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Quark gluon pnhase and properties — what we

know so far

QCD matter produced in relativistic
heavy-ion collisions at RHIC and LHC have
quark and gluon degrees of freedom.

Matter attained high temperature, has
large energy density and exhibits partonic
collectivity.

Shows emergent properties like:

(1) Perfect fluid

(2) Vortical fluid

(3) Heavy-quarks exhibiting Brownian
motion in fluid of light quarks.
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https://www.nature.com/nphys?proof=t

What this talk will cover

Physics Today 63, 5, 39 (2010)
Phase diagram of QCD

Hyperon polarization

Spin alignment of vector mesons

Quark-gluon plasma

Nuclei production



Known (Theory/Experiment)
« Two distinct phases — quark—gluon degrees of

QCD phase diagram freedom/hadronic d.o.f

« Transition temperature at yg = 0 MeV
« Small yg — crossover
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Thermalization

Why address this topic ?

1.
2.
3.

To establish quark—gluon plasma

To establish the QCD phase diagram
To understand several physics
conclusions at Relativistic Heavy lon
Collisions

Ways to address the topic

1.

Maximum entropy - dS/dt = 0 (Our
system short lived) -- 7o show
experimentally is challenging
(impossible?)

Interactions among constituents
saturate. (State in thermal equilibrium
has no knowledge of past) -- Can we
demonstrate this experimentally ?
Space-momentum distributions reach
equilibrium value -- Can we access this
experimentally ?
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Mean yields have been successfully explained by thermal
models. But that is not the full distribution.




Higher moments and thermal model
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Higher moments and thermal model
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Favors a thermal system for collision energies > 30 GeV

Future: (1) Try canonical approach specially at lower collision energies. (2) Fixed target
energies and (3) Try the approach in multiplicity dependent proton—proton collisions




QCD
thermodynamics

Ordering of ratios

(Net—baryon):
LQCD -

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

Measurements

Cumulant Ratios
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thermodynamics observed for collision
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Reverse ordering observed for collision
energy = 3.0 GeV.




QCD critical point
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0 | |

Beam energy scan phase

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

Expected signature
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QCD critical point search




Events (M)

10%E

m (GeV)

https://drupal.star.bnl.gov/STAR/starnotes/public/sn0598

Larger statistics

01 02 03 04 05 06 07

s Sy (GeV)

Beam energy scan phase — |l

Net-proton ks?

% Most Central Au+Au collisions
T = Net-proton 7
5 % ~ 04< p, < 2.0GeV/c, lyl<0.5 _|
oG
o«
A @ STAR Data 1
K Projected BES-Il  —
=54 )] } stat. uncertainty
1 — -—i'é— —
STARFXT™ i § ]
| & = .9 T |
5
L c Vv _
dﬁg v &b UrQMD
— Tas — HRGCE —
1 1 1 1 11 1 I 1 1 1 1 1 11 1 I 1
2 5 10 20 50 100 200

Collision Energy \s,, (GeV)

High statistics measurements
will come soon
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Larger acceptance and more
differential measurements

QCD critical point search

Largest search range in T vs. yg of the QCD phase diagram in a single experiment




Compressed baryonic matter experiment
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https://arxiv.org/abs/2209.05009
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Or direct experimenta
crossover
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A. Pandav, STAR Collaboration, SQMZ22
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Going to still higher moments

HotQCD: PRD101, 074502 (2020),
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Search for signals
of first order
phase transition
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Proper theory calculations with 1st order phase transition needed for interpretation the data

First order phase transition:
« Multiplicity distribution bi-modal (two phases)
* Proton factorial cumulants k,: with increasing order,

increase rapidly in magnitude with alternating sign.
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Search for st order phase transition signals
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Moat regime

Theory

PHYSICAL REVIEW LETTERS 127, 152302 (2021)

Si es of Moat Regi in Heavy-Ion Collisions

Robert D. Pisarski
Physics Deparnment, 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

™ (Received 23 March 2021; revised 9 June 2021; accepted 8 September 2021; published 5 October 2021; corrected 3 March 2022)

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, momentumn, 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/PhysRevLet. 127.152302

Z<land W >0

Experimental observable
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https://arxiv.org/abs/2301.11484

Qua rkyOniC matter Experimental signature

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

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 pyg = 0.
Experimental indications of cross over at ug =

20 MeV observed at < 2 o level

Hints of change of equation of state at high pg

Need to continue the dedicated programs in the
high baryon density regime to unfold the QCD
phase diagram. This includes looking for Moat

Quarkyonic matter regimes

Experiments: STAR@RHIC BES-Il, CBM@FAIR,
NICA@JNIR, SHINE@QCERN-SPS, J-PARC-HI

and CEE-HIAF complementary to each other
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Polarization of hyperons
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Global hyperon polarization
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Py = 0.5w/T + |u\B/T and P, = 0.5w/T — |[u\B/T , where w is
the vorticity of the QGP, used to constrain the value of the
magnetic field at freeze—out by evaluating (Px — Papar)-

BES-II higher statistics will allow for estimate of magnetic field 23




Spin alignment of vector mesons

K. Schilling et al., Nucl. Phys. B 15 (1970) 397

dN
N ﬁ E m = (91 ¢1 ’\lvAQIMthle,q"a A11A2>
pK+ = 33" (8,0, M1, MM [Av) v lplAve) (Av | M6, 6, A1, A2)
g*
Nuclear Av Ays

A = Helicities
p = spin density matrix
M = Decay amplitude

In terms of spherical harmonics

dN *
e IC2 x Y Yim, (6,8)Y1,m,(0,8)pm,.m,

miy,ma

Integrating over azimuthal angle

dN
dcosf

=GP x % [sin6p_1,—1 + 2cos?0py o + sin®6py1,1] x 2

3
= |C|2 X 1 [sin20 (P—1,—1+p11)+ 200329[)0,0]

K'®meson

-
-

Normalized spin density matrix - Trace = 1

Nuclear

s
X b)
Fragments 1 ( = B 2 i
y(-L) Zooag = No [1 = poo +cos6 (3p00 — 1)]

oo Probability vector meson is in spin state = 0
: 1/3 no spin alignment 24
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STAR: Nature 614 (2023) 7947, 244-248



Physics processes and theory expectations
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BES-II — higher statistics will allow for differential measurements




Probing magnetic field in HIC using correlations

I 30 40 50 ¢B/M2
| | | T—140 MeV ——
(255 = XxP)/x5 T=169 McV
il T—211 MeV O
_ T—281 MeV —5—
%y "V Y v v v
0.95 | 45} ® o o © ]
@ ® ® - =
0.9 %}(1) m [ o & _
o
ttice QCD
085 B @ —
H.T. Ding et al, EPJA 57.202 (2021) @
0.8 | | | |
0 1.5 2 2.9 3
eB [GeV?] Isospin symmetry broken

Measuring BS, BQ, QS correlations to
probe magnetic field in HIC

due to magnetic field.



Nuclei production in heavy—ion collisions

Deuteron

o E, =2.22 MeV
- (R%) =2.13 fm

Rev. Mod. Phys. 88 (2016) 035009

3He

. . E, =7.72 MeV
» \/(R?) =1.96 fm

Nucl. Data Sheets 130, 1 (2015)

MeV)?

How can loosely bound objects
like nuclei (binding energy B ~ 1
MeV) be formed and survive in
such a hot environment (kinetic
freeze-out temperature Ty, ~ 100

_ 10 A o
[0} | e AT, o ]
5 » ]
w 10 -
3 = AAo —h el *He =
=10% 3H T e

I A = A
m i He =
*g 10° AH Ll -
3L amemoma, <
7 . ]
> 107 BB g E
“deuteron” core :Q e ﬂ ‘;Q ® g R
af Ly | @ |
% 10 __ ‘ @ MHe @® __
E 7 =
10— P -‘hﬂ:'i_ My, ‘@__
U I LR i
102 __‘ ] 1!" STARFXT - Sy .

2 20 30

Thermal model

dN/dy exp(—Ti)

ch

Coalescence model
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J. Kapusta, Phys. Rev. C 21 (1980) 1301

a3,

PA

;

3 5 10
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Measuring the yields of hyper—nuclei and their life—
time will provide valuable inputs to understanding
the hyperon—nucleon interactions in heavy ion
collisions and our understanding inner dynamics of
compact stars.

AAPPS Bull. 31 (2021) 1
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Nuclei production: thermal vs.
coalescence

Particle ratio
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STAR: Phys. Rev. C 99, 064905 (2019)

Anti—particle to particle ratio explained by
thermal model for a wide range of y/syn.
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Collectivity in light nuclei
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V, values at mid-rapidity for all light nuclei are
negative and no scaling is observed with the
pr/A < 1.5 GeV/c. atomic mass number.

Nucleon coalescence picture works up to
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Deuteron number fluctuations and proton—deuteron
correlations
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Hypernuclei — lifetime
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Properties of hypernuclei give access to the study of interactions among hyperons and nucleons.
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Theoretical predictions
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Small separation energy of the A to the pn core

In a quantum-mechanical model, the RMS radius

implies the lifetime of the hypertriton is very
of this hypernucleus is about 10.6 fm, if a
deuteron-A bound state is assumed.

close to that of the free A hyperon.
several femtometer away from the other

The A is with a very high probability
nucleons.
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Experimental measurements of polarization of hyperons

and spin alignment of vector mesons have spurred

Summary — polarization

systematic theoretical study of relativistic spin magneto
°

& nuclel

Finite global polarization of hyperons observed, which

increases as we go to lower collision energies.

Finite spin alignment of vector mesons observed, it has

implications of new kinds of mesonic fields
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Fixed target vs.
collider energies at
RHIC

Hadronic degrees of freedom
VS.
quark gluon degrees of freedom
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Experimental program for high baryon

density matter
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TABLE S2. Probability (in %) of observing a reverse ordering as shown by \/syy = 3 GeV data, at various higher collision 05/ C1

energies
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