Fluctuations, correlations and what have we
learned so far from RHIC BES ||

“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



Fluctuations, correlations and what have we
learned so far from RHIC BES ||

* Introduction
* Revisit net charge fluctuations
 Cumulants and Correlations

- Cumulants theory vs measured cumulants
* Non critical baseline
* Comparison with RHIC BES data

- what have we learned so far

- next steps
* Conclussions

Thanks to: Volodymyr Vovchenko, Jonathan Parra, Adam Bzdak



The phase diagram

Quark-Gluon Plasma

Temperature (MeV)

Color
Nuclear Superconductor
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Baryon Chemical Potential - u;(MeV)

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

| I D N D D D D R I D A D D D R D N D N D B B T LattICGQCD
Tc~ 155 MeV

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

Theory,
Nuclear Measurements

Liquid-Gas
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130 170 210 250 290 330 370 Pion gas

~920 MeV m

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



Fluctuations and the phase diagram

Fluctuations of conserved charges measure derivatives of the partition function (pressure)

n

K,(q) = WIH(Z); q=1B,0,5

The are also sensitive to the degrees of freedom (fractional charges, correlations):

k)(B) ~ b°N, Asakawa, Heinz and Miiller, PRL 86, 2000

uarks — uarks
9 |

1 4
(Q) ~ ¢°Nyyarks = = 5Ny + 5 Naown Jeon, V.K. PRL 86, 2000



Update on Charge fluctuations

K(Q) 4)(2(Q) \)

Proposed observable: (Jeon, VK. PRL86,2000) D =47 /=" =
ch

/ variance at hadronization
K2 |Q)

W = <Nprim> Free QGP*
ch 7™ charged multiplicity

Hadron gas:

More generally:

L k2@ VIixs S
(Nen ™) 5 (Na™)

Data-driven [P. Hanus, A. Mazeliauskas, K. Reygers, PRC (2019)]

*Same/similar for SQGB scenario of Fujimoto et al., PRD 112, 074006 (2025)

S/T3 <Nch>

wye = 1 (Poisson statistics + Bose)

wogp ~ 0.36 (Stefan-Boltzmann limit)

w from lattice QCD

Courtesy V. Vovchenko



DCOIT

Update on Charge fluctuations

A (0)

<Nch>
4.0 ————
- e ALICE Pb-Pb2.76 TeV, 0-5%:
- hadron gas (oyz=1.1) _
3.0 | _
0.2<p;<5.0GeVic
X A S -I
2.0Ff global "~--'.l‘.:.‘:.‘_‘.t_‘.:..‘-_'..:.j_.‘.-:.'fi
-o-e- local, 6,=1.20 (V,=0.31V,y)
1577 local, 6,=0.78 (V,=0.20V,y)
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AN

J. Parra et al, PRL 135 (2025)

D, - simple corrections for charge conservation included

B Uniform Prior

w ~ U(Ol 12)1 VC/‘/tOt & U(OI 1)
BagpHa = 9.7 !

B Local Conservation Prior

w ~ U(0,1.2), Vgl Vit ~ N(0.20,0.05°%)
Bagphg = 4.7

0.2075g

0.44553

08060202 0608 10 12 80 02 04 06 08 10
QGP HG

“Moderate” evidence for fractional charges

Vel Viot



2"d order net-Q: Subvolume vs Correlation length

ALICE: RUN 2 » Question: What is the right modeling of charge conservation?
Subvolume approach Gaussian correlation Gaussian correlation
§ ALICE Preliminary | § [ ALICE Preliminary | § o IAILICIE I;rellirrllin;lryl
- HRG Pb-Pb @ 5.02 TeV | ° | HRG Pb—Pb @ 5.02 TeV | o || QGP Pb_Pb @ 5.02 TeV _
- Cent = (0-5)%, 0.2 < p. < 2.0 GeV/ic 4 Cent = (0-5)%, 0.2 < p. < 2.0 GeV/c ] 4 Cent = (0-5)%, 0.2 < p. < 2.0 GeV/c
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QM?25, 11.04.2025 Mesut Arslandok, Yale University 11
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Back to Critical Point
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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

11



Conventions, conventions conventions

STAR Others
Cumulants (C) Cumulants (k), (K)
Factorial cumulants (k) Factorial cumulants (C), (FC)
°od @

Arslandok, QM25

People love conventions...

That's why we have so many of them!!

12



8TL

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:

Ko

K3

K4

(N)" K" K»

13



What to expect?

Freeze out line

Baseline

Below “T.” Above “T.”

T — HM—Hc

>

Beam Energy

Stephanov, arXiv:1104.1627

14



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!
15



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)

16



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)

_l 1 I 1 1 1 1 I 1 1 | 1 I | | 1 1 I 1 1
o1 Vom o0 )

— e /.7

11.5
14.5
19.6
27

T T [ T ! . '_ ! | l

Au+Au Collisions
0%-5% Central

4<p_<20(GeV/c), lyl < 0.5

0.08

0.06

0.04

0.02

III|III|III|III|II
¢ € + P> O O XX =
W
©

Normalized Number of Events

o

Net-proton (AN, = N, - Ng)



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

18



Grand canonical ensemble

Vtotal — OO

v

system

— OO

Vsystem V

system

— ()

Vto tal

In coordinate space!!l!

v

system

For finite V, , ; there are corrections ~
Vtoml

19



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

20



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, N Qnegprot()ns _ B netbaryons

® net protons
> net protons (Kitazawa-Asakawa)

Lattice result

21



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

22
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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 23



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

-0.04

-0.08 |

o
o
\o}

-0.16 | |

o
O

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

24



STAR BESII data arXiv:2504.00817

@ Data (0-5%) ] . Au+Au Collisionsat RHIC { 1.5 —
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& Q00 e - - I B o g 1 05 A¥Tas~ -
g osf . og®® B4 | T | %ﬂ% _

Z (8] ] C 051 C3 | ; c
7’ - — ‘ —

. @)= (b) =2 _ () &

0.8 | o = - o 1 - o | ) 2
oy Ko T kg 05F | K, -

- = Hydro EV —2 1 0.05F 3 - -4

..... rydo (d) 25 %ﬁ OFs | 0F

5 01 LQCD ] - % @@i - ' '
Factorial § ol o |Gl 2 -O?-%-\%’i%: “f ] of-- F %Q——-;—%s——
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Significance of Deviations

W

o

Significance

1 1 ] LI I 1 ] 1 1 1 LI lI I 1
L Au+Au Collisions at RHIC |
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1 1 1 L1 1l lI 1 lI L
[ 1 II 1 1 II 1 N
K
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/M VO 1T ]
L ,9;) AQ@A ® /% .
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factorial Cumulant™
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llllI 1 1 lllllll
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Ky 7
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|

2
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X. Dong, CPOD 2026
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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)

> \/5(GeV)

Factorial Cumulant Ratios

|
o
—h

|
o
\V

0.05

o

0.5

0.25F

-0.25}

( 7) 71
AT
i ../"/./@M )
g zBES-u 2BES-I ~ Hydro  Hydro EV_|
L K 3 0-5% Au+Au Collisions |
(2) K (anti-) proton, lyl < 0.5
| 0.4 <p_ <2.0 GeVrc
_,()_9__0. _4;.99- _<>_ . .&ué
B (3) K, ]
20
—ﬁ

0

~100 200

CoII|S|on Energy VS (GeV)

STAR 2209.11940

\/E = 3GeV

0.6F Kol Ky
0.4F- BB’E—E\E\S\S E
02F -
0.0f :
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0.0
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0 100 200 300




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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0.4

F(Z’O)/F“ ,0)

0.2

Attraction does the trick

5 b K K K

+ CE local, 2-particle repulsive

STAR BESII (0-5%) .
STAR BESI (0-5%) i
STAR FXT (0-5%, QM25)
HADES (0-10%, QM25)

CE local, 3-particle attractive

10

102
I'say [GeV]

Friman, Redlich, Rustamov, arXiv: 2508.18879

Interaction in momentum space
Strength of interaction is adjusted to fit the data

29



Beth-Uhlenbeck

B. Friman, V.K. in preparation

ZGC(IMB’ T) — eXP (eﬂB/T Zl + ezﬂB/T Z2)

(2 7)’
3 00 00 10 |
D=y J d P3 J am Z 0] (35 \/ HMIT o) 6; proton proton phase shift
Qn) )y, T aM M —
=0 (even) center of mass energy

PE SV 0o £+1 8511 >
Zzlzvj £ J — ) ) Q%+ 1)~ VPP (g

" s21 (0dd) j=¢-1

2mN

Phase shifts are extracted up to M ~ 2 GeV (SAID data base, G.W. university)

Complication: for T~ 150 MeV inelastic channels are needed

30



Beth-Uhlenbeck

2 uplT

Zoo(pug, T) = exp (e”B/ r 71 t € zz)

Cumulants:

In(Z) = e#s'! 71 + Qe 2

Kl —
o(ul/T)
Ky = e,uB/T 7, + 462/43/T 2

FC2 — K2 — Kl — ZezﬂB/TZZ

Factorial cumulant “measures” the strength of the interaction

31



However....
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0.8
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01

Possible Spoller

Zachary Sweger (for STAR) QM 2025

C,  Collider -0.5<y<0.5

— a (<D © BESI =
FXT -0.5<y-yCM<O
E‘EI [B This analysis
| m 3GeV

PEEENEEE N NN AEN NN N I I B N B S .- LB L
3\

S

K /= =
1 (d) ?2 Hydro EV

UrQMD -0.5<y<0.5 -
.| UrQMD -0.5<y-y_ <0

\

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

1.5

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

,” /
K
o 3 -
(6)71
=]
—  Fixgd-Target BES-II =
> <€ | >
3 4 56 10 20 30

Collision Energy ysy, (GeV)

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}

0.4< P, (GeV/c) < 2.0

0.0

C,/C,-

(-0.5<y<0)
(lyl <0.5)

refmult3 b <3 fm

o
[

+
op

C,/C,

3 4

5 7
Collision Energy \'s\, (GeV)

.1IO

Proton Factorial Cumulant Ratios

Factorial Cumulants

1 1
o o o
N — o —

O
o1

o
© w

O
o1

Central Au + Au Collisions 1

(0%-5%

o
o

—k
=)

Fluctuating impact parameter
STAR centrality selection

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

N.B.: Centrality Bin Width Corrections
(CBWC) applied to both

Possible culprit:

e volume fluctuations

 CBWC does not work well at low energies
(Friman, VK 2511.11869, NPA in print)

* New methods (Rustamov et al, 2211.14849;
Wang et al, 2505.03666)
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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, | .
= rorie const as function of AY|  and as function of AY
I

protons antiprotons

37



Test of Baseline

Both GLOBAL charge conservation and volume fluctuations introduce only

LONG Range correlations in rapidity (larger than acceptance)

38



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,*

39



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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Proton Factorial Cumulant Ratios vs. Rapidity Window

0.05 14.6 GeV 17.3 GeV 19.6 GeV 27 GeV
0 _______________________________________ .__.15 __________
-0.05 ° 5 o5  + o, 4+ ‘\.\ij.
(7)) O O (@)
O o1 1 1
&6_0.15' e . S E S T T . T T B S B . T B T T S R B E—
£ o en 8 0%, 1 RSl | |
S Scaling not seen in
5 120997 |1204%%, |17, 0%, | 100 4 BESII data
-g . Au + Au Collisions at RHIC ————
8 1F STAR Preliminary 0.4<p_<2.0GeV/c
8 Proton lyl < y™
| uramp 2%
—  70-80%
0 -—'-‘W 'W--—Q-W--—.-.W - -0 00 0® --
o5b . oAy oy oy ey sy oy ey

0 0.20.4060 0204060 0204060 0204060 0204060 0204060 0.2 04 0.6
Rapidity Acceptance y™ Yige Huang, QM25

1) Proton «,/x, follows a power increase vs. Ay

2) Power constant smaller than simple expectation (n-1)

N
(reeeeer ‘m

April 15, 2026 CPOD 2026, CERN X Dong/LBNL 40
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Summary

* Net charge fluctuations may finally say something about fractional charges
 STAR has delivered on the BESII data!
» 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 baselin%igvolving baryon number conservation and volume fluctuations via ratio
n
FCN
* Does not seem to scale in BES |l data
* Anti protons from BES | are NOT understood. BESII comparison needed. Two source model?.

of factorial cumulants
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Happy Birthaay, Andrzej!
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Backup



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



e(T)/T4

Cumulants and Phase structure

S. Borsanyi et al, JHEP 1011 (2010) 077

L = 15
= 410

o Nl=6 : -
I Nl=8 3 : -15

e N=10 P ~

100 150 200 250 -

1 l 1 1 1 l L L 1 l 1 1 1 l 1 1 1
200 400 600 800 1000
T[MeV]

el T

12t
10

o = O ©o

: : ~ T [GeV]
0.15 0.2 0.25

What we always see....

e/ GeV?

“T¢” ~ 155 MeV

What it really means....
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e/ GeV'?

Derivatives

Oth order

(d/dT) E

0.8

1st order

0.12

0.2

L T [GeV]
0.24

d

200}

100}

~ T [GeV]
0.24

~100}

5th order

(d/dT)” E
3x10°}
2x10°}
1 x10°}

~1x10°¢
-2x10°¢
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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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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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