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Baryon number fluctuation
in baryon rich QCD matter

Dates: Jan 22 — 24, 2024

Location: Center for Frontiers in Nuclear Science
(CFNS), Stony Brook University

Format: In-person & zoom

Participation: Invited Talks + Open Mic Discussion

Registration Deadline: Jan 15th, 2024

No registration fee - Limited student support available

Scientific Motivation

This workshop aims to address fundamental questions such as what carries the baryon BEDANGA MOHANTY
quantum number and how a baryon is stopped in high-energy collisions, which have profound

implications for understanding the baryon structure. It also challenges our current knowledge

of QCD and its non-perturbative aspects, such as baryon junctions and gluonic topology. The

workshop will explore the origin and transport of baryons in high-energy collisions, from the (

AGS/SPS/RHIC/LHC to JLab Frn, HERA/EIC, and discuss the experimental and theoretical NISER [NDIA)
challenges and opportunities in this field. ’

Key Topics

= Baryon junctions and gluonic topology

« Baryon and charge stopping in heavy-ion collisions

« Baryon transport in photon-induced processes

« Baryon-meson-transition in backward u-channel reaction

« Models of baryon dynamics and baryon-rich matter
« Novel experimental methods at EIC

Keynote speaker: Gabriele Veneziano 2 4TH JAN UARY 2 0 2 4

Organizers:

D. Kharzeev (SBU/BNL)

W. B. Li (SBU/CFNS)

N. Lewis (Rice)

J. Norohna Hostlar (UIUC)

C. Shen (Wayne State/RBRC)
P. Tribedy (BNL)

Z. Xu (BNL)

Webpage: https://indico.cfnssbu.physics.sunysb.edu/event/113/

Contact: ptribedy@bnl.gov
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Relativistic heavy-ion collisions allows access to the phase diagram of QCD




3720 QCD THERMODYNAMICS AND
BARYON FLUCTUATIONS

THEORY

Ordering of

ratios (Net-baryon):

LQCD -

Susceptibility ratio ordering
PHYS. REV. D 101, 074502 (2020)

EXPERIMENT

Cumulant Ratios

(b) 7.7 GeV (c) 200 GeV

0-40% Au+Au Collision
Net-proton, lyl < 0.5

04< p, < 2.0 GeV/c

STAR: PRL 130, 82301 (2023)
STAR: PRL128, 202303 (2022)
STAR: PRL 127, 262301 (2021)
STAR: PRL 126, 092301 (2021)
STAR: PRC 104, 024902 (2021)
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* Ordering of ratios as per
LQCD for collision energies <
7 GeV

* Reverse ordering observed for
collision energy = 3.0 GeV.




42> BARYON FLUCTUATIONS AND THERMAL
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Measurements in central collisions agrees
with thermal model, peripheral collisions do
not.

Favors a thermal system for
collision energies > 30 GeV
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QCD PHASE STRUCTURE AT ug = O MEV

THEORY OBSERVABLE FOR EXPERIMENT
N, =4 N,=86 Eur. Phys. J. C 71 1694 (2011) JHEP 10 (2018) 205
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s720. SEARCH FOR SIGNALS OF CROSS OVER

Net-proton proxy for net-baryon

- g [T T I T
Collision Energy 4 /Syy (GeV) ol (c)cslcz |
200 39 7.7 3 1
L . ~ 5 8 T has] v * L L i I~ -1
N - ",
Au+Au at RHIC: Net-proton O -1 ’
[ 04< p. < 2.0 GeVlc, lyl < 0.5 : 2 —_—
Ofo——08 O = ] |
i L | ] -3 PYTHIAS
I O 0-40% i -4 w——  Lattice QCD
-100f~ [JLacb - 5| Skellam |
i FRG I K _
HRG CE J LA A A A L ALLLLL And ‘AA.X.I A AL ALLL J
550 UrQMD (0-40%) N 1 10 100 1000
R R | N e Charged Particle Multiplicity
30 100 300 800

STAR: PRL 130, 82301 (2023)

Baryonic Chemical Potentialu_ (MeV)  STAR: PRL 127, 262301 (2021)
B arxiv: 2311.00934 [nucl-ex]

Sixth order cumulant ratios sign consistent with lattice QCD calculation with a
crossover except at collision energy ~ 3 GeV
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et F'UTU RE A. Pandav, STAR Collaboration, SQM22
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STAR BUR Run22, STAR note 0773, ALICE: arXivl1812.06772
06 08 __ 1 12 11
Q STAR: Au+Au at Vsyy = 200 GeV: ~ 20 billion
measurements to C, and events collected
Ce - more sensitive O ALICE: Higher order measurements possible with

probes for crossover high statistics LHC Run 3 data.




8/20 BARYON FLUCTUATIONS & QCD
CRITICAL POINT
e Theory expectations
< 150 -
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Prog.Part.Nucl.Phys. 125 (2022) 103960

M. A. Stephanov, Phys.Rev.Lett. 107 (2011) 052301

If present, beyond ug = 200 MeV

Expected signature: Non-monotonic
variations of 4th order proton number
fluctuations as a function of collision energy.
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CR]TICAL POINT Measurements
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HRG CE: P. B Munzinger et al, NPA1008, 122141(2021)

Collision Energy s, (GeV)

STAR: PRL 130, 82301 (2023)

STAR: PRL128, 202303 (2022)

STAR: PRL 127, 262301 (2021)
STAR: PRL 126, 092301 (2021)
STAR: PRC 104, 024902 (2021)
HADES: RC 102,024914(20)

Deviations from baseline
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SEARCH FOR CP WITH HIGHER BARYON

NUMBER CARRYING (NUCLEI) OBJECTS

STAR: Phys.Rev.Lett. 130 (2023) 202301

0.6 AU+ Au Coliisions (a) 0%-10% (b) 40%-80% 1
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Sensitive to the neutron density fluctuations

STAR: e-Print: 2304.10993 [nucl-ex]
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CE thermal model and UrQMD + Coalescence
qualitatively agree with data
Large acceptance for nuclei needed for CP search


https://arxiv.org/abs/2304.10993

72 SEARCH FOR QCD CP - FUTURE

v/Snn = 19.6 GeV collider mode
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Larger statistics, larger acceptance and more Future experimen.ts like
differential measurements CBM and NICA will probe

high baryon density regime


https://arxiv.org/abs/2209.05009

22 BARYON FLUCTUATION AND 15T ORDER

PHASE TRANSITION

STAR: Phys.Rev.Lett. 120 (2018) 6, 062301
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order, increase rapidly in magnitude with
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3720 SEARCH FOR SIGNALS OF 15T ORDER
PHASE TRANSITION Proton
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STAR: PRL 126, 092301 (2021)

STAR: PRC 104, 024902 (2021)
QFor Vsyy = 11.5 GeV, k,, within uncertainties does not

support the two-component shape of proton distributions.
Possibility of sign change at low energy.
Peripheral data and UrQMD results consistent with zero.




1420 ROLE OF BARYON JUNCTION IN
BARYON NUMBER FLUCTUATION

IDEA: Phys. Lett. B 378 (1996) 238-246: Can Gluons
trace Baryon Numbers ? “the traces of baryon
number in a high-energy process can reside in a
non-perturbative configuration of gluon fields,
rather than in the valence quarks.

g‘ 35 Au+Au Vs = 200 AGeV
T 30

25
PHYSICAL REVIEW LETTERS 83, 1735 (1999) [
PHYSICAL REVIEW C 68, 054902 (2003) 20 |
PHYSICAL REVIEW C 70, 064906 (2004) :
PHYSICAL REVIEW C 72, 054901 (2005)
PHYSICAL REVIEW C 81, 054911 (2010)
PHYSICAL REVIEW C 83, 024902 (2011)
PHYSICAL REVIEW C 98, 064903 (2018) 10 [

15 |

MODEL.: Phys.Lett.B443:45-
50,1998: Baryon Number Transport
via Gluonic Junctions: A novel non-
perturbative gluon junction
mechanism is introduced within the
HIJING/B nuclear collision event
generator to calculate baryon
number transport. ...In HIJING/B,
we implement Kharzeev’s model
through a “Y” string configuration for
the excited baryon.

o 1 2 3 4 5 BG
~~ Dashed — with Junction

vy

HIJING Bbar (v. 1.0) Model
based study




is,20 DISTRIBUTIONS & CUMULANTS OF
PROTON, ANTI-PROTON AND NET-PROTONS
w/W.0 BARYON JUNCTION

Proton at 19.6 GeV (b= 0-3 fm) Antiproton at 19.6 GeV (b= 0-3 fm) Net-proton at 19.6 GeV (b= 0-3 fm)
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16720 CUMULANTS OF NET-PROTON
DISTRIBUTIONS W/ W.0O BARYON JUNCTION
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EXOTIC PHASES. MOAT REGIME

Theory

PHYSICAL REVIEW LETTERS 127, 152302 (2021)

Experimental observable

Region in phase diagram

Signatures of Moat Regimes in Heavy-Ion Collisions

Robert D. Pisarski’
Physics Department, Brookhaven National Laboratory, Upton, New York 11973, USA

Fabian Rennecke

Condensed Matter Physics and Materials Science Division, Brookhaven National Laboratory, Upton, New York 11973, USA

v
® (Received 23 March 2021; revised 9 June 2021; accepted 8 September 2021; published 5 October 2021; corrected 3 March 2022) e -1

Heavy-ion collisions at small beam energies have the potential to reveal the rich phase structure of QCD
at low temperature and nonzero density. In this case spatially modulated regimes with a “moat” spectrum
can arise, where the minimum of the energy is over a sphere at nonzero momentum. We show that if the
matter created in heavy-ion collisions freezes out in such a regime, particle numbers and their correlations
peak at nonzero, instead of zero, momentum. This effect is much more dramatic for multiparticle
correlations than for single-particle spectra. Our results can serve as a first guideline for a systematic search
of spatially modulated phases in heavy-ion collisions.

DOL: 10.1103/PhysRevLett.127.152302
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New feature in QCD phase diagram that high baryon density experiments
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https://arxiv.org/abs/2301.11484

EXOTIC PHASES: QUARKYONIC
MATTER

QCD-like Theory

Tc

N

Hadronic

Liquid-Gas
M My—

N

Region in phase diagram

Hadronic
<nB>=0

Ug

Phases at large Nc- dense
nuclear matter but
confined phase.

Baryon number is the
order parameter for
transition.

L. McLerran, R.D. Pisarski

Nucl. Phys. A, 796 (2007), p. 83

Y. Hidaka, L.D. McLerran, R.D. Pisarski
Nucl. Phys. A, 808 (2008), p. 117

Large Nc, baryon mass Mg ~ N, Agcp.
For T ~Agcp, baryon number is ng
~exp(ug/ T —Mg/ T)~e™¢ megligibly small)
and it remains that way as long as g <
Mg . For larger pg the ng becomes non-
zero. In the deconfined quark-gluon
plasma phase there are no baryon
masses, so that there is no baryon-
number suppression.

Experimental signature

Phys.Lett.B 690 (2010) 135-140

=8 Surface Source ((3)=0.75) J=100 MeV Surface Source ((B)=0.75)
. T=100 MeV i ng=8
A ap T T=120Mev
D=t
K x
X»
ng=2
o- vy
0 1 2 3 1 2 3
Ad Ad
;E):O.?S Siiface Sourcs I:JB()O MeV Same (B), different source geometry I:Jé)o MeV
. o= o=
Lo Ao
fas—— (B)=0.55 Fue— (B)=0.55
B\ Y
s, 2 (B)=0.40 Fpg e (9)=040
v g \k‘-"{‘
h\i‘g
ady,
S
T Vg,
“‘“H‘;g;ﬂ 1En
1 3 ’ 1 : 2 3
Ad Ad
2
Ap d°N/(d¢, dpy)—(dN/d¢,)-(dN/d¢,)
VPref V(AN /d,)-(dN/de,)

Baryon-Baryon correlations to
look for nucleation of baryon
rich bubbles surrounded by
baryon free regions
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Summary — QCD

phase structure
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* Programs to carry out systematic study of the
phase structure of QCD phase diagram through
relativistic heavy ion collisions underway. Baryons
play a crucial role.

* Higher moments measurements seem to follow
QCD thermodynamics except at 3 GeV
Experimental evidences of signatures related
to critical point observed at a 3 ¢ level
Lattice QCD clearly shows cross over at ug = O.
Experimental indications of cross over at pg =
20 MeV observed at < 2 ¢ level
Hints of change of equation of state at high pg

First study of role of baryon junction on

fluctuation observable presented.

Need to continue the dedicated programs in the

high baryon density regime to unfold the QCD

phase diagram. This includes looking for Moat

and Quarkyonic matter regimes

Experiments: STAR@RHIC BES-1I, CBM@FAIR,
NICA@JNIR, SHINE@CERN-SPS, J-PARC-HI
and CEE-HIAF complementary to each other
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