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The Main Idea

While hadrons carry integer electric charges, quarks carry fractional electric charges.
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GCE vs Heavy-lon Collisions

In Grand Canonical Ensemble (GCE): In heavy-ion collisions:
e Coordinate space measurements * Momentum acceptance cuts
* Subvolume much smaller than total * V5 is comparable to V;,;
volume, I K Vo » Global charge conservation effects
* Charge conservation effects are present
neglected e Local conservation effects come into
* Charges are free to fluctuate play
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Relativistic Heavy-Ion Collisions particle distributions 4. Momentum acceptance
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2. Resonance decays
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1. Fluctuations at hadronization

(primordial charges)
w — Distinguishes HG from QGP
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Parametrization of the Grand-Canonical Charge Susceptibility

__ Q _ rim ,prim
In GCE, k2|Q] = Vx5 Xg — (nf:)h > T 9032 P
Skellam baseline Correction
(Self correlations) (2-particle correlations)

Before decays, strength of interactions is parametrized by w:
prim k2 [Q]

Q __ W = _ Q,prim prim
X§ = w(nk™) vy PP = (w — 1)(nE™)
After resonance decays, net charge remains conserved but multiplicities of + and — charges increase:
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(ner) = Yo (nie™) .
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Grand-Canonical Fluctuations in Hadron Gas

Electric charge fluctuations can freeze-out in the hadron gas phase or as early as in the QGP
phase. Particles detected in experiment may contain the memory of where this occurs.

This distinguishes whether a signal is obtained for HG or QGP.

Ko [Q] ______—— variance

< prim> _____—— charged hadron multiplicity
ch

For hadron gas scenario, w can be estimated by Poisson statistics, with
~ ( \JPrim _
kol@l = (N, ) > wpyg =1

But w is enhanced by Bose-Einstein statistics for pions and the presence of multi-charged hadrons.
An HRG model calculation (Thermal-FIST) gives

wyc =1.1at155-160 MeV

Thermal FIST



Grand-Canonical Fluctuations in QGP

But for QGP (quarks), we must take a closer look:
k2| Q) _ VT3X§ S
(New ) S (Ng™)

C

In GCE, K2[Q] = Vx5 w =

Given by free QGP limit: )
(X3)qap =2/3 (s/T%)qep = ——

(Stefan-Boltzmann limit)

P. Hanus, A. Mazeliauskas, K. Reygers, PRC (2019)

wQGP = 0.36 i 0.04

Compared to wy; = 1.1



Grand-Canonical Fluctuations (General Case)

Using Lattice QCD data (first principles calculations), we can justify our estimates for w

Temperature dependence of w

1.2 ' hadron gas
_g’; 1.0f
$ 0.8
cg\ 0.6 lattice QCD for 3 and s/T°3
S
n 0.4 e eaecssanan.
s ¢ T free QGP
0.2
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T [MeV]
wye = 1.1 around T < 160 MeV (hadron gas regime)
wqop approaches the Stefan-Boltzmann limit (wp = 0.36), justifying our value for wg¢p.



Local Charge Conservation

Truncated Fireball Gaussian correlation

VS

To account for exact charge conservation, we use the 2-point density correlator,

CzQ(rl, ro) = (dpg(r1)dpg(rz)) where 6dpq(ri) = po(rs) — (pq(r:)) Vovchenko, PRC (2024)

Q _Q
Cs (rlarZ)_X2 [5(1‘1—1‘2)— Vs ] r = 7

local correlation balancing contribution

Gaussian local charge conservation: Width of local conservation is related to:
(771 - 772)21| ‘/C T Oy TImax
xM,M2) X exp |— = 1/ — erf
(T] X ) b [ 20'72] ‘/:cot 2 Tlmax \/§O'y


https://arxiv.org/abs/2201.08486

Blast-Wave Model

To calculate acceptance probabilities, we use the blast-wave model:

VNN = 2.76 TeV  p(n) ~ 0.84p,(n) + 0.12px (1) + 0.04p,(n)

Single-particle species momentum distribution:

d3 N; _ E(f},n)p% cosh 1
dprdi v/ (pr cosh )2 +m?2 Jo

E(7n,n) = my cosh(y —n) = mp cosh (arcsinh [p
mr = /P +m;

Acceptance probability:
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Momentum Acceptance

Combining the previous equations,

nnmx Thnax Qacc
Ko Q"] = / dm / dno C57 (01, 1m2)

T]IIIdX nIIld,X

G ) = p V[ (1)) + P (m)so?} O(m—12) — p%/p(m)p(m)$<nch>%(nl’n2)

Binomial acceptance model: each particle at spatial rapidity n is detected with probability p(n).
Self-corr. (1-body) = xp(n); pair corr. (2-body) = xp(n1)p(nz2). The D-measure reads:

D :4<Qf2+[%_> - 4{1 _ (1 _ ﬂ) W (p(m)p(nz)>z}

. 7Q YQ
Skellam baseline  |oca] 2-particle correlations long-range 2-particle correlations
where 1
(p"(n)) = fdnp” (n) and p(n) is found using BW model calculations
max

P = g [ [ dmdmap(n)pre) e, )
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Comparison to ALICE Run 1 Data
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Bayesian analysis of w and o parameters in D-measure
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Semi-peripheral collisions
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LHC Run 2 predictions

ALICE CMS
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Conclusion and Outlook

* We performed quantitative calculations for charge fluctuations for QGP and
hadronic scenario.

 To do this, we incorporated global/local charge conservation effects, resonance decays, and

momentum acceptance.

* We obtained moderate evidence for freeze-out of charge fluctuations in QGP
phase.

* We presented predictions for ALICE Run 2 using our formalism.

* Looking forward to ALICE Run 2 data to refine the result.

* This formalism can be extended to RHIC energies.
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Conclusion and Outlook

* We performed quantitative calculations for charge fluctuations for QGP and
hadronic scenario.

 To do this, we incorporated global/local charge conservation effects, resonance decays, and

momentum acceptance.

* We obtained moderate evidence for freeze-out of charge fluctuations in QGP
phase.

* We presented predictions for ALICE Run 2 using our formalism.

* Looking forward to ALICE Run 2 data to refine the result.

* This formalism can be extended to RHIC energies.

Thank you for your attention!
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Local Charge Conservation
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Preliminary Run 2 data

Subvolume approach Gaussian correlation Gaussian correlation
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Bayesian analysis of w and o parameters in D-measure
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Moderate evidence for freeze-out of charge fluctuations in kloy) = vimoyerf (\/icry) v anoy
QGP (w).

V.= kdV/dy
Bayes factor with uniform priors: 9.8

J. Parra, R. Poberezhniuk, et al., in preparation
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Grand canonical net-charge susceptibility

Poisson baseline correction (two-particle local correlations)

ng = (n4 +n_) + X3

Parametrization: X? = w(ny +n_)
~Q _1
X = (w—1){ny +n_)

Resonance decays: P — () + vl (nl) 4 g etter

Q =Y4Ngp —Y_N_ =Ny —N_
Xg,after _ XzQ,before
X = 74 () + - (n_) + (W — 74) (s ) + (W — v_){n_)

V+{n4) +7-(n-)
(ny)+(n_)

Q=

XS = q(n+ +n_) + (W —70)(ny +n_) ,



Charge Susceptibility, )(ZQ and Resonance Decays, v

Next, we take resonance decays into account.
Decays like p° — 777~ introduce correlations between charged particles

Charge susceptibility after decays: ]
,final ~(,final
X5 = v (ng) + - (no) + X5 p°
= (N4 4 n_)final + )ZQ,ﬁnal - Correlated!
- — na 2 )
But net electric charge density is conserved overall -
nQ =74 —7Y-N_ =Ny —N_
Q.final _ _ Q,prim
2 = X2
Implementing interaction parameter w: \
X3 =Y+ (ny) + 7= (n_) + (w — v (ng) + (w — y=) (n_) ~5/3 %u

XQQ =vo(ny +n_) + (w—v9)(nt +n_)

w
— (n—l— + n—)ﬁnal + (% — 1) (n—l— + n—)ﬁnal




Comparison to previous estimates
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Bayesian analysis of w and o parameters in D-measure

Posterior probability = likelihood function =

- p(waanlﬁ) =p(5|w,0n) = Z
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J. Parra, R. Poberezhniuk, et al., in preparation

p(w, 04| D) = p(Dlw, o)

e_X2/2

—~2/9
w,ane x2/

— 2 2
00.8

Where, from the ALICE data points,
Dy, =3.5833, Dyg=2.301, and
091 =0.051456, 0,5 =0.208166

D6.1(w7 J’ﬂ) + D(’),.l(wv 0-"7)

DO.l(wa Jn) —

2
D] «(w,0,) + Dj s(w, o
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Bayesian analysis of w and o parameters in D-measure

2-D Contour Plot of Posterior Probabilities Regions where the sum,

> p(w, oy |13)AwAcrn
reach 0.68 and 0.95.

Vc / Vto’t

J. Parra, R. Poberezhniuk, et al., in preparation
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Non-uniform volume distribution

dav PAY (1,
€5 ma) = "5 (m)x§ {5(,71 )~ (g 21 m)}
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