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Motivation In Z(T,V, jup) =

* We want to compare our data with thermal
baseline

Minimal baseline: HRG Gas model
» ldeal gas of relativistic non-interacting multiple particle
species and resonant states

 What statistical ensemble to chose?

* Naive approach: Grand Canonical Ensemble
(T,V, ,uBS)'Q N fluctuates, conserved in

daverage Vvia Up

e ...But barron-number is strictly conserved
in the full phase space = induces
correlations the wider the rapidity
acceptance window - modifies cumulants

Hadron Resonance Gas model

Z (gl‘;g / d’p 11‘1(1 + (3_(Ei_’”)/T)
)

_ 0"InZ(T,V,uB)

“nlNe) = S el T

Boltzmann limit

kn(Ng) = (Ng),
kn(Ng — Ng) = (Ng) + (—=1)"(Ng)

- Poisson, Skellam fluctuations
as for a classical ideal gas

‘ The model should be done in Canonical ensemble for the full phase space,
and the fluctuations should be studied in the subset of the phase space.
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(AB EB) (Ag2p)"® o
= Calculate in the full phase N;]N;] Ny OWs—Ng—B)

space with Canonical
Ensemble where the
particle number is fixed

l For lower energy, if Ng = 0

Proton are a subset of all baryons

(TV,N) - Binomial selection
. . P(N N. = ( Npart ) Nprot,sub yNpart = Nprot,sub
= Evaluate fluctuations in sub- (Nprot.sus| Npar) Nprotsub) *
set of phase space c
K- _2 —
£ 1—«a = —qa
_ Kl (Ay) K1 Cl
a(fy) = < N,y > C
part 5 1-2a =3 = 2q2
K- Cl
k1 (Ay) from expiermental data % —1-6a(1-a) % P
< Nygre > from MC Glauber 2 1




C,(N)/C(N)

CE baseline for ideal gas
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Implementing interaction to rapidity space

B. Friman, K. Redlich and A. Rustamov arXiv:2508.18879v1

Attractive Interaction

= Attractive interaction lead to ~ Cov(yy,y2)

correlations in the rapidity space P =

Ty, Oyy
. 9. ng Metropolis algo. to | P AT
minimize with respect to desired n — €
correlation coefficient
= Alternative approach (more <=>
physics motivated): attraction o~ E(y1,2)
encoded in energy function E P(y1,y1) = 7

Attractive potential

Eo(y1,y2) = aalyr — yo

Be

a, = Strength of interaction

p = Stepness of potential

Repulsive

* Repulsive can not be
implemented by just a negative
correlation coefficient! (The
cumulants would be the same as
for positive coefficient in the
subspace)

* Use approach of energy function

Repulsive potential

E7'(3/1a3/2) — (Xy€ ly1—y2l/p.

a, = Strength of repulsion



Implementing interaction to rapidity space
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Attractive Interaction Repulsive
= Attractive interaction lead to Cov(y1,y2) ) :Rrr?gluelirlmveen’fzg br;/ojtgte 2 negative
correlations in the rapidity space P = . >
PICILY P Ty1 Tys correlation coefficient! (The
= - Use Metropolis algo. to p AT cumulants would be the same as
minimize with respect to desired n =€ for positive coefficient in the
correlation coefficient subspace)
. <=> :
= Alternative approach (more * Use approach of energy function
physics motivated): attraction o~ E(y1,u2)
encoded in energy function E P(y1,y1) = 7
Attractive potential Repulsive potential
, 1 Y- )y
Ea(yl, yg) — (_ya|y1 — Yo Be Er(y1, Z/2) = Q€ ly1—y2|/¢
a, = Strength of interaction

p = Stepness of potential a, = Strengthh of repulsion



o= (y1Y2) — (¥1)(y2)

Metropolis algorithm

Ap = lpn —pl — Ipn-1 — pI

dN/dy /N

R P Sample independent random y values p = Desired correlation coef ficient
> (- ——— ——-10-20% . . .
T B0 ageag 522556V | o 20-a00 from proton dN/dy distribution (use p, = Correlation coefficient of nth iteration
50 Protens - Double-Gaussian Fit for extrapolation)
iteratively swap {yj}, start with the high value of temperature T
Example for 2-proton interaction
B
Py (y")
yf > yf_‘ random swap
B B B
Y2 Y2 Y2 N ol o
: £l ¢
5 i 5 o
B B B i B =1 .©
Y3 Y3 . Y3 Y3 . ol &
=> => _'GL_.J g
B B B B e
Metropolis algo. hyperparameters: Va Y4 V4 M/ E| =
Tinit =0.01 \ . . .
Decay factor =0.85 ¢ ) w : acc
Niter, Max =5 x No. rapidity values initial 3 o 1

decrease T

P.Braun-Munzinger, K.Redlich, A.Rustamov and J.Stachel, JHEP 08 (2024) 113, e-Print: 2312.15534 [nucl-th] °



First Step — Generating multi-baryon y correlations
- mimic attractive interaction between free baryons

(protons as proxy)

Generate clusters of correlated y values
Input: Rapidity distribution

Output: Instances of m correlated randomy
numbers

1. Draw N times per “event” m random y values
from rapidity distribution = m vectors of size N

2. Run metropolis over of m vectors each filled
with y values, keep one vector fixed, apply
random swapping to other m-1 vectors
- Induce for each row (rapidity values for one

entry over all vector) correlated rapidity values

Run on batch farm, store random numbers in tree

m-cluster correlations

Aim: Introduce for each possible pair out of m
particles the same correlation
p= Cov(y1,y2) _ (1y2) = (1) {y2)

Jylﬂ»yz (}'yll"}'yz

Combine correlation coeff. of all pairs quadratically
—> Cost function of metropolis algo.

aser = [5G —pp- [ X -0

1<i<yj<m 1<i<g<m

B. Friman, K. Redlich and A. Rustamov arXiv:2508.18879v1



Y1

1.5

Metropolis output — Example for rho=0.8

3-

Corr_y3y1

Entries 15729111
Mean x 7.0938e-6
Meany -0.000101

Std Dev x  0.5467

StdDevy 0.5467| -

“II.I'II|IIII|IIII|IIII|IIII

-1.5 -1

Rapidity distribution over the full scope as before, but fluctuations change if the counting is performed subspace

05 0 0.5 1 1.5 2
VE)

y1lvs.y3

narticle interactions

Y2

Corr_y1y2

1.5

Entries 15729111
Mean x -0.0001025
Meany 00002121
Std Devx  0.5467

Std Devy 0.5465

_.I I- 1-1 i
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-1 1 05 0 05 1 1.5 2

Y4

y2 vs.yl
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Corr_y2y3

Entries 15729111
Mean x 0.000212
Mean y 5.4555e-6

Std Devx 0.5465

Std Devy 0.5467

.Il.-l.lll.llllllllll|IIII|IIII

05 0 05 1 15 2
Yo

y3 vs. y2
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Second step, CE simulation

Input for step (2):

* Set of correlates random y numbers from » Count m-clusters of y values
step (1) » If “remainder” is smaller than m add m-1 cluster

* «a =Proton to <Npart> ratio
Cluster counting - Example for 3 body-interaction

Per event: Retrieved from tree filled with instances of
yly2,y3 .
, y1,y2,y3 correlated rapidity numbers,

1. Nprot from Binomal(<Npart>, o ) orepared in step (1)

(CE of ideal Gas)

1. sample 2. sample 3. sample 4. sample

2. Fill list with m-clusters of correlated y

numbers until entries correspond to Nprot Nprot = 6 y1,y2,y3 Y1,y2,y3

3. Count rapidity numbers falling into specific Nprot = 10 Y1,y2,y3 Y1,y2,y3 Y1,y2,y3 -
rapidity window > N,,.510n sub (AY)
Nprot = 8 Y1,y2,y3 Y1,y2,y3 Y1,y2
Over all events: calculate cumulants and Ve vy -
factorial cumulants of Npyyo1on,sup (AY)
Ay = [£0.1,4£0.2 + 0.3,+0.4,1+0.5]
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Experimental input

Experimental Input:

 Random y numbers drawn independently from proton dN/dy distribution
* Proton to Npart ratio

Free model parameter:

* Interaction strength := correlation coefficient rho between rapidity values
* Cluster-size m

" Rho and cluster size determined by chi2 scan to experimental trend of
factorial cumulant ratios as a function of rapidity acceptance over all
order.
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Fit of CE model to NLO vol. corr. data

Minimum found for p=0.89 with X?=24.571846
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2-proton interaction
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=  Multi-order fit for over all
rapidity intervals on
factorial cumulant ratios

= Chi2 scan

Minimum found for p=0.78 with X?=19.332501 Minimum found for p=0.69 with X?=17.184765
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Volume correction - LO+NLO

Ag + Ag VSNN — 2.55 GeV
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summary

* Canonical ensemble in full phase space to take into account baryon number conservation

* Interaction are incorporated by correlating the rapidity values drawn from the proton dN/dy distribution,
implemented using Metropolis algorithm

* CE simulation then draws full proton number from Binomial, counting of multi-cluster rapidity values
* Counting sa function of rapidity window
* QOver all events: Cumulants, factorial cumulants

» Experimental input: Rapidity distribution, proton to Npart ratio
» Free parameter of model: Interaction strength, cluster size of multi-body interaction

In conclusion:

A CE based thermal model taking into account interactions manifested in rapidity space can explain the measured
trend of factorial \ cumulant ratios as function of dy from 1th to 3th (4t ) order.

The same is seen for START data 3.3 GeV (attractive interaction) with shift to repulsive interaction for > 7 GeV
B. Friman, K. Redlich and A. Rustamov arXiv:2508.18879v1



