What have we learned from the RHIC beam energy
scan about the QCD critical point

“A theory Is something nobody believes, except the
person who made It.

An experiment is something everybody believes,
except the person who made it.”

A. Einsteln



The phase diagram

Quark-Gluon Plasma

Temperature (MeV)

Color
Nuclear Superconductor
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Increase chemical potential by lowering the beam energy

In reality, we add baryons (nucleons) from target and projectile to mid-rapidity



What we know about the Phase Diagram
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Tc~ 155 MeV

pseudo-critical line up to O(u4)
155MeV k=-us | pressure (EoS) up to O(u8)

Theory,
Nuclear Measurements
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Figure from HotQCD coll., PRD 14



What we are looking for

T

Remnants of chiral criticality
155MeV | ==nu.

Critical Point / co-existence ?

Nuclear

Liquid-Gas ‘\

~920 MeV

We are dealing with small system of finite lifetime

NO real singularities!
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LQCD [Borsanyi et al., 2010.13705]

FRG [Fu et al., 1909.02991]

self-consistent fRG-DSE [Gao, Pawlowsk1 2010.13705]
truncated DSE [Gunkel, Fischer 2106.08356]

LYE Pade+conformal [Basar 2312.06952]

LYE Pade [Clarke et al., 2401.08820]

AdS/CFT [Hippert et al., 2309.00579]

s=const contours [Shah et al., 2410.16206]

C, finite-size scaling [Sorensen&Sorensen, 2405.10278]
freeze-outs:

RHIC BES-I [1701.07065]

SPS [hep-ph/0511092, nucl-th/0206014]

AGS [hep-ph/0511092, nucl-th/0206014]

SIS [nucl-th/9809027, hep-ph/0002267, nucl-ex/0012007]
HADES [2202.12750]

parametrization [Cleymans et al., hep-ph/0511094]

Figure courtesy of A. Sorensen



e(T)/T4

Cumulants and Phase structure

S. Borsanyi et al, JHEP 1011 (2010) 077
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What we always see.... What it really means....

“T¢” ~ 155 MeV
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Derivatives
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How to measure derivatives
7 = tre E/T+r/TNb

1 A F C 0
B\ = — 1D —FE/T+u/TNp _ In(7
B =g trke o1/7 ")

687 = 57— (1 = (50 ) win) = (50 )

65 = (~g0z) (B

Cumulants of Energy measure the temperature derivatives of the EOS

Cumulants of Baryon number measure the chem. pot. derivatives of the EOS
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K, =
0

K1 = (N), K2:<N_<N>>27

Cumulants scale with volume (extensive):

(p/T)™

an—l
N
5(u/ 7)1 N
K3 = (N — <N>>3
K.~V

Volume not well controlled in heavy ion collisions

Cumulant Ratios:
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What to expect?

Freeze out line

Baseline

Below “T.” Above “T.”

T — HM—Hc

>

Beam Energy

Stephanov, arXiv:1104.1627
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Cumulants and Factorial cumulants

Cumulants: Factorial Cumulants (no anti-particles):
generating function: g(7) =In [ZP(H)GMI generating function: g#(z) =In [ZP(H)Z”]
o o
G =——80] FC,=—— g _,
Gaussian: kK, =0, n>2 Poisson: FC,=0; n>1

Relations : g(7) = g(e’)

n

FC, = Z s(n, Kk, K, = Z S(n,k)FC,  s(n,k); S(n, k) Sterling numbers 1stand 2nd kind
k=1 k=1

For example: FCi=x =(n);, FCG=K-K; FC;=kK — 3K+ 2K;

Same singularity structure!
11



Factorial cumulants and correlation functions

() = dN (o p) = d°N
P1\P) = dp Po\P1-P2) = dpidp
Two particle density: P2(P1,P2) = p1(Pp1(Py) + Cy(py, py)

Three particle density:  23(p1, P2, P3) = p1(PDP1(P)P1(P3) + p1(PDCo(Pas P3) + p1(P) Co(Py, P3)
+p1(P3)Co(p1s P2) + C3(pys D2y P3)

C.(p;, -, p,) n-particle genuine correlations functions

Factorial cumulants are integrals over correlation functions: FC, = J dp---dp, C(py, ***, D)
acceptance

Poisson: FC,=0; n>1; incontrastwith x, = (n)
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Measuring cumulants (derivatives)
Ky = (N = (N))? = 3" P(N)(N — (N))?
Ky = (N = (N))* = 3" P(N)(N — (V))?

Nevents (N)
Nevents(total)

P(N) =

STAR Collaboration, Phys. Rev. Lett. 126, 092301 (2021)
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Compare Data with Lattice QCD
and other field theoretical models

Experiment

« Baryon number conserved globally

* Solution (V. Vovchenko et al, arXiv 2003.13905, arXiv:2007.03850)

« Experiment measures protons only

* VVolume is not fixed in experiment

Lattice, FRG etc

« Baryon number (and other charges) conserved only
on average (grand canonical ensemble)

* “measures” ALL baryons

* VVolume is fixed

- Possible solution (Rustamov et al, 2211.14849, Holzmann et al,

2403.03598)

 Momentum cuts
* expansion, time evolution
» Detector fluctuates (efficiency etc...)

* Includes all momenta
» static system, no expansion

Need a dynamical model
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Grand canonical ensemble

Vsystem

Vtotal — OO

v

system >

v

system

— ()

Vto tal

In coordinate space!!l!
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How to make a grand-canonical ensemble In
experiment

dN /dy
| AY

pd

\‘\f./ A Ycoll y

AY

correlation

accept

Conditions for “charge” fluctuations:

* AY  rrelation << A Yaccept (catch the physics)

*AY, o > AY >> AY_,; (keep the physics and minimize
charge conservation effect)

accept
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Volume fluctuations

(factorial) cumulants are extensive: k, ~ V

Cumulant ratios do not depend on AVERAGE volume, BUT are affected by FLUCTUATIONS of the volume

For example: N = pV; p = density
Volume fluctuations K, at fixed volume.

ON = Vop + poV NOT wa\?ted / This is what we want!

K = (N = (N))?) = (SN2 = pASV)* + VA(3p)

Vsystem

17



Cumulant ratios in “experiment” (ug~0)

(without volume fluctuations)

Thermal smearing

Lattice +
baryon conservation
+ thermal smearing

Lattice +
baryon conservation

1, spacial rapidity

‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ Y, momentum space rapidity

What is REALLY measured

net baryons (SAM + smearing) _|
= = = net baryons (SAM)
® e, o leeg?mmns _ B netbaryons

® net protons
<> net protons (Kitazawa-Asakawa)

Lattice result
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Cumulants Lattice vs Experiment
Obvious conclusion!

» Cumulants from Lattice and cumulants from measured (net)-protons SHOULD NOT agree
If they study the SAME system

* |F they agree: Experiment and Lattice study DIFFERENT systems!

* Exception: Both Lattice and experiment find Poisson statistics, i.e. system without any
correlation a.k.a a boring system. In this case we simply cannot tell

19



Compare Data with Lattice QCD
and other field theoretical models

Experiment

« Baryon number conserved globally

* Solution (V. Vovchenko et al, arXiv 2003.13905, arXiv:2007.03850)

« Experiment measures protons only

* VVolume is not fixed in experiment

Lattice, FRG etc

« Baryon number (and other charges) conserved only
on average (grand canonical ensemble)

* “measures” ALL baryons

* VVolume is fixed

- Possible solution (Rustamov et al, 2211.14849, Holzmann et al,

2403.03598)

 Momentum cuts
* expansion, time evolution
» Detector fluctuates (efficiency etc...)

* Includes all momenta
» static system, no expansion

Need a dynamical model

20



.

Calculation of non-critical contributions at RHIC-BES vERSITY OF

VV, V. Koch, C. Shen, Phys. Rev. C 105, 014904 (2022)
* (3+1)-D viscous hydrodynamics evolution (MUSIC-3.0)

«  Collision geometry-based 3D initial state  [Shen, Alzhrani, PRC 102, 014909 (2020)] 6ol moCiew i A e
S, [ ---- 145GeV }
« Crossover equation of state based on lattice QCD > [ ZTodw
© —_— e £58 23
[Monnai, Schenke, Shen, Phys. Rev. C 100, 024907 (2019)] c 40r 200 GeV { i
g | Lo
e ] s | !
e  Cooper-Frye particlization at €5, = 0.26 GeV/fm B 20|
|

* Non-critical contributions are computed at particlization t4f e, EELOCD (HotaCD)
1ol I LQCD (Wuppertal-Budapest),
e EV-HRG, b = 1 fm° :

*  QCD-like baryon number distribution (%) via excluded volume b = 1 fm3 ol
[VV, V. Koch, Phys. Rev. C 103, 044903 (2021)] ~ === ======mmme ol

0.8+

« Exact global baryon conservation* (and other charges) o
0.4}

*  Subensemble acceptance method 2.0 (analytic) [VV, Phys. Rev. C 105, 014903 (2022)] .|

* or FIST sampler (Monte Carlo) [VV, Phys. Rev. C 106, 064906 (2022)] 00 120 140 160 180 200 220 240
https://github.com/vlvovch /fist-sampler T [MeV]

» Absent: critical point, local conservation, initial-state/volume fluctuations, hadronic phase

*If baryon conservation is the only effect (no other correlations), non-critical baseline can be computed without hydro 97
Braun-Munzinger, Friman, Redlich, Rustamov, Stachel, NPA 1008, 122141 (2021)

Courtesy: V. Vovchenko, RHIC-BES seminar,Oct 2024 21



Results (Prediction) for proton cumulants

Vovchenko, Shen, VK, 2107.00163

 Viscous hydro

conservation

 Baseline!

No critical point or phase

transition

See also: Braun-Munzinger et al,
NPA 1008 (2021) 122141

EOS tuned to LQCD
Correct for global charge

Protons NOT baryons

No volume fluctuations

Cumulant and Correlation Function ratios

0.00
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-0.08 |

o
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-0.16 | |
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Cumulants

Correlation Functions
™ T L LN

ldeal HRG a la NPA 1008 (2021) 122141 |
e protons
o antiprotons

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

-+ STAR Au-Au 0-5%

®  protons
A antiprotons

MUSIC + SAM
baryon cons. + EV -
- — = baryon cons. only -

K4/K1—1 |

STAR BESI data
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STAR BESII data arXiv:2504.00817
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FC .
_2 - baseline
FC,

3
FC .
_ 3 - baseline
FC,

CAVEAT: 3 GeV has acceptance —0.5 <Y <0

The “signal’ (relatlve to baselme)
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New STAR data (BESII)

Looks like we need some kind of attraction!

Factorial Cumulant Ratios

0.05

o

0.5

0.25F

-0.251

Factorial cumulants

O
— P9 0

BES-Il 7BES-l  Hydro HydroEV__

L o) K 0-5% Au+Au Collisions
(2 K_1 (anti-) proton, lyl < 0.5
0.4 <p_ <2.0 GeV/e

10 20 100 200
Collision Energy s, (GeV)
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Attraction does the trick

F(2,0)/F(1 ,0)

8
7 _
0.4 6 ‘
. | T T | | L | 5
- | XX STARBESII (0-5%) . A ]
B X STARBESI (0-5%) - 3 _
i A STAR FXT (0-5%, QM25) | 2 -
®  HADES (0-10%, QM25) 1 .
02 - -4 - CE local, 2-particle repulsive 0 ™ N "O - oA oy W N
- ) _ | N NW O VM e f\?
[1  CE local, 3-particle attractive NN ©o
= — SNN [G@V]
B . B B
R35 = (1— 2“)R32
3.5 T L L L R T T 1T T
fRG (CE), freezeout: Andronic et al.
3.0} fRG (CE), freezeout: STAR Fit | .
fRG (CE), freezeout: STAR Fit Il
fRG (GCE), freezeout: Andronic et al.
2.5 fRG (GCE), freezeout: STAR Fit | ]
fRG (GCE), freezeout: STAR Fit Il
2.0 3%  STAR collider (0-5%) -
= STAR fixed-target (0-5%)
| | m 1.5 [
_O 2 111 L 110
1 10 107 Lo .
o5+ T
\'Syy [GeV
NN [ ] 00 | | I | L Jdoo
VvV SNN [GeV

Friman, Redlich, Rustamov, arXiv: 2508.18879
Fu, Luo, Pawlowski, Rennecke, Yin arXiv:2308.15508



Time to celebrate !
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m (s C, Cogiggrl-l?.5<y<0.5_ 1.5
(p+D) £

FXT -0.5<y-yCM<0
E\EI [B This analysis
| 3 GeV

0-5% Au+Au Collisions at RHIC ~
04< P, < 2.0 GeVlic

S

(d)K—Z = = Hydro EV
i e ] /
------ HRG CE @
- Bl UrQMD -0.5<y<0.5 4 —0-2 (e) % -
| UrQMD -0.5<y-y_ <0 ' §
-------------------------- 0.4 .
\ @/ o
— B |
. -@
) @ 0% | 06 Fixdd-Target BES-I -
o o 2 e l
3 4 56 10 20 30 3 4 56 10 20 30

Collision Energy ysy, (GeV)

UrQMD (WITHOUT mean field) get energy dependence qualitatively right!!!

Cumulants

Factorial
Cumulants
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Proton Cumulant Ratios

X. Zhang, Y. Zhang, X. Luo, N. Xu, arXiv: 2506.18832

1.0

0.8}
1.0f

The (possible) culprit

Cumulants

1.1F

0.9F

UrQMD Au+Au

0.5}

0.0

C,/C,-

04< P, (GeV/c) < 2.0

refmult3 b <3 fm
(-0.5<y<0) o +
(lyl <0.5) N oh
S ....C4/C2'
3 4 5 7 10

Proton Factorial Cumulant Ratios

Factorial Cumulants

0.1

-0.5

-1.0

o
© w

O
o1

Central Au + Au Collisions -
(0%-5% T

Collision Energy \s,,, (GeV)

Fluctuating impact parameter
STAR centrality selection

Fixed impact parameter (3=3 fm)
minimal volume fluctuations.

N.B.: Centrality Bin Width Corrections
applied to both

Possible culprit:
volume fluctuations
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Test for Baseline

A. Bzdak, V. Vovchenko, VK, arXiv:2503.16405

Both global charge conservation and volume fluctuations are long range correlations

Factorial cumulant: C, =J dyl---J dy, C(yg, =+, y,)
A A

Y Y

C(yy, =+, y,): n-particle correlations function

Long range correlations: C(yy, -+, y,) = const within AY
= C, ~ (AY)"
C, | .
= roiin const as function of AY|  and as function of AY
I

protons antiprotons
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Test of Baseline

Both GLOBAL charge conservation and volume fluctuations introduce only

LONG Range correlations in rapidity (larger than acceptance)
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Baryon number conservation

Within acceptance: (N)ay (N)
AY

a = = a = -

P(n,n) = Z B(n,N; a)B(71, N, @)P(N, N) P(N, N) Distribution of protons (N) and anti-protons

A subject to global baryon number conservation
B(n, N, a) Binomial distribution with Bernoulli prob
Factorial cumulants: C.(n; AY) = a*C (N 4x) analogous to “efficiency” corrections

C,(i1; AY) = a*C (N 4n)

Cr

— —— = const as function of AY for both protons and anti protons

C,*
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Include volume fluctuations

C1[N] = (N,) Ci[n] = (N, (n) = (N}, Holzmann et al. 2403.03598
= 2 KZ[Nw]
CQ N — CQ N N 29
V] [N] -+ (N) N
__ ~ K2 [N | , 3 k3| Ny
C3|N| = C3[N| + 3 (N) C2[N] (N)? (V) N
= ~ a2 [Nw] 21 A1 F2 [ Vo) 2 = a1 193 N 4 Ka|No)
C4[N] = C4[N] + 4 (N) C3[N) 222 4 302 [N 22500 4 6 (N2 O[N] 222 4 (N o
V] [N +4(N) []<Nw> []<Nw> (V) []<Nw> <><w>
Since Ck ~ak = C, ~ a* Ck . Factorial cumulant WITHOUT volume fluctuations

C, : Factorial cumulant WITH volume fluctuations
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FC,

more or less constant

FC?

FGypl | FGp]

£

FC?[p] = FC?[p]

baseline OK for protons

No good for anti-protons ?7?

How will it look with BES |l data??

Test of baseline

0.01

BES-| data

0.00
0.01 ]
0.02]
0.03|

e g

FC, .

.04
.05

.06 L—

FC2 J.000

-0.005 +

-0.010

X e ——————— | e | 1 - ¥ % I STAR, PRC 104, 024902 (2021)

Au-Au, 0-5%
0.4 <p <2.0GeVic, lyl <y, -

[ Cg ® Cg
| — - — one fireball (same ¢} & cH)-

EEE N | | -; _

two-source c)
two-source c?

0.2 0.4 0.0 0.2 0.4 0.0 0.2 0.4 0.0 0.2 0.4 0.0 0.2 0.4
Rapidity cuty Rapidity cuty__ Rapidity cuty__ Rapidity cuty
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Two component model

2 sources: stopped and produced particles

 All anti-protons are produced

» protons come from produced and
stopped sources
FC, FC,
N,(produced) = Ng F_Clz[p] FC?
N, = N,(stopped) + N;
* Produced source: Thermal with zero net

baryon number (B - B) =0

» Stopped source: Follows binomial
distribution

0.04

(51 |

0.02

0.00

| | I
ly| < 0.5, 0.4 < p; < 2.0 GeV/c, Au-Au 0-5%

_ anti P_nP
proton - antiproton, C,—C,

®m  STAR Au-Au 0-5%, PRC 104, 024902 (2021)
== == hydro (CE + EV), PRC 105, 014904 (2022)
Two-component model
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Summary

 STAR has delivered on the BESII data! Congratulations!
- cannot hide behind error bars anymore

» Baseline with baryon number conservation and repulsive interaction tuned to LQCD agrees with
data down toy/s ~ 10 GeV

 Data below /s ~ 10 GeV seem to require some kind of “attraction”

« HOWEVER, UrQMD get the trend in the energy dependence right. Volume fluctuations a low
energy?

» Possible test of a baseline involving baryon number conservation and volume fluctuations via ratio
FC
n

FCN
* Anti protons from BES | are NOT understood. BESII comparison needed. Two source model?.

of factorial cumulants
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Data for symmetric [—AY, AY ] below /s < 7.7 GeV desperately needed!

C, cCollider -0.5<y<0.5
— ® BES-LII -
(P+D) “exy 0.5<yy_ <0
E‘:I [E This analysis
@ 3GeV

N
QO

Net-proton C,

p—— - -.‘ -------------------

—

01 qil UrQMD -0.5<y<0.5 4 -
UrQMD —0.5<y-yCM<0'

Proton «,,

O N WPH UTO Jd OO

N
3 4 56 10 20 30 /

Collision Energy \/E (GeV)

CBM is perfectly positioned to do so

Meanwhile: understand what UrQMD in STAR acceptance does



Backup



Simple model

Change degrees of freedom B /T
at phase transition (N) =dof(n)e

Degrees of freedom (N)
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K 20
(N)
K3
Ko
Ky ~20
Ko

_40

(NYeH'T

10 |

H—Hc
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_ — 20_

H—Hc

(NYeH'T

10 |

H—Hc
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_ — 20_

H—Hc

(NYeH'T

10 |

H—Hc
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H—Hc

(NYeH'T

10 |

H—Hc
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Grand canonical ensemble

Vsystem

Lattice:

Vtotal — OO

grand-canonical ensemble

Coordinate space

mel — OO

v

system >

%

system

— ()

Vto tal

In coordinate space!!l!

Experiment:
V. .. finite!

rota
<V

v
effect of global charge conservation

system (hOperIIY)
Momentum Space

otal
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