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Event-by-event fluctuations and statistical mechanics unvensiTe o
Cumulant generating function Grand partition function
Kn(t) = In(e™) = N r In Z8¢(T,V,u) =In Z et/ T 7(T V| N)
N = n(e >—Z:/€nn! 1 Vo N r Vo
" — ornzeey | —
Kn X o

Cumulants measure chemical potential derivatives of the (QCD) equation of state
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Talks by G. Pihan & J. Karthein on Fri Collision Energy \s,, (GeV) STAR, PRL 135, 142301 (2025)
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QCD phase structure with fluctuations et

This talk: Fluctuation signatures at LHC
Integer charge carriers
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HotQCD Collaboration, PRD 95, 054504 (2017) Wouppertal-Budapest, PRD 110, L011501 (2024)

* Suppression of fluctuations: fractional charge carriers [Jeon, Koch, PRL 85, 2076 (2000), Asakawa, et al., PRL 85, 2072 (2000)]

* Chiral crossover and remnants of chiral criticality with high-order baryon cumulants at ug = 0
Friman, Karsch, Redlich, Skokov, EPJC 71, 1694 (2011)

Can it be seen in experiment? 3
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Theory vs experiment: Challenges for fluctuations TN

Theory Experiment

© Lattice QCDOBNL STAR event display

Coordinate space Momentum space

In contact with the heat bath

Expanding in vacuum

Equilibrium and uniform Non-uniform, out-of-equilibrium

Fixed volume Centrality

From RHIC we learned that baryon conservation is the primary driver of the baseline
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Density correlations framework HOUSTON

VV, PRC 110, L061902 (2024)
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Split a thermal system into multiple subvolumes AV and consider
joint distribution of charge B inside the subvolumes

B(t)=1In <62?=1 t’iB’i> =In [Z exp (En: tz-BZ-) P(B
B i=1

0 65000
g &))(%%) ' . Lo Py O o e 0% °
_ _ 1) O
B = (By,..,By),  Bi+ -+ By =By 8’% <§%'.--o.q°g og © 00%895?**’)3"? B2 o
0 02°0° ® 4 2a® 5°%0 8% 0500

In large system (thermodynamic limit), the joint probability factorizes into a product of partition functions
f(p) — free energy density

V —nAV,B — B. —AVf(pj) | ¢=(V=nAV)f(pni1) ~
“ " Z 7)o [He ’ (Ougp/dpp)r = [T3x7]7*

AV -0

> Cn(nl,..-,nn)5<]_[5pi> ,  n=2
i=1 o
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Density correlations framework ey ot
VV, PRC 110, L061902 (2024)
Xz
Co(M1,m2) = 512 _72

GCE 2-point

X3 2)(3{3
Cs(M1,M2m3) = X 6123_7[512"‘513"‘523] V2
GCE 2-point 3-point
X4 ()(3 )?
Ca(M1,M2,M3,M4) = X461234 —7[5123 + 08124+ 8134+ 8234] — VB 1812034 + 013024 + 8140, 3]
2
GCE 2-point 2-point
()(3) ()( )?
+ 5 X4 [01,2 + 013+ 01,4 + 023+ 024+ 034] — x5+
V V )(2
3-point 4-point

All terms apart from the local one are balancing contributions

Integrals yield canonical ensemble cumulants in subvolume H/dan(m,---,nn) = kn|B].
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Introducing local charge conservation U

VV, PRC 110, L061902 (2024)
Introduce Gaussian (spatial) rapidity correlation into charge-conservation balancing term

° /0 o\ /0.°

SRRk i
SR e
global conservation + local conservation

(m —712)2

~ —_

Ae %1

Cy (. m2) = (ng + ng) [6(m — m2) — ! } —> Cy (m.m2) = (ng + ng) |0(m — 12) —

27)max 2max
local correlation balancing contribution
(e.g. baryon conservation) local correlation local balancing contribution
truncated fireball Gaussian correlation
Ve

VS

-EEEEEEEE e e
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------q
E S E EEEEEEESs

VV, Donigus, Stoecker, PRC 100, 054906 (2019)

Gaussian correlation captures the diminishing contributions of hadrons at forward/backward rapidities -
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Local charge conservation in coordinate space uERSITY OF
correlated sampling Yeut Ve = kdV/dy, k =~ 2mo, diffusion equation
o 05 1 15 2
0| o 1.5+ ®p=010 & Ay_ =120 — 1.0 T T T T
o [T, I ©p=080 & Ay, =56 | —global, g, » 0 & V¢ =V 1 T ——
S} p=035 © Ay, =28 i : —local, 0,=2.02 & V¢ =5dV/dy o8 I\ No GCC, 72020
[ e 1 09 s B T AN =
| s e N \ —local,0,=064 & Ve=16dvidy [ ¢ 06 \ \ '\ No GCC, T008 -
m 0.6F 14 \ O —local,0,=040 & Ve=1dvidy | £ | -
|‘ ¥ L “ “‘ Ng B -
B |£? 0 4'- ‘ — Gaussian L W i
O.5H F% ol | ‘-.‘ \“ --- V¢ approach 0 P .
I Y . ' e 0 01 02 03 04 05 06 07 08 09 1
I 0 2' . “ ; "‘ A'r]h]tot
Ob . R o “ “‘ Sakaida, Asakawa, Kitazawa,
0 02 04 06 08 1 o AP S N s PRC 90, 064911 (2014)
o 80 0.2 0.4 0.6 0.8 1.0

Braun-Munzinger et al., JHEP 08, 113 (2024) @\ PRC 110 LOG1902 (2024)

Good agreement between different implementations of local charge conservation at 2" order

* V. approach works at small «, experiment (LHC) corresponds to effective & = 0.025-0.1

Braun-Munzinger et al., NPA 1008, 122141 (2021)
« Complementary observables: balance function (not studied in this work)



Charge fluctuations as a signature of
fractional quark charges

J. Parra, R. Poberezhniuk, V. Koch, C. Ratti, VV, Phys. Rev. Lett. 135, 242302 (2025)
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Charge fluctuations HOUSTON

An old idea: Hadrons carry integer electric charges, quarks carry fractional electric charges.

Jeon, Koch, PRL (2000); Fommmmmmmmmmmn e
Asakawa, Muller, Heinz, PRL (2000) ' i .
® ¢ 6 .

Hadrons Quarks

Do¢p < Dy =2 Distinct signal for QGP in heavy-ion collisions Prev. analyses are for HG
——

Quantified by: GCE estimates: E'\\‘\;\\-:.\_\_f-?:_”_r_‘E:‘i‘fiv.’f?f”_”_a[“jf’ffﬁ ;
k2[Q)] * Dye=28—4 3 BHH R
D=1 * DQGPz]-_]--5 o | HHH '
<NCh> N At ; - H EV-HRG |

9 5 o quantitative calculations 21 (VIR seanonca) ]

Here fo [Q] — <Q > o <Q> have been done for QGP . =D S cnonica)
Nch — N+ + N_ outside the GCE limit 1ALICEdata
00 05 1.0 15 AZ.O 25 30 35 40

T]aCC

ALICE, PRL 110, 152301 (2013)
WV, Koch, PRC 103, 044903 (2021) 10
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Charge fluctuations: stages HoOSTON

. . . . . final detected
Relativistic Heavy-Ion Collisions Peicle distr e i .
made by Chun Shen Kinetic 4. Kinematical cuts
Y freeze-out ,

never done for QGP

Hadronization

—>

3
3
3
3

Initial energy
density

3. (Local) charge conservation

-

s &

\ \ . .

* partonisation

\\ \\
AY N \

incident projectiles

/1 N\

1. Fluctu_atlons. at hadronization 2. Resnﬁ)nance decays Castorina. Satz. LIMPE ‘14
(primordial charges) 0 . never done for QGP
p T~ are correlated!

w — Distinguishes hadron gas (w = 1)
from QGP (w = 0.25 — 0.40)

never done for QGP

11



1. Hadronization
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/ variance at hadronization

) ™ charged multiplicity

More generally:

"7«2 Q] VT3X§2 S

prlm prlm

s/T3

The EoS
e.g. lattice QCD

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

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

from thermal model 3 0.2}

Hadron gas:

Free QGP*:

wye = 1 (Poisson statistics + Bose)

woep ~ 0.36 (Stefan-Boltzmann limit)

w from lattice QCD

1.2:' hadron gas
1.0f
~ 0.8}
% 0.6}
S
y 0.4r

)

prim
ch

N

)/

OO ........................... ]
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2. Decays and decomposition of charge susceptibility uversiTy or
_ Q Q prim Q,prim
GCE: k2@ = VX3 X5 = (N ) T3
Skellam baselme Correction
(self-correlation) (2-particle correlations)

At hadronization (before decays) the strength of interactions is parametrized by w:

Q __ prim . "32[Q] ,pri i
X2 — w<rn’ch > W= <Np}:‘im> SOZQ P = (w o 1)<n£ﬁlm>
After decays, net charge remains conserved but multiplicities of + and — charges increase:
prim m T
(nen) = Yo(ne, ) Yo=1.67 (from HRG) i .

- Correlated!

X3 = (neu) + (% - 1) (Ten) -

Decays reshuffle self-correlation and 2-particle correlation terms 13
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Other stages HOUSTON

3. Local charge conservation [vv, PRC 110, L061902 (2024)]

 2-point charge density correlator with a balancing term C (r1,12) = (6po(r1)dpq (r2))
* Local charge conservation introduced through modulation of the balancing term

2

Q _ @ (L1, r2) (m — )
C5 (r1,12) = x5 |6(r1 —1r2) = = r =7 #(1h,M2) ¢ exp =
tot Tn
local correlation balancing contribution spatial rapidity local charge conservation

4. Kinematical cuts

K2[Qaccl = ]d M1 jd 772629(771:772) p(m)r(m2)

"

Cs (r1,r2) = X5 [5(1‘1 —T2) —

\ X5 = (Tcn) +(i - 1) (T2cn)

Acceptance probabilities p(n): weighted (1, K,p) average from the blast-wave model
NB: The local self-correlation term is multiplied by a single p(n;) 14
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Putting everything together HOUSTON

pair acceptance local charge conservation
hadronization hadronization

D — 4{1 _ (1 _ i) (p°(n) <p(771)p(772)>%}

e/ W) v o (pn)
decays acceptance decays acceptance
(1) - Charge fluctuations at hadronization Experiment applies additional correction
for global charge conservation
Wy = 1 (L)QGP = 0.36 D 4D
DCOI'I' — —|_
2 D
’YQ - Resonance decays D' =D+ 4(p(y), D'=

<Z9(771 )p(772)>% - Pair acceptance weighted with Local Charge Conservation

2
<p (77)> - Momentum Acceptance Cuts
<p(77)> p(n) from the blast-wave model

15
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D-measure

at LHC: comparison with experiment
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(p*(n))

=3

4.0 — T AIICE PRBh 5 76 Tovy 1
N e ALICE Pb-Pb 2.76 TeV, 0-5%]
| hadron gas (w,g=1.1) _
35 : —— QGP (0ggp = 0.36) T
3.0} ]
. 0.2 <p;r<5.0GeVic |
25F  RIT¥Flp el f
20F global T~ I il :‘-_“-_'t_'?_
[ - local, 6,=1.20 (V,=0.31V,y)
(5L local, O, = 0.78 (V.=0.20V,,)
0.0 0.5 1.0

1.5
1]cut

(p(n))

w <p(n1)p(n2)>x}
v  (p(n))

Parameters used:

Cl)HG — 11 a)QGP — 036

Vary g, to accommodate global vs local charge
conservation, based on Vv, PRC 110, L061902 (2024)

Experiment applies additional correction for
global charge conservation which we repeat

/ /!
DCOI‘I’ — D _|_ D
2
D' =D+4p(n), D=2
1 — (p(n))

Hadron gas scenario requires a very local charge conservation range 16



D-measure at LHC: Bayesian analysis
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Vary primordial fluctuation w (HG vs QGP) and correlation volume V( (local conservation) freely

Qa4 =

B Uniform Prior

Bagpmc = 9.7

Bagphg = 4.7

1.0 o o208k
0.8]
50.6 of
< 09 o
O S 4l
N 0.4
02t l 04433

w ~ U(07 12)1 VC/‘/tOt o U(07 1)

B Local Conservation Prior
w ~ U(0,1.2), Vol Vit ~ N(0.20,0.05%)

0875 ofz’;gfpicfé 08 10 72 80 02 04 06
V! Viot

0.8

1.0

Bayes factor BF;; for H; over H;

- Moderate evidence for freeze-out of
charge fluctuations in the QGP phase (w).

Evidence category

> 100 Extreme evidence for H; over H>
30-100 Very strong evidence for H; over H>
10 - 30 Strong evidence for H; over H>
3-10 Moderate evidence for H; over H>
1-3 Anecdotal evidence for H; over H>

1

No evidence over H»

17
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D-measure at LHC: Run 2
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LHC Run 2 analysis is nearing completion
From M. Arslandok (ALICE preliminary), QM2025

/. approach

ALICE Preliminary 1
| HRG Pb-Pb @ 5.02 TeV
4o Cent = (0-5)%, 0.2 < p_<2.0 GeV/ic
3l
| [e] Data 1
ol —V,=26dV/idy n
- — V,=3.0dV/dy 1
| ---Global
o 05 1 15 >
An
Experiment still uses DCOTT

DCOIT

Gaussian correlation

H RG ALICE Preliminary
Pb-Pb @ 5.02 TeV

Cent = (0-5)%, 0.2 < p, < 2.0 GeV/c

| Hadron gas
ol [e] Data i
| —Local 6, = 1.20
| —Local 6, =0.78
| ---Global
0 0.5 1 1.5 2
An

which diminishes discriminating power

DCOI‘I‘ —

HOUSTON
D'+ D"
2
, " D
D'=D+4(p(n)), D"= 1—(p(n))

DCOI’I’

Gaussian correlation

T T T T T T T T T

ALICE Preliminary

Pb-Pb @ 5.02 TeV

Cent = (0-5)%, 0.2 < p, < 2.0 GeV/c

QGP

|

| QeGP 0000 T T
ol [e] Data
| — Local c,=1.20
| —Local 6, =0.78
| ---Global
0 0.5 1 1.5 2
An

We advocate for direct comparisons with uncorrected D-measure (in progress)

18
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243512 +——i ]|
HRG ——

y

%

525!'

?

T [MeV]

130 140 150 160 170 180 190 200

1.0f 0.5<pr<1.5GeVic T
7] <0.8

0.8f ]
O ——— == = @ = —— = @ - ———-9

0.6 =—e- global Thermal-FIST + BW, V. = 3dV/dy |
—e— local (0,=0.78 £0.19) 54906 (2019)

0.4 == ultra-local (0, - 0)

02 B ;- g -—

(0 )(0] S—————————— ey SE R @i e o

0 10 210 30 40 50 60 70 80

Ke(p — p)/K2(p —

p)

0-0, Vsyy = 5.36 TeV

Centrality (%)

Canonical statistical hadronization with local
baryon conservation for higher-order cumulants

M. Ciacco, V.A. Kuznietsov, S. Kundu, M. Puccio, VV, arXiv:2605.30710
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Local charge conservation: high-order cumulants NIk

. . Ciacco, Kuznietsov, et al., to appear
Introduce n-point local conservation kernel

(M1, M2) B
Ca(m,m2) = XzB [51,2 - T] second-order
B X3 2x3 .
C3(n1,m2,m3) = X3 61,23 — a [51,2 s5(M1,m3) + 01,3 22(11,m2) + d2,3 %2(7’]2,’]71)] + 35 %3(7)1,772,773)] third-order
e _ X4 N5 (x5 )‘ 5
a(m, .. .ma) = X4 1,2,3,4 3'V Z 71,02,05%2(No1 3 Noy) — 21)2x Z g 75005 malk i s o) fourth-order
oc€Sy UES
1 (X3 )2 3 (xB)?
+ 2|V2 [X + X2 ] Z 501,02%3(770177703,7704) - W [Xf S X3ZB %4(771,772,773,774).

o€ESy

Sum rule:

/dnn C., =0 foranyn ﬁ /dnn oMy yMn) =Visen—1(M,y .oy Mn—1)

Symmetric n-point Gaussian kernel:

— 2 1
%2(771, n2) X exp [_ (nl 2022) :| — %n('f]l, “e ,?77;,) X An exp [_W Z (,,h _ nj)2]
n

M 1<i<j<n
20
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Baseline: 2" order net-proton cumulants uvERSITY Ot
coordinate space momentum space
10 I I T T
\.:\\. 1 00 —0.6<p<15GeV/c
__ D8R, . T —0.6 <p<2.0GeV/c
lm Q\:\ \. r\ B
+ VN 3 0.95}
% 0.6 .\. \. \.. 51 \\/ ~~~~~~
Q iy, T 0.90}
| 0.4} % \. a9 - QT Gaussian
aa) \. \. %o N A V¢ approach
~ ‘a.. ‘o..‘ '\. 0 85'
< 0.2t Poree, 8 . 771 Pb-Pb /sy =5.02 TeV symbols: ALICE data
“'o.o...,,:.'.-.. r Local conservation gy, = 07812
(a) l l I l 0.88 N — 1 . P 1 P 5 1 P P .
090 0.2 0.4 0.6 0.8 1.0 .0 0.2 0.4 0.6 0.8 1.0
a Neut

Agrees with hadronic diffusion model of Sakaida et al.,

PRC 90, 064911 (2014)

— Describes hadronic diffusion in hadron gas limit

VV, PRC 110, L061902 (2024)

Hadronic scenario describes the data with oy ~ 0.78

21
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Fourth-order net-baryon fluctuations NI

Ciacco, Kuznietsov, Kundu, Puccio, VV, arXiv:2605.30710
Coordinate space: cut in spatial rapidity || < Mcue

1.0 1.0 T T T T
global, g, - —— globa
0.9 local, o, =2.02 0.9 ---- 7=0.08
) = Q ---- 1=0.12
m 0.8 local, 0, =1.20 aa) 58 T
| o7l local, 0, =0.78 : I Y - 1=0.20 ,,,'T
Q local, o, = 0.40 ; Q47 -‘.l‘.‘ """ 4! -
[ i 1 H
¢' 0.6 X | W ---- diffusion eq. i
E /\\ 0.6r |\‘O | | f *‘ =1
'E‘ 0.5 00 \\‘ o ocal cons. ’*’l
I E I 0'5 .—. .\\*l. --I.. T
m 0.4} Q LR
= A af S 0.4r *® .
< 0.3} : : e
: : 0.3+ -
021 ideal gas ; (b) 0 = 2V2tmax
0 5504 o6 o8 10 00 02 04 06 08 1.0

a
Excellent (exact?) agreement with hadronic

diffusion model of Sakaida et al., PRC 90, 064911 (2014)

Small o limit: plateau at — + %arcsin(l/B) ~ 0.474
22
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Sixth-order net-baryon fluctuations NI

Ciacco, Kuznietsov, Kundu, Puccio, VV, arXiv:2605.30710
Coordinate space: cut in spatial rapidity || < Mcue

1.0

global, op -
0.8 local, 0, =2.02
local, 0, =1.20

local, 0, =0.78
0.4 local, 0, =0.40

Ke[B — Bl/k2[B — B]

08002 04 06 08 10 00 02 04 06 08 10

Excellent (exact?) agreement with hadronic

Small ¢ limit: plateau at 2 = 2% jrsin( 1) + -7 1, ~ —0.02465 diffusion model of Sakaida et al., PRC 90, 064911 (2014)
3) T 16yr -

16  4nm
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Predictions for O-0O collisions oNeRs T oF

Ciacco, Kuznietsov, Kundu, Puccio, VV, arXiv:2605.30710
Momentum-space measurements — Acceptance factors p(n) at each spatial rapidity

ey — (B:;B) VAl ideal gas Input from the blast-wave model
_ (B+B)
R4 = V [jl - 4\72 + 6j3 - 3j4] ) O(')OS’ \m =1553(63 T\?/V
B B 1. — D<pr< : ev/C |
Ke = < I_l; ) [Jl — 1675+ 7573 — 150 J4 + 135 J5 — 45 j6] . 00 N T .- L (_Dentrallty 0-10% |
a e N~ T Em——_.
1
In = Gram3 /dm---dnnp(m)---p(nn)%n(m,---,nn) ;0-955
| < _
IQ a
) | 0.90F ,
Preferred scenario: o, = 0.78 - S,
. Q. Thermal-FIST + BW, V. = 3dV/dy Tt
* Constraint from 5.02 TeV Pb-Pb data =~ _ "~
X 0.85F === global i
Ultra-local limit (0,1 - 0): [ local (0, =0.78 £0.19) ‘
e maximum effect of baryon conservation 0a :T"_'"“""al"o.ca? (‘?”T’?). - (@
* non-zero cumulants in this limit due to 58,0 0.5 1.0 1.5 2.0
momentum cut and absence of neutrons An



Predictions for O-0O collisions
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Ciacco, Kuznietsov, Kundu, Puccio, VV, arXiv:2605.30710

K2(p —p)/{p + p) K2(p)/(p) = K2(P)/{P) K2(p + p)/{p + p)
1,00:— . - ——— e @ ]
0.98;- G = == == =@ ] C 0.0, /S = 5.36 TeV
0.96} = o — - ———— ° ° ° L 0.5<pr<1.5GeVic
: . b [7]<0.8
0.941 @remes —§ L S XLETE o St bl el ze bt e - -
0.92} R e —
0.90;— ¥ ol global
0.88;- e e co — — R i i s . —e— local (0,=0.78 +0.19) Thermal-FIST + BW, V, = 3 dV/dy
0.86} (a) | | ~-e=- ultra-local (g, - 0) (b) PRC 100, 054906 (2019) (c) -
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80 O 10 20 30 40 50 60 70 80
Centrality (%) Centrality (%) Centrality (%)
* Measurements of individual variances carry additional information
* K,[p]/(p) closer to Poisson than k,[p — pl/{p + p)
* K2|p +pl/(p + P)=1 B
* consequence of symmetry at LHC: cov(p + P, Biot — Biot) = 0
* clear test of physics beyond baryon conservation o5
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Predictions for O-O collisions: high-order cumulants vERSITY CE

Ciacco, Kuznietsov, Kundu, Puccio, VV, arXiv:2605.30710

Ka(p = P)/K2(p = P) Ke(p — P)/K2(p — p)

1.1 ' I ' 1 I ' I ! 1 ' I i I 1 ’ I i I '
0-0, Vsyny =5.36 TeV 0O-0, Vsyn =5.36 TeV ]
s ol 0.5<pr<15GeVic | 1.0f 0.5<pr<1.5GeV/c T
~l |7l <0.8 | : |7l <0.8 |
| e ——— g — = @ == = == — @ 0.8+ ]
0.9¢ ] | ¢ —— == — == == ——-———-0 |
: | 0.6 —e- global ——— Thermal-FIST + BW, V. = 3dV/dy ]
0.8 B - — — | —e— local (0, =0.78 +0.19) PRC 100, 054906 (2019)
: _ 0.4 == ultra-local (0, 0) 1
0.7_' @ icmmrrmmns @ remnnmmns @ i m=rrmmns @rimrrmmns Ll . RL L L e - -@ 1 [ 1
| —e- global ——— Thermal-FIST + BW, V. =3dV/dy { 0.2} 1
0.6f —e— Iocal (0, =0.78 + 0.19) PRC 100, 054906 (2019) ’
-e-: ultra-local (o, - 0) 0.0 [ = ]
0% 790 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Centrality (%) Centrality (%)
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M. Ciacco, CPOD2026

IIII|I|II|IlIIlIIlI|I|II|IIII[IIII|
ALICE Preliminary
00 \s = 5.36 TeV

In| < 0.8
0.5 <p, < 1.5 GeV/c

| | | | | |

f
{ B g mH

Thermal-FIST + BW, CE SHM ev. gen.

1 | | | | 1 I | | 1 |

V. =3dV/dy, PRC 100 054906 (2019)
lllllllllIl[lllllllllllllllllllllll[llll

Comparison to data and other implementations: k,/k, uvensireor
0.90 Kalp—plikalp=p) 5 09
' 0+0, Vsny = 5.36 TeV a

0.5<pr< 1.5~GeV/c gu
0.85_— Gaussian IocalconsLIZ\I/:t%g T T& 0.85
' o,=0.78 =]
<
0.80f 0.8
.___.___'___‘—_*__—0——*—_‘
0.75} 0.75
0.70} 0.7}
0 10 20 30 40 50 60 70 80 0

Centrality (%)

© Fair agreement with preliminary O-O data

10 20 30 40 50 60 70 80
Centrality (%)

V' Excellent (exact?) agreement with the diffusion model of pPrc 9o, 064911 (2014)
v/ Good agreement with V. approach (Thermal-FIST SHM V, = 3dV/dy) PRC 100, 054906 (2019)
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Comparison to data and other implementations: k,/k, puverseer

M. Ciacco, CPOD2026: A. Rustamov, CPOD2026

K4(p_p)/K2(p_p) I/a1_05_lll|ll|1]llll]llll]llll[llll]llll]
0_90 [ T T T T T T T T T T T T T T 1 : ALICE Preliminary NEW
0+0, Vsyy =5.36 TeV 9&. e OO0 |5y = 5.36 TeV [

0.5<pr<1.5GeV/c 3 C In| <0.8 .
|f7] < 0.8 & : : ]
0.85f Gaussian local conservation o 095 05<py <15 GeVic -
Ur) s 078 \:,. r — n
¢ N 4
_ 0.9 -
0.80F T i :
| .___.___..__—o——-.'—"___'__‘ 085 E
0.75} — 0.8 g
' - [¢] 5 b (o] [¢ [« .
0.75 =
0.70F i - Local charge conservation 1
0.7 — JHEP 08 (2024) 113,p = 0.97 > Ay = 2.1 7
L L L L : L L _l 111 l | | l | - l | | l | | I 1111 l | | l 111 l-[

o 10 20 30 40 50 60 70 80 0O 10 20 30 40 50 60 70 80
Centrality (%) Centrality (%)

© Fair agreement with preliminary O-O data
V' Excellent (exact?) agreement with the diffusion model of pPrc 9o, 064911 (2014)
v/ Good agreement with V. approach (Thermal-FIST SHM V, = 3dV/dy) PRC 100, 054906 (2019)

X No agreement with the correlated sampling model of JHEP 08, 113 (2024) 27
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Comparison to data and other implementations: k. /k,
HOUSTON
- - M. Ciacco, CPOD2026
3 K6(p - p)/KZ (p - p) |a 3_I TTT l TTTT I LI l TTrrrT I TTTT ] il B8 I | I I l T
N - - ALICE Preliminary
0+0, /sy =5.36 TeV o 250 )
0.5 <pr<1.5 GeV/c | = Tk OO sy = 5.36 TeV .
ol Al <0.8 | = oF il <0.8 E
Gaussian local conservation | ) 2P 05<p,<1.5GeVic .
I ] X = =
1 1 E E
ﬁ ' 05F =
O- —— o o = o S * | 0;_ |:ﬂ {$| (o] %] m_i
ﬁ ~0.5F H‘:| 3
-1f - - £
' _1 5 Thermal-FIST + BW, CE SHM ev. gen. =
I ] - V. =3dV/dy, PRC 100 054906 (2019) ]
— . 1 L | L 1 . L . | L 1 L L L B I | £ A | | | o o | l | 1 | | L1 11 l | | | 1111 l 111 l-t
2O 10 20 30 40 50 60 70 80

Centrality (%)

© Fair agreement with preliminary O-O data

_20 10 20 30 40 50 60 70 80
Centrality (%)

V' Excellent (exact?) agreement with the diffusion model of pPrc 9o, 064911 (2014)
v/ Good agreement with V. approach (Thermal-FIST SHM V, = 3dV/dy) PRC 100, 054906 (2019)
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Looking further: ALICE3 "

HOUSTON

Extended acceptance and statistics coverage with next-generation heavy-ion experiment at LHC
ALICES3 letter of intent, arXiv:2211.02491

1.0 Pb-Pb, \'syn = 5.02 TeV

y Centrality 0-5% _
‘.\ 0, = 0.78 (local conservation) 1
—_ N ‘\. S rs_ 1
|Q 0-9 \‘\ \._\\ |
2 \.\'\ \\\\x 3 3
~ 0.8} '\.\ N~ N Oy ]
-’E ~~~~~~~~~~ i i
I ...................... IQ |Q i
0.7} 1 I “
Q
I S S
X S I — © [ e i
é ALICE,0.6<p<1.5GeVic -== 15<p<10 GeV/c _ I
PLB 844 (2023) 137545 (a) | = 0.6 <p<10GeVic (b) —0.4} (C) ]
05— > 4 6 8 009 5 4 6 8 0 > 4 6 8
AR An An

* C(Calculations provide a robust baseline
* Local baryon conservation alone can drive proton kg negative

e Qutlook: Direct calculation of proton cumulants based on lattice QCD susceptibilities, e.g.

through maximum entropy method
29
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S ummary HOUSTON

Density correlations framework:
local charge conservation for higher-order cumulants

|4

o )
Ca(m1,m2) = X3 [51,2 — M]

Baselines for higher-order proton
cumulants in search of chiral criticality

Moderate evidence for charge
fluctuations at LHC in the QGP

4.0

< ALICE PbPb 2.76 TeV, 0-5% - LI
\Sr. hadron gas (oyg=1.1) 0.9 ——-- 230a08 ;
35F A, —— QGP (wagp=0-36) Outlook: 'aosr""‘\ e e 012 fi .
. Neln | —— - [}
sol ] Higher-order charge cumulants N\ T i
o 0.2 <p; <5.0 GeV/c E?; 0.7 1Y o P
8D ~~~~~ X 5 6—‘.‘\“ \ ---- diffusion eq. f ¢
25f OISR e ] Beyond ideal gas: MaxEnt for @ [N\ e AT
L =TIl 1 B I 0'5—.:\.*1...\.'\. 'f..’.‘.’..-
vob o e lattice QCD x5, @ [ sl
----- local, o, = 1.20 (V= 0.31V,,) §°'4' his SR e
----- local, ,=0.78 (V,=0.20V, ) : L -
15 y=9-/5 Ve o) ] 0.3
5L o5 . A Balance functions and other ) ! ‘ |
Neut observables 0.0 02 04 06 08 10
a

Thanks for your attention

Extensions to RHIC

Baseline describes prelim. O-O data
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Theory vs experiment HOUSTON

guidance from theory (e.g. lattice) experiment (the real thing)

1.2 F7 T T
1 HRG cont. est. 1
* Ni=6 &
8 &
0.8 | ]

mg/m;=20 (open)

moy .
o 27 (filled)
oy 0.6 L] 1
4
04 .!m
0.2 Eg =2

et free quark gas

140 160 180 200 220 240 260 280

T [MeV]

- (3) C,/LC, 1

BES-II
O BES-I
Hydro (cons)

—— Hydro (cons+EV)

10 20 100 200
Collision Energy \s,,, (GeV)




Hadron resonance gas in the canonical ensemble
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Begun, Gazdzicki, Gorenstein, Zozulya, PRC 70, 034901 (2004)

Canonical partition function of an ideal gas of particles and antiparticles:

P(N)) 02

Pm | . aee
)\+z (A_z)N- LR
Zc.e,(V, T) - Z Z n N_! 6(N+_N_) - 0.1 .‘i‘fi". .“
N4y=0N_=0 J
= — do exp [z (A\y € + A_e™)] = I)(22) 1 oo ot
27 T s 0 15 20
, Skellam distribution N
1 2N+ o 21 —
Pc.e.(N+) - 10(22) ) (N+|) o
Fluctuations: h = O
L e
wE = (NDee. = (Ni)ie _ 1 _ [-71(22) _DL(22)| L1 ] N of,
c.e <N:t>c.e. I0(22> Il(ZZ) 2 Tt deee ot P
Exact (baryon) charge conservation introduces correlation among unlike -
charges (BB) and anticorrelation among like charges (BB and BB) °3 5 10

Further developments evaluate high-order cumulants in acceptance
Bzdak, Koch, Skokov, PRC 87, 014901 (2013); Braun-Munzinger et al., NPA 1008, 122141 (2021)

# of (anti)baryons ~ Z



LHC and local conservation
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Global conservation correlates all baryons everywhere in the fireball oo 4o
. . . =~ —L @O
This requires very early production of the baryon charge.. ole o © [0°
o = e < @ 07
or introducing local baryon conservation e o y 7
] . < /0 I8
&l T Net-A fluctuation © o
. 'i’- - Pb-Pb, centrality 0-5%  —s— ALICE, 2.76 TeV - < b auce Pre'"minary, s e %=5"02 - o © oo o ©
<la | 06<p<15GeVic —+—ALICE, 5.02TeV 1 < | Inl<081<p, <4GeVic e o/ > o
B EPOS, 5.02 TeV - -y i B 4 i
1= .:::::'.ﬁ """""""""""""""""" u = & 1
I A s e Y | H | < oesl H n g L
____________ | % 0%
i 4 - I H H H H Castorina, Satz, [IJMPE 23, 1450019 (2014)
0.9 ] 0.9__ | .\‘ t
B Global conservation . | Thermal-FIST CE SHM i
- Local conservation Ay =2 1 0.85- T4y 7,, dV/dy from PRC 100 (2019) 054906
TR Local conservation Ay =5 i - V. = 3.0 dV/dy ]
oglele vl 1 P — ¢ . T
' 02 04 06 08 1 12 14 16 0 20 40 60 80
ALICE, PLB 844, 137545 (2023) An Cenellpge

* balance functions [Schlichting, Pratt, PRC 83, 014913 (2011)]

» diffusion master equation [Sakaida et al., PRC 90, 064911 (2014)]

eV, approach [VV, Donigus, Stoecker, PRC 100, 054906 (2019)]

» Correlated sampling [Braun-Munzinger, Redlich, Rustamov, Stachel, JHEP 08, 113 (2024)]

incident projectiles

/7 | X\



D-measure of charge fluctuations
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DCOI’I‘

l-{)Q[N_|_ —N_] L K’Q[Q] J—

4u0 v - T T T T T T .

) e ALICE Pb-Pb 2.76 TeV, 0-5%]

| hadron gas (wyg=1.1) ,
3.0 i 0.2<p;<5.0GeV/c ]
25f  CATRSRp e ;
2.0} ——global Tz

: ----- local, 0,=1.20 (V,=0.31V,,) .
{5~~~ local, 0,=0.78 (V,=0.20V,;) -

0.0 0.5 1.0 1.5

ncut

1 —

1.0
0.8

)
N 0.6

0.4 |
0.2}

~

- Uniform Prior
w ~ U(0,1.2), Vel Vi ~ U(0,1)

Bagpma = 9.7

I Local Conservation Prior
w ~ U(0,1.2), Vel Vit ~ N(0.20,0.05%)
Bagpha = 4.7

0.20'553

0.447038

08602 04 06 08 70 72 80 02 04 06 08 10
QGP HG
Vc/vtot

J. Parra, R. Poberezhniuk, V. Koch, C. Ratti, arXiv:2504.02085
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Cumulants in the canonical ensemble ORI OF

Net-baryon cumulants in the acceptance, non-zero total baryon number B

B/2 [ (9, /o 9+ =1—pp + ppe’
g(t) = In (Zn PB(n)e"t) =t In [((q]—i) B(IZ(;;;(I )] _
Bzdak, Koch, Skokov, PRC 87, 014901 (2013)
K, [B — B] 1
(B + B) P
K4[B—§] N
55 " L 3elt-rd +78)]
k¢|B — B] N .
55~ L~ 1 -pll+rg —pd—p)IG+6rp 1) 02} N
/ \
_0'4_ "I | l ! . |
0.0 0.2 04 00 0.8 1.0
p

see also Braun-Munzinger et al., NPA 1008, 122141 (2021) 12
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Local charge conservation: 2"d order generalizations UNvERSITY OF

* Non-conserved quantities correlated to a conserved charge

j pecher
Cijl(xl,xz) = Xij 6(xy — x3) — %(xbxz)B—ll
Xz V
B-B R 1 B+B R
Cz 7" (x1,x2) = (B + B) [5(951 — xz) — 1(xq,x3) v C277(xq,x2) = (B+B) 6(x1 — x3)
self-correlation  balancing term Local baryon conservation does not affect B + B
C3 (x1,x2) = (B) |6(x1 — x2) — %(xpxz)ﬁ Crt (x1, x2) = (B) #(xq, x3) 2V
Anticorrelation among like baryons Correlation among unlike baryons
* Multiple conserved charges, Q = (B, 0, S, ...)  Balance functions (ideal gas, LHC)
iQc(,, @\ *1,iQ ng + ng
y X11 (X X —_B8_ B
C§]1(x1;x2) = Xij [5(351 — x5) — n(xq,x3) = ( k\l/) = ] Bx1,xz) = (B + E) #(xy, x2)

10
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Conservation, baselines, and data ORI OF

Net-proton cumulant ratios

| @ Data (0-5%) | - Au+Au Collisionsat RHIC | 1.5 STAR
Q: ¢ Data (70-80%) 04< p, < 2.0 GeV/c, lyl < 0.5 -
= | e R 1| L e P L | R et LTI T
s |\ 0 | a0 T = |l a0 TG [
© - 9 - <><><> Q%--O"'Q“Q o %P O%w O i @4%’ e
e o Sl e o BTl o5 AR - -
® 09 .7 00 ﬁ{-g 2l Ii<l> i Ejil JoloC e | _ %
Z E@/@{ﬁi CZ 0.5F -. Hydro EV CB = ok C4 _
- (@) 1 | & oo (b) & €&
0.8 <p +p> _ - UrQMD (0-5%) 1 2
5 10 20 50 100 200 5 10 20 50 100 200 5 10 20 50 100 200
Collision Ener sy (GeV STAR, PRL 135, 142301 (2025
gy YSnn

HRG CE: Braun-Munzinger et al., NPA 1008, 122141 (2021)
Hydro EV: VV, V. Koch, C. Shen, Phys. Rev. C 105, 014904 (2022)

Exact baryon conservation is a primary ingredient of non-critical baselines

12
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Density correlations framework HOUSTON

VV, PRC 110, L061902 (2024)

Evaluate the cumulants in thermodynamic limit using ST e Soos
. . @ ‘ﬁi AV,Biboo 02, % @ ¢ |AVB; )
maximum term (saddle-point) method oo PRl 0’00 & B Vaeq |- 00
80 d.. ’ 1 %? o o O%w. o : a®
088 Rod G080 8, FEIIenIeiong,
AV ° og oq%’g‘w%ooo%o%g o° %og oOOOéJ
<5Bz5BJ> = AVX2 0ii — —— % ° 62 o‘p_g_o Qg,° Lo o 0%,
vV B 00 ook |AV:B2 [Pe o) & S A5 o
O 1 1 VR
g cﬁ‘é)% > - ) PP 0% o e 0% © %
8:% é%. 0. 220 o 0 ® epl0 %i‘ag
0° 06 50 80—08-&30 ‘g’ég&\ QR °, 208

(6B;0B;6By) = 8;jkx3AV — (8i; + 0ir + 0k;)x3(AV)? + 2x3(AV)? o

AV 2 2 AV 2
<5Bl(sBJ5Bk5Bl>c = AVX45ijkl - X4%[5ijk + 5ijl + Okt + 5jkl] - (>§<32) ( V) [5ij5kl + 5ik5jl + 5il5jk]
(AV)? (x3)*1 .« | & , . ' 3(AV)* (x3)?
tyE o et [0ij + dir + it + djk + 051 + O] s |Xat |

Taking “continuum” limit (AV — 0) yields n-point density correlation functions

Cn(nh s 77771) = <H6P'L> ) n 2 2) H/dnzcn(nla .. ,7777,) = K:n[B]
12
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N-point local conservation kernel HOTToN

— )2 1
%z(m,m)ocexp[—%] — (M55 1n) < Anexp | ———3 > (i—m)
n

M 1<i<j<n

2-point Gaussian kernel Symmetric n-point Gaussian kernel

Reflecting boundary conditions in a finite system — Sum over antiperiodic Gaussian images

n2=0, o0=2 =29, 0=2
0o 1 (a)I l E —— minimum image | (b) /E/'_'\-~.
- - | - =~ full periodic cd
%’E)C (7]1’ cee ;nn) = An Z €xp _W Z (771. - 7]_7)2 3 1.0 — = full antiperiodic :
ko,...,kp=—00 M 1<i<j<n
0.8
E
ﬁj =1y + 4kj77max and ﬁj = 277max — Ny + 4kj77max 5 0.6
<
~
X 0.4
In practice, these boundary conditions are largely
. . . q- .2
irrelevant for midrapidity 0
0.0

12



Fifth and sixth order
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B, B

X3 X

C5(771, SRR a775) = X?51,2,3 4,5 — 4|V Z 601,02,03,04%2(770177700) 3‘2::)(;‘/ Z 601,02,03604,05%2(7701,7705)
el 12!

1 [ g, x5xz5 2X5 X%
T W _X5 45 ] G; 501,02,03%3(770177704’770‘,) b (2')3V2

B § :601,02 03,04%3(770”7704)7700)
2 0€ESs
B
3

LT
o B

5 4 & X5 XE
_W [ X2 Z o1 02%4(770177703’770477’00)—'_ 5 +5 XB %5(7701)"'37705)

o€Ss 2

B. B
B Z X3 X5 Z
C6(771) ceey 776) = XG 51,2,3,4,5,6 - 5'V 501,02,03,0400 VP (7701 ) 7705) 4'2' BV 60’1,0’2,0’3,0’460'1,0'5 P (7701 ) 7706)
oc€Se 4X2 o€Se

(x£)? 1 X5 x
2'(3')4—2VXB Z 0'1)”270'360'4,0070'6%2(7701’7706)+ 4'2"/'2 X6 + 3 5 Z 601,02,03,04%3(770”7700’7]06)

o€Sg X2 o€ Se

+

1 B. B 1 3 B(.,B\2., B __ B\4
1\29211/2 |:<X4 ) _i_BX3 X5 ] Z 601 02, 03604 00%3(770'1)770'.)’7]0'6) + 1(91\31/2 [ X2 (X3) Xg (Xs)
(2)23!V % = 31(21)3V X2

1 2 B\2 +3 B. B + B. B
X Z 601,02603,04605,06 %3(7701’770'5’7]06) — (3')2V3 |: (X4 ) );SBXS X2 X6 :| Z (50-1’0-2,03 %4({7’(” }i=1,4,5,6)
oE€Ss ’ 2 o€Se

1 T =3x8 (XF)x2 —2(x8)* (xP)? — 2(x8)* x5 x4 ,
(2153 [ (x3)? L; O1,02003,04 %4 ({10 }i=1,4,5.6)

1 [-30E)* + xExB(xB)? +90B)xBxE + (XB)2(8(xB)? + xExE)
41214 l (XZ) Z 501,02%5 {naz}z 1,3,4,5,6)

+

_+_
o€Se

3OxXE) + IXEXE(XE)? + 908 )*xExE + (XF)*(8(xZ)? + xFxé)
T Vs { (xB)? } #6({ni}i=1,2,3,4,5,6)
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Comparison to data and other implementations: «, NIk

Opposite behavior in the correlated

Agrees with the diffusion model of PRC 90, 064911 (2014)
sampling model of JHEP 08, 113 (2024)

—~—~ o) T T T I T T T ‘ T T T | T T T
1.0 : 1 l l 2| 15 °p=010 = Ay, =120
—— global = < - ®p=080 < Ay =56
0.9 ---- 7=0.08 1 °p=095 < Ay =28
-8 e smaouo g ®p=099 < Ay =13
| 0.8 . FEI0:20 f”— 1‘ —CE baseline
X ' /o P i
g 0.7 _|‘|.\* ...... Ilo*",'_ Qoo -0 ---o--- 0------- ®-----" : ‘_""'_ y
g “‘ 1Y - diffusi ¢ rl; —————————— o v
X 06-"“. iffusion eq. 2|
'8 ‘,‘.\‘ local cons. 'j S\
R A s 0.5
2a) (R I
\:r 0.4+ .’oo N
0.3 B b ] I | | | | 1 1 1 ] 1 1 1 l 1 1 1 I | 1 1
(b) | | , © 02 04 06 08 1
0.0 0:2 0.4 0.6 0.8 1.0 acceptance factor o
a

Figure from M. Arslandok, QM2026
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Comparison to other implementations: k, LA

M. Ciacco, CPOD2026

Kz(p _p)/(p +p) I/Q\- 1_05 T T 1T | Frr1i I T 1T | | [ PR G | | T TT | T L T 1 | | A O |
098—mmm™mmm———— g i ALICE Preliminary NEW
[ 0+0, Vysyy =5.36 TeV o i oom=5_36 TeV
0.96} 0.5<pr<1.5GeV/c ] ~ = Inl <0.8 .
_ |7l <0.8 e - 0.5<p. <1.5GeV/c B
0.94l Gaussian local conservation | a i T ]
0.921 — e o—————————O | 0.95_— B
0.90} - I Z
[ W —e— o o o e o
0.88} : 0.9 —n B
- ~ Local charge conservation, JHEP 08 (2024) 113 |
0.86} - [ —p=01oay =117 ’
I — p=08->4y, =55
0.85 — p-097ay. =21 B
0.84} 7 | —p=099-Ay =12 ]
- ! - ! - L - L : L . L . L . o b b b b b e b o |
0 10 20 30 40 50 60 70 80 0O 10 20 30 40 50 60 70 80
Centrality (%) Centrality (%)

v Good agreement with preliminary O-O data (no need to retune o, from Pb-Pb)
v Excellent (exact?) agreement with the diffusion model of pPrc 9o, 064911 (2014)
v/ Good agreement with V. approach (Thermal-FIST SHM V, = 3dV/dy) PRC 100, 054906 (2019)

v/ Good agreement with the correlated sampling model of JHEP 08, 113 (2024) 27
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Comparison to data and other implementations: k, NIk

M. Ciacco, CPOD2026

Kz(p _p)/(p +p) I/Q\- 1_05 T T 1T | Frr1i I T 1T | | [ PR G | | T TT | T L T 1 | | A O |
098—mmm™mmm———— g i ALICE Preliminary NEW
[ 0+0, Vysyy =5.36 TeV o i oom=5_36 TeV
0.96} 0.5<pr<1.5GeV/c ] ~ = Inl <0.8 .
_ |7l <0.8 e - 0.5<p. <1.5GeV/c B
0.94l Gaussian local conservation | a i T ]
0.921 — e o—————————O | 0.95_— B
0.90} - I Z
[ W —e— o o o e o
0.88} : 0.9 —n B
- ~ Local charge conservation, JHEP 08 (2024) 113 |
0.86} - [ —p=01oay =117 ’
I — p=08->4y, =55
0.85 — p-097ay. =21 B
0.84} 7 | —p=099-Ay =12 ]
- ! - ! - L - L : L . L . L . o b b b b b e b o |
0 10 20 30 40 50 60 70 80 0O 10 20 30 40 50 60 70 80
Centrality (%) Centrality (%)

v Good agreement with preliminary O-O data (no need to retune o, from Pb-Pb)
v Excellent (exact?) agreement with the diffusion model of pPrc 9o, 064911 (2014)
v/ Good agreement with V. approach (Thermal-FIST SHM V, = 3dV/dy) PRC 100, 054906 (2019)

v/ Good agreement with the correlated sampling model of JHEP 08, 113 (2024) 27
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Comparison to data and other implementations: k. /k, puverseer

M. Ciacco, CPOD2026: A. Rustamov, CPOD2026

(p p)/KZ (p p) ré-\ 3:I T TT | T 1T | T T TT | T 1T | | 5 I | T TT I T TT I
3 . . O o \/_ 5 3|6 n IV R s ALICE Preliminary NEW
_ 0.5<pr<1.5 GeV/c | ) - il J@ :
2t 11 <0.8 ] e 0.5 <p_ < 1.5 GeVic E
Gaussian local conservation | o ’ E o ' T E
] 4 C ]
1 | i 1_— ]
- E =T -
I 0.5~ 7
| —————————e 1 EE e =
ﬁ 0.5 |:‘H =
-1t . —1; —f
_ -15 - Local charge conservation =
i | - — JHEP 08 (2024) 113,p = 0.97 > Ay =2.1 ]
—_ L | L | L 1 n | " 1 L I . L L I | l I L), l l | ] | I | | T ] [ O} | - I { R [ || I { ol | I-1
20 10 20 30 40 50 60 70 80 _20 30 40 50 60 70 80
Centrality (%) Centrality (%)

© Fair agreement with preliminary O-O data
V' Excellent (exact?) agreement with the diffusion model of pPrc 9o, 064911 (2014)
v/ Good agreement with V. approach (Thermal-FIST SHM V, = 3dV/dy) PRC 100, 054906 (2019)

X No agreement with the correlated sampling model of JHEP 08, 113 (2024) 28



