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Balance Functions

The beginning!!!!
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Clocking Hadronization in Relativistic Heavy-Ion Collisions with Balance Functions

Steffen A. Bass, Pawel Danielewicz, and Scott Pratt

Department of Physics and Astronomy and National Superconducting Cyclotron Laboratory, Michigan State University,

East Lansing, Michigan 48824
(Received 15 May 2000)

A novel state of matter has been hypothesized to exist during the early stage of relativistic heavy-ion
collisions, with normal hadrons not appearing until several fm/c after the start of the reaction. To test
this hypothesis, correlations between charges and their associated anticharges are evaluated with the
use of balance functions. It is shown that late-stage hadronization is characterized by tightly correlated
charge-anticharge pairs when measured as a function of relative rapidity.
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Balance Function “Sum Rule”:
Narrowing of Balance Functions in the presence

|
Y B(plp)) = E{Mb - My = 1)+ M, =M, = 1)} = of isentropic expansion of QGP medium !
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Pratt et al. on Balance Functions

A Very Prolific Era (Balance Function Related Works)
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> Using baryonic charge balance functions to resolve questions about the baryo-chemistry of the quark gluon plasma, S. Pratt, et al., PRC
106 (2022) 6, 064911,

o Interplay of femtoscopic and charge-balance correlations, S. Pratt, K. Martirosova, PRC 105 (2022) 5, 054906,

o Determining the Diffusivity for Light Quarks from Experiment, S. Pratt, C. Plumberg, PRC 102 (2020) 4, 044909,
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(2017) 5, 054901,

o Identifying the Charge Carriers of the Quark-Gluon Plasma, S. Pratt, PRL 108 (2012) 212301,
© Production of Charge in Heavy Ion Collisions, S. Pratt, et al., PRC 92 (2015) 064905,
© Viewing the Chemical Evolution of the Quark-Gluon Plasma with Charge Balance Functions, S. Pratt, PoS CPOD2013 (2013) 023,

o General Charge Balance Functions, A Tool for Studying the Chemical Evolution of the Quark-Gluon Plasma, S. Pratt, PRC 85 (2012)
014904,

o Statistical and dynamic models of charge balance functions, Cheng, et al , PRC 69, 054906 (2004),
© Removing distortions from charge balance functions, S. Pratt, S. Cheng, PRC 68 (2003) 014907,
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2689-2692.

-~ And more...
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Canonical QGP Model of Heavy lon Collisions at RHIC/LHC

Geometry, Thermalization, Expansion

Fast Equilibration/Thermalization
(w/ quark/gluon dof):

* Enormous Energy Density

e Large Spatial Anisotropy

Anisotropic Pressure
Gradients

VP> VP, > VP,

* Longitudinal/lsentropic
Expansion
* Anisotropic Transverse
Expansion
* Anisotropic Flow

X
Anisotropic Flow
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Canonical Model of Heavy lon Collisions at RHIC/LHC

QGP Hypothesis, Thermalization, Isentropic Expansion

Bass, Danielewicz, Pratt, PRL 85 (2000) 2689 P Kp/ """"""""
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Have we fully vetted/exploited this scenario/information ?
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A Technical Detail: Redefining BFs

Why a new definition?

= p; *(Ay) - pf*(Ay)
= pf17(Ay) - p;'"(Ay)

|B~*(Ay) + B*I=(Ay)| /2
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Simulations: pp collisions w/ PYTHIA-8 g
Monash, w/ CR (C) Bs(Ay) =
in 0.4-(a) | @ | | 0.4 @ 0.4
0.2 0.2 0oL

=pp 09TeV |
=pp 2.76 TeV
=pp 5.02 TeV
=pp 13.0 TeV |
=pp 13.0 TeV

(c)

-10 0 10 A 30 _20

10 0 10 20

IS
w

© T T

. - pp 2.76 TeV

- pp5.02TeV
- pp 13.0 TeV

_1_ ] R ] _1
107! 1 104y

[1] Clocking hadronization ...

Pratt, PRL 85 (2000) 2689-2692
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with balance functions, S. Bass, P. Danielewicz, S.

C.P. et al., Phys.Rev.C 107 (2023) 5, 054915

Definition used

by STAR

Net charge of
the system

Impacts BFs and
their integrals




Technical Details: Redefining BFs

C.P. et al., Phys.Rev.C 107 (2023) 5, 054915

New Definition Based on Cumulants

Balance Functions (a) B70121y0) = TGRS 1o finition used

defined w/ Cumulants (D) B2 150) = —— [C5* (039 = G (1. v)] by ALICE
pp collisions w/ (NT)
PYTHIA-8 Monash (C) B(ay) = [B*(Ay) + BH(Ay)|/2

“Pair Creation” Cgﬂ()’p)’z) = p;’ﬂ(ypyz) — Pf(Y1)Pf(Y2) : Two-particle Cumulant
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Balance Function Measurements
STAR Balance Function Results

First Measurement [1]

|dentified Particles [4]

Beam Energy Scan [2]
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Balance Function Measurements
STAR Balance Function Results

First Measurement [1] |dentified Particles [4] Beam Energy Scan [2]
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Improving Balance Function Measurements

Balance Functions in invariant relative momentum [1]

*Pratt proposed a measurement on the invariant relative *And a 3D analysis w/ coordinates such that the total spatial
momentum of identified particle pairs. momentum of the pair is zero
. — 2 _ N2 2 2
H=( H_ /“‘) — P:“P (pa pb) 'QinV _ Qlong + Qside + Qout
oq pa b P2 1
mc% - mb2 .Qlong = (P 0od, — P zqo)

\/S + Pr

2 2 1
m, — ny, .Qside = P_ <PXQy — Pny)
T

p> S 1
= ./ Pg —P )
.Qout s + PT PT < xx yqy

 Purpose: Simplify interpretation of BF with thermal models
» Reduce the sensitivity to collective flow.

.q" = (p} —p})—P* :

On =—q"=—ph=pl)+

—

« Collective flow affects spectra, but leaves Q
of the blast wave.

« Thus minimizes the confusion associated with the collective flow as the width would only depend on the local
thermal properties of the individual sources.

- " o [1] S. Pratt, S. Cheng, PRC 68, 014907 (2003)

ayne State University
w College of Liberal Arts & Sciences -
Department of Physics and Astronomy

.y unchanged if particles originate from the same space-time point




STAR

Balance Functions in invariant relative momentum

Au+Au at /sNN = 200 GeV
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STAR

Balance Functions in invariant relative momentum

Au+Au at /sNN = 200 GeV
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STAR

Balance Functions in invariant relative momentum

Au A Au at \/ S N N = 200 G ev Corrected by subtracting the balance
functions calculated using mixed events.
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Note: ALICE is working on a similar analysis. Stay tune for
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STAR

Balance Functions in invariant relative momentum

Au A Au at \/ S N N = 200 G ev Corrected by subtracting the balance
functions calculated using mixed events.
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ALICE, PLB 723 (2013) 267.
ALICE, Eur. Phys. J. C (2016) 76

ALICE Measurements
Balance Functions at %ﬂ%\

1
Bi_(An) = 5(C+—(A77) + C_4(An) — C__(An) — C44(AD)). Cab = (Nab/Np)/ fab
SNN = 276 TeV Data corrected for efficiency and acceptance
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Results in qualitative agreement with those obtained by STAR — PRL 90 (2003)172301; PRC 82 (2010); PRC 94 (2016) 024909
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Probinc

for Delayed Hadronization with BFs

Balance Functions: NA49, STAR, & ALICE
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reduction of the Any
width in Pb-Pb
Final state 7,
effect?

Stronger radial flow
effects at LHC




J. Pan, PhD, Wayne State (2019)
ALICE PLB 833 (2022) 137338

PID Balance Functions in Pb—Pb
Pion, Kaon Balance Functions

|dentified Cross Species Balance Functions (x, K, p) ® (x, K, p)
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J. Pan, PhD, Wayne State (2019)
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PID Balance Functions in Pb—Pb
(7,K,p) ® (7, K, p)

-1

S. Pratt, NPA 698 (2002) 531c: Pions and Kaons

BFs to have different collision centrality
--------- dependence.

Number of
quarks&aluons

* 1st BF measurement of “full”

N S I IS I I S A

o

1 7 fm/c

cross-species matrix of 7, K* and
p(p)
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s @ osl- ®T PP * K= (P) m p(P)—(P) )
o4r So, oof i . * Better constraints on models.
‘::. ':" + t
L 00000°® L . .
02 8..0’ t ", R - B_. . : clear centrality dependence,
oot L) i i .
— - T Y . « B+ : no centrality dependence,
4L Kk X0-10% | oy oo = 0-20%
0.4 *30-40% [ PP § = 20-40% . .
L *60-90% | * e a0-20% . B,; and cross-species pairs :
2 oal %ﬁ i Y moderate centrality dependence.
m % # i* %5 . . .
0.1 ﬁﬁﬂ ﬁ%gh - 'gl' 'i!g.  Differences in BF shape, magnitude,
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0.051 = +
"09 gm quark meson), K= (strangeness
°r [ . . meson) and p(p) (baryon).

S
by

| 1 1 1
20 40 60 80
Centrality (26)

Corroborates/Qualitative Agreement with K BFs by STAR PRC 82 (2010) 024905.

Supports two stage emission scenario (delayed hadronization)
Interpretation requires proper models
W C. Pruneau, WPCF, Nov 7, 2024




Identified BFs w/ PYTHIAS CP et al., PRC 109 (2024) 6, 064913

Charge BF w/ Mixed Species: 7=, K=, p(p)

7 1 : 7 1 _
Bs(Ay) = —— | CP(Ay) — CP(Ay) | + —— |CH(Ay) — CH(A
(&) <Nf>[2(” 2<y>]+<Nlﬂ>[2<y> ay)

© [ pyTHIA; pp (5=13 TeV ' © | PYTHIA; pp Vs=13 TeV j 1 ttioder PYTHIA8 Simulations
0.4~ . -
+E =~ 0.4 +J§( . _ PP @ \/E = 13 TeV
] Lr | - u u

0.3~ ™

0.2

7=, K=, p(p)
pT>0, ly|<10

Charge balance
Dominates shared...

charge
balance

Charge balancing determined by particle production dynamics and hadron chemistry
Similar work to be done for AA w/ EPOS etc, w/ micro-canonical and charge conservation

C. Pruneau, WPCF, Nov 7, 2024



Identified BFs w/ PYTHIAS CP et al., e-Print: 2403.13007 [hep-ph]

Baryon Balance Functions

Cumulative Integrals

_ _ @ [ PYTHIA; pp at Vs=13 TeV e 1.5 PYTHIA; pp at (s=13 TeV
Simulations w/ PYTHIAS S ) P-4 3 .pp‘":; IR O-1r0ger b et
= 0'4 I '.'np '.'Aop ... ... I 1_ .Ap .2+p Zop baryon
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Charge balancing
determined by particle
production dynamics:

p. 0, A balance A
BF & Int.egral have gr.eat © [ pyTHIA; pp at Vs=13 TeV 1o PYTHIA; pp at Vs=13 TeV
potential to constrain -

0.4 *E—- :ﬁi .'- .'_ — 1 :g;: :;:: .;":: Shared
mOde|S ‘e N - ST oE'E o= E baryon

*QE balance

In pp & AA collisions

Note: ALICE is working on this analysis.
Stay tune for results “soon”.

C. Pruneau, WPCF, Nov 7, 2024

>*, 39 AY balance E-



J. Pan, PhD, Wayne State (2019)

PID Balance Functions ALICE PLB 833 (2022) 137338
Light Quark Diffusivity OF
Pratt & Plumberg, PRC 104 (2021) 014906 v

Comparison of theoretical predictions with ALICE data.
QGP evolution with diffusion and lattice susceptibilities, hadronic

S|mulat|9ns resonance cocktail..
= 204 + 2Tb/ M, +4p ln(Tf / 7'0) ) = 6’7‘ from lattice calculations
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ALICE BFs sensitive to light quark diffusivity

ALICE results favor LQCD values!

C. Pruneau, WPCF, Nov 7, 2024



Charged/Strange/Baryon BFs CP et al., 2310.07618 [hep-ex]

Suppressing Hadron (Strong) Decays

Role of decays depends on types of BF considered:
Very few particles decay into a baryon and anti-baryon

Correlation not from decays!”

*but decays may contribute e.g., At > p+X

=)
o

BPPPP Ay A@) (rad™)

Longitudinally broad

Azimuthally narrow.

But resonances can decay into (Examples)
+Q & -Q: pV = a2t + a1
+S & -S: P’ - KT+ K~
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C. Pruneau, ALICE AIM, March 5, 2024.
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Longitudinally &
Azimuthally narrow.

Can we suppress or

eliminate correlations
originating from
decays?


https://arxiv.org/abs/2310.07618

A New Method
Multi-particle Balance Functions [1]

e Mixed differential/integral
correlation cumulants

e Suppress two/three body
correlations.

e Use rapidity gaps to

General Balance Function (Unified)

B;__(ﬁl,ﬁz) — C2 (p1,p2z]\:_§jZ (plapZ) TWO partlcles

Measure Charge Balance while Suppressing Decays
and Jets: Use n-cumulants!!!!

suppress jet
contributions

1 3c2+2— _4cl+3— — CH
B “(Brs s Py) = = X — ! !
s (ProPd) = ¢ N-(N-— D))

1 10C2H = 15CH + 6C; P~ + C2-

+—/ 2 = —
e e hg) o X BN = D@ = 2)

Four particles
Six particles

L 35CeT — 56C3™ ™+ 25C310 — 8CiT— + 8
840 (N=-(N- = 1) (N- = 2) (N~ = 3) (N~ = 3))

Bg-_(]_))p ---,ﬁS) —

Eight particles
Ten particles

[1] Multi-particle integral and differential correlation functions, CP et al., PRC 109 (2024) 4, 044904
[2] Also see: Calculating n-Point Charge Correlations in Evolving Systems, S. Pratt, PRC 101 (2020) 1, 014914 «

1 9 126C;>~ — 210C{ %~ + 120G~ — 45C%4 3= + 10C{ 7~ = C{9-
15120 (N-(N- = 1)(N-=2)(N- = 3)(N- = 3) (N- — 4))

Bl-l(-)_(ﬁl’ ...,ﬁlo) -

W C. Pruneau, June 2024.



Flavor Balancinc
Feasibility Study Based on PYTHIA

Yash Patley, et al., e-Print: 2408.09923 [hep-ph]

Analysis/Plots by Yash Patley, [IT Mumbai

 Flavor Balancing as an extension of Charge Balance
e Strength and shape of correlations depends on the number of balance flavors.
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3r A <+ MB -+ . Pythia 8.3 -
T +0-10(°/o) AK pp Vs=13.6 TeV
2 — 10-40(%) T+ 0.2< pT(GeV/c) <2.0 ]
T T
+ 40-80(%) - 3< Ap< 3
s +MB AA pp a
//
/
_K'K™ Ap NFis 7
Ak A AT
21 T . 2
1 ,;x*’m’*x;, ot oo
B oo? Soee. | ,.o". + ¢ coeq. |
el e Vet s o0y
M Y g g Yy L ST . Yy ++f
=ﬂ L™ ::: r‘g-\s* MY g Ny, 1 |
N 0 I I | | —— N\
T3 o | AR e 7
_’_’..000. . + é? \\
2+ éz“m“z“ i +*e* e N
& 3 w*::. - .::'w 0 H
1k ’o"‘ *"‘W**.,.“‘ ‘o’ _z:.o’ ¥ pmwmg ¥ .”:: | | |
:3”“‘*_'_.,.:“‘ ..""'...::a(- _“:’:4 - -v-".- -._._.-\ﬁ - 1 2 3
T g ¥:..,.,.' -y ::
R T T N (Balanced Flavours)
Ay Ay

C. Pruneau, WPCF, Nov 7, 2024 a



https://arxiv.org/abs/2408.09923

Analysis/Plots by Alex Manea, ISS, Romania

Balance Function Modeling
Success and Challenges

 As for flow and jet studies, a plurality of models (and modelers) is needed

to achieve a reliable interpretation of balance functions. Near-side Peak Width (Azimuth)
e Minimum requirement: O Lo —
* Model particle production while enforcing “local” energy/moment and 0.2<p <20GeV/c —PYTHIA
guantum number conservation. Al < 7/2, Il <1 — EPOS
* Ready accomplisher in models such as PYTHIA and HERWIG 0.9
» More difficult with models involving a hydrodynamic phase and
particlization. 5085

* Implemented in the latest version of EPOS 4.
* Full description: include flavor currents
0.8

p-p collisions \sqrt{s}=13 TeV (Balance Functions)
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Whi Measure Balance Functions

- Pratt et al have created the subfield of Balance Functions (BF)
e [nitially to probe delayed hadronization/Two-stage Quark Production
* But BFs can also ...

* Test thermalization and production models, Provide support for net
quantum number fluctuation analyses (QGP Susceptibilities).

e Understanding baryon production and transport (Junctions?)
* Measuring quark anti-quark correlation length in A-A vs. p-p
* Testing charm-charm recombination models

« Determine the onset of thermalization by contrasting c¢c and bb BFs
In A-A vs. p-p.

 Better characterization of the expansion dynamics in A-A collisions.
* And more...

Thank you Scott!!!! Happy Retirement!!!

C. Pruneau, WPCF, Nov 7, 2024 «




Advances in Balance Functions

Additional Materials

C. Pruneau, June 2024.



ldentified BFs w/ PYTHIAS8 CP et al., e-Print: 2403.13007 [hep-ph]

Charge BF w/ Mixed Species: 7=, K=, p(p)

Simulations w/ PYTHIAS

op @ /s = 2.76,5.02,13 Tev
7t K=, p(d) pT>0, ly|<10

% T T T I I 0 I T T T N 2 | I I T I
EYTHIA pp Vs=2.70, 5.02, 13 TeV 0 PYTHIA; pp Vs=2.70, 5.02, 13 TeV 0 PYTHIA; pp Vs=13 TeV
pr pr :
0021 2570 Tev =270 TeV
=502 TeV . 0.01~ =502 TeV -1 0.

0.01+ =13.0 TeV .'

F. 'q 0.005
0 0

4 2 0 2 4

Cumulative Integrals
. . Charge balancing determined
B PYTHIA; pp \/§=2I.7o, 5.02, 13 TeV B PYTHIA; pp Vs=2.70, 5.02, 13 TeV

0.06 Kn /x% pr | by pal’tIC|e prOdUCtIOn

+13.0 TeV

=270 TeV =270 TeV mechanisms:

=5.02 TeV =502 TeV
) ) s \/E dependence

0.04— +13.0 TeV +13.0 TeV
e Model dependence

e BF have great potential to
- e further constrain models in
Ay Ay pp & AA collisions

0.02
0.02 — —

C. Pruneau, June 2024.



Heavy Flavors

Charm/Bottom vs. Light Flavor Balance Functions

* QCD lagrangian conserves flavor

* May then use flavor balancing in addition to charge, strangeness,
and baryon balance functions.

e Charm&Bottom quarks are heavy

« Require large \/E processes to be produced efficiently.

* Charm & Bottom production thus “limited” to early collision times -
event at LHC energy scale.

. Use BF to examine the evolution of c¢, bb production in pp, p-A,
and A-A collisions.

* Expect relatively smaller changes of BF vs. system size compared
to light flavors.

* Might expect a quantitative hierarchy in the width and strength of
BFs from bb to cc to s§ to uit, dd

C. Pruneau, WPCF, Nov 7, 2024 “



Connection to Net Proton Fluctuations C.P, Phys.Rev.C 100 (2019) 3, 034905

Baryon Number Conservation (%%

~115—————F—7——7
| ALICE Preliminary, Pb-Pb s, = 2.76 TeV |
1. 1j 0.6 < p < 1.5 GeV/c, centrality 0-5% 7

Second order cumulant : ky(AN,) = FP + F? + FI'P + FIP — 2FP7

(P - P)
(Skellam

- —@— ratio, stat. uncert.

Al - [/ syst. uncert. B

¥ 1.05- —— baryon conserv. arXiv:1612.00702 —
u [ syst. uncert. HIJING, AMPT N

Poisson limit (Skellam) : nge”“m(ANp) =F’+ Ff = (N,) + (N;)

Ratio of k,(AN,) to Skellam : - ]
KZ(ANp) Fg’p ~+ Flz_?,[_? — 2F§’p 0_95; ,
rANp = Skellam =1+ P /Z | | ]
kSkellam(AN ) FP + Fi
F_{) Proportional to Integral of

Balance Function

LHG: (N} = (N,) i ray = 1+ [Ré’”’ + R — 2R

ALIGE PLB 833 (2022) 137338

W 0-20%

LdN7 b ot "0 aas
Consequently : =Ty, = 1 + 4 dn AN gy (Local) Il

Baryon oos g o
Number
conservation

Strong correlations exist: non Poisson behavior obtained from v, , vs. An...

C. Pruneau, ALICE AIM, March 5, 2024.



COnneCtiOn o QGP Suscet|b|l|t|es77 CP et al., Phys.Rev.C 109 (2024) 4, 044904

n-Particle BFs vs. Net Charge Cumulants

RHIC BES: Search for critical point...
LHC/ALICE: Study of QGP Susceptibilities

QO _ + — ++ _ A ——
K =F+Fr+ B =2F +F, -,

s
B~
KC=F+Fl + - + FF —4F)' "+ 6F, 7 —4F, 2 + F;~

i
B~

— — 6 SERIES 4+2— 3+3— 2+4— 5= 6—
k2= Ff + F + - +FgT = OF T + ISFE™ = 20F™" + ISFE™ — 6F g™ + I

J

i
B~

Order “n” Net Charge Cumulants determined by order “n”’ balance functions!
What is the role of collision dynamics?

What is the role of susceptibilities?

C. Pruneau, June 2024.
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