GeV 
collected by STAR (300-1000M) in its last run (2026 )

sNN =
STAR: PRL 135, 142301 (2025)

CBM (projected 2028):
Precision data at

2.7 - 4.9 GeV with
mid-rapidity coverage

sNN =

PHQMD

4.9 GeVsNN =
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Summary and Outlook
Era of precision measurement of fluctuations: 
- STAR /  shows minimum around  ~ 20 GeV w.r.t. non-CP models at  level.  
- STAR FXT /  data from  = 3 - 3.9 GeV consistent with non-CP model UrQMD 
- Lower order cumulant ratios also show large deviations from models at low collision energies. 

Challenges and progress: 
- Volume Fluctuation effect: New analysis frameworks have been developed to suppress these effects, 
currently being applied to experimental data 
-  ~ 4 - 5 GeV region interesting for CP search. STAR collected 300-1000 Million events at 4.2, 4.5, 
and 5.2 GeV. CBM to take data over  = 2.7 - 4.9 GeV, with mid rapidity coverage for protons. 

Theoretical assessment of data: 
- Need for dynamical model calculations with a critical point to make quantitative assessment of data. 
Efforts underway.

C4 C2 sNN 2 − 5σ
C4 C2 sNN

sNN

sNN
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