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High-Energy Nuclear Collisions and QCD Phase Diagram
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1) At ugp = 0, smooth crossover (LGT + data) ;

2) Large ug, 1%t order phase transition — QCD critical point

High baryon density:
Inner structure of
compact stars
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:Osaemzoz22Disappearance of Partonic Collectivity at 3 GeV
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:Osamz2022 Disappearance of Partonic Collectivity at 3 GeV

Wednesday: O. Soloveva
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~ Au+Au Collisions Tuesday: Y.J. Zhou
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> At 3 GeV, freeze-out parameters are different from that from high energies!

» Among (m, K, p, A), no common overlap region at 3 GeV, unlike the case at higher
collisions energies!

— Different EOS at 3 GeV, hadronic interaction dominant!
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{samzo22 Conserved Quantities (B, Q, S)

1) In strong interactions, baryons (B), charges (Q) and strangeness (S) are conserved;

2) Higher order moments/cumulants describe the shape of distributions and quantify
fluctuations. They are sensitive to the correlation length &, phase structure;

3) Direct connection to theoretical calculations of susceptibilities

Measured multiplicity N, (6N) = N —(N) skewness (S)
mean: M = (N) = (C4 / \ — asymmetry
variance: o2 = ((§N)?) = C,

skewness: S = ((§N)3)/ o3 = C3/C§/2 -

kurtosis: k= ((BN)*)/ 0% — 3 = C,/C2  harpres
Moments, cumulants and susceptibilities:
20d order: [ 62/M C,/Cil= x2/x1
37 order: |So C3/ Co|l= x3/X2

th . = | |
4% order: | ko Cy/ Ca X4/X2 INT 2008-2b : The QCD Critical Point

2
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G semz022 Model Expectations
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Scaling » Characteristic “Oscillating pattern” is

il expected for the QCD critical point but the
exact shape depends on the location of freeze-
out with respect to the location of CP

Freeze-

out line
— 3NN » Critical Region (CR)
>
HB - M. Stephanov, PRL107,052301(2011) - V. Skokov, Quark Matter 2012
- J.LW. Chen, J. Deng, H. Kohyama, Phys. Rev. D93 (2016) 034037
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Energy Dependence: so and ko>

| STAR: PRL126,92301(2021)

HADES: PRC102, 024914(2020)

P. Braun-Munzinger et al.
NPA1008 (2021)122141

1) Non-monotonic dependence in top 5% central Au+Au collisions;
2) In case of C,/C,: transport model UrQMD traces CE calculation.

But over predict C;/Cy;

3) Gap between 3 and 7.7 GeV, important for critical point search
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Energy Dependence

1) UrQMD fully reproduced
the 3 GeV data;

2) Energy gap between 3
and 7.7 GeV, important
for Critical Point search;

3) CBM experiment: covers
proton mid-rapidity over
2-49GeV

STAR: PRL126, 92301(2021)
HADES: PRC102, 024914(2020)

Phys. Rev. Lett. 128, 202303 (2022)
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:Osemz2022 Centrality Measurement at Low Collision Energy
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1) C,/C, = 0, according to CE and UrQMD* calculations (&);

2) Initial volume fluctuation leads to more suppression and correction
can be model dependent;
— Direct measurement of N, is necessary!
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:Osemzo22 Net-p: 21 & 314 Order Cumulant Ratios from LHC

ala T T T T T gl e
o [« ALICE Pb-Pb |5y, = 5.02 TeV : ":— Pb-Pb, centrality 0-5%  —s— ALICE, 2.76 TeV 1
S| 01 HIWING i 059 4 £l a 06<p<1.5GeV/c —e— ALICE, 5.02 TeV -
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— HIJING, 5.02 TeV -

L . : EPQOS, 5.02 TeV
- =l 1 R ).« PRI - IR FY A
0.05|- H i : @ ﬁ % |« 2.76 TeV
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H H E : Global conservation
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-0.05
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AN An
Wednesday : M. Arslandok
ALICE: 2206.03343
» Very nice and long waited results!

» Why the suppression is stronger in 5.02 TeV?
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200 GeV p+p and Au+Au Collisions

1) In 200GeV p+p collisions, high order cumulants ratios of net-
protons are found to be positive for , C,/C,, C5/C, and C¢/Cs;

2) For QGP matter, LGT predicted negative net-baryon Cs/C, and

C6/ Cz;

3) Direct evidence for the QGP formation in 200GeV Au+Au

central collisions!

HotQCD Collaboration, PRD101, 074502 (2020)
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Gsamzo22 - Proton — deuteron Correlations

STAR: Energy & centrality dependence of ALICE (5.02 TeV): Centrality
proton — deuteron correlations dependence anti-proton — anti-deuteron
Tuesday (poster) : D. Mallick correlations Tuesday : M. Ciacco
A TR —0.04 ALICE: 2204.10166
STAR Preliminary C(1,1) . - S — — |

] (4) (p.d) ] @™ | = ALICE Preliminary ]
T S 0,0, -(0.02 [ 5 Gontessonso-hedeiinimo0)
e . i Contescerce-voderD=
___________________ T 0.0051 - Thermal-Fist: CE SHM, 4.8 dv/d
A ’A_A— A'é —pAAT T T B _0 [ = ThermaI-FisI: CE SHM, 1.6 dV/di

— - ,_/g/ —1-0.02

+ Coalescence Jpe— I ——— :

B {9 - . pemOemeiated-t=os —-0.04 $ $ ——— *
5 10 20 50 100 200 ~0.005 : =1 -
\/S NN (GeV) i ;?;Pgé (S = 5.02 TeV )
1) Clear energy dependence; [ sl
-0.01F R —
2) Both CE and ftransport model + I Ry NS
coalescence work well! Centrality (%)

J. Steinheimer etz al., PRC93 (2016)
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:Osamz022 Semi-analytical Model and QCD Phase Diagram

7. = 0.3 fm/c S (GeV) Wednesday: T. Mendenhall
400k -eeeee Massless QGP ideal gas -5 T. Mendenhall and Z.W. Lin: 2111.13932
with quantum stat. e 7
' Lattice EoS e 115 |
| HH  RHIC freezeout data T B
ol — 1) Initial energy density + EOS —
- 5 (t) and np (¢);
< a00| /; 2) Lattice EOS, with smooth
| crossover, leads to the bending
ool near phase boundary where meet
with freeze-out parameters
4 == /T =25 | determined from data.
00 "0 20 600 800 1000 1200
fi (MeV)

Nu Xu “The 20™ International Conference on Strangeness in Quark Matter”, June 13 — 17, 2022 Busan, Republic of Korea 15/30



RN 4

-OsamMm2622

l.\

_S.Gupta et al. Phys. Lett. B829, (2022) 137021

Tests of Thermalization in HIC

Contents lists available at ScienceDirect
Physics Letters B

www.elsevier.com/locate/physletb

1) Test of the thermal model with high
moments data. 4™ order;
2) Below 39 GeV, data is not consistent
with equilibrium.

Limits of thermalization in relativistic heavy ion collisions m
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Nuclear Physics :

Study of quantum many-body system

governed by the strong interaction

(Hyper)

Baryon NUClooE Neutron Star

Terrestrial experiments New information from
astronomical observation

Understand these systems in the same framework.




samzo2 3H Production at LHC

< | B I I T | SR I T T T T TTTT ] T

— o | % = 0 R E

T | | ALICE p-Pb, 0-40%, |[s,, = 5.02 TeV Tuesday: C. Pinto A
n < ’ 0_5 = ALICE Preliminary pp, HM trigger,Vs = 13 TeV | .‘.p

[ ¢ ] ALICE Pb-Pb, 0-10%, |5, = 2.76 TeV ] "deuteron” core

BR=0255000 . ... . ooy

I T T T 71T

11) In Pb+Pb collisions: Both
results from thermal model and
coalescence are consistent with
data;

10°°
~— 3-body coalescence

— 2-body coalescence

2) In p+p and p+Pb collisions:
— SHM, Ve = dV/dy S
| system size 1s small,
-+ SHM, Ve = 3dV/dy

i b ..11.|02 L ""1'})3 ' coalescence results fit to data

(dN_/dn) better.

I17]<0.5

IIlIII|
IIl]IlI
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Hyper-nuclel Productmn in HIC

-OsamMm2622
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Phys. Rev. Lett. 128, 9 o OHO
202301(2022)

1) Thermal model w/ CE consistent with ,3\H :

but underestimate H
2) Transport models (JAM or PHQMD)
consistent with data, within uncertainties

- @ Au+Au 0-10% (STAR)
® Au+Au 0-10% (STAR preliminary)
¢ Pb+Pb 0-10% (ALICE)

Pb+Pb
2.76TeV

T T T 1T JHIJIIJl JJIIIIIJl T TTTTI]

Central Au+Au

— Hybrid URQMD

— Coalesc. (JAM)

----- Coalesc. (DCM)
------ Thermal

Assuming B.R. (T’ H
—*He + n°) = 25%(50%)
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G semz022 Rapldlty Dependence
&oggf” (@) 0-10% | AutAu3Gev  (b) 10-40% :
5
0.04f -~ =ap C‘)A’p
i = 2H/%He *H/°He
. — e O “H/*He
5 of [o '. %) (o] ]
0C 0.02r :|U
ay
- o : [@] II' @
i STAR Prehmmary T
| T T | | | | TR TR TN TN T A [N S S TR AN T T TR AN N S S|
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Particle Rapidity y

Tuesday : Y.J. Ji

1) First results on the rapidity dependence of the hyper-nuclei production;

2) R'~ R ~

3) UrQMD and thermal model underpredict those ratios at mid-rapidity

2R3: Enhanced production of A and hyper-nuclei at mid-rapidity;

Nu Xu
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Bsamz2022 Rapidity Dependence

l.\

Au+AU 3 GeV 0-10% 7 & BR=50% 10-40% ] n
I STAR preliminary °r 55::825(?)25) ° _ AA p _ A p
T #y=(-0.75,-0.5) 1 SA — n_A X — R A

g 1;‘ T@L@@% ) @@Eﬂﬂl [ﬂ '

'_"Hﬂ" _Jﬂ_" o S3 g "Q_(E?F?;;o?)':
%EE Eﬂ % %L % [ﬂﬁ 0250 '5

—1
10 r Oy=(-0.5,-0.25)

04 06 08 1 04 06 08 1

/A
PGV

1) S; and S, are found to be constants versus centrality, rapidity and p;
2) Sy~ unity ~5 S3?
3) Theory inputs needed to understand the results.
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Gsamzon2 Hyper-nuclei Collectivity

2 = ‘ =
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Particle Rapidity
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The emergent properties of QCD matter

Future Programs
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:Osemz022 Future Facilities for Heavy-Ion Collisions

108i 750 400 200 205 ALICES3 at LHC
= S TR AT A JPARCH Heavy lon Collisions & (,,. = 0)
{0’/ vv v v CBM@FAIR VB
= ={ 1) Crossover
10°0 8 EE B CEEQHAF —=! 2) Dileptons and
sC2 ALICE3_ 3 high moments
107sg ALICE —— =
T R FENIeA TT¥—e ! Dream detector !
CBM at FAIR 103 "@.,©---©"©@ """"""" © s
(up =780MeV) _ , ® | 5 sTAR@RHIC 5
| @ o
1) Phase boundary 10 @i
and QCD CP’ 1 1 R S| 1 1 Lo | 1
2) Hyper-Nuclei 2 5 10 20 50 100 200
and Y-N Collision Energy |s,, (GeV)
interactions N Wednesday: A. Yuncu

3) Compact stars

S—rvoeo A.JZOTH International Conference on Strangeness in Quark Matter”, June 13 — 17,2022 B

Thursday: R. Bailhache
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4 s 1Y
Au+Au Collisions at RHIC
Collider Runs Fixed-Target Runs
NE \/S
( Gel‘{ll\)l #Events Ug Ybeam run (Gelg]l;l #Events | ug Ybeam run
1 200 380 M 25 MeV 53 Run-10, 19 1 13.7 (100) 50 M 280 MeV 2.69 Run-21
2 624 46 M 75 MeV Run-10 2 11.5 (70) 50 M 320 MeV 251 Run-21
3 544 1200 M 85 MeV Run-17 3 9.2 (44.5) 50 M 370 MeV 228 Run-21
4 39 86 M 112 MeV Run-10 4 7.7 (312) 260 M 420 MeV 2.1 Run-18, 19, 20
5 27 585 M 156 MeV 3.36 Run-11, 18 5 7.2(265) 470 M 440 MeV 202 Run-18, 20
6 19.6 595 M 206 MeV 3.1 Run-11, 19 6 6.2 (19.5) 120 M 490 MeV 1.87 Run-20
7 173 256 M 230 MeV Run-21 7 52(13.5) 100 M 540 MeV -1.68 Run-20
8 14.6 340 M 262 MeV Run-14, 19 8 45(9.8) 110M 590 MeV -1.52 Run-20
9 115 157 M 316 MeV Run-10, 20 9 39(7.3) 120 M 633 MeV -1.37 Run-20
10 92 160 M 372 MeV Run-10, 20 10 35(5.75) 120 M 670 MeV -12 Run-20
11 7.7 104 M 420 MeV Run-21 11 3.2 (4.59) 200 M 699 MeV 1.13 Run-19
12 3.0 (3.85) 2000 M 750 MeV -1.05 Run-18, 21
[ ] [ ] [ ]
Precision data to map the QCD phase diagram
R VSNN < 200 GeV, 750 < Up < 25 MeV
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CBM Experiment at FAIR

-OsamMm2622
Target || MvD/STS || RICHTRD | TOF | ECal || PsD
Transition
Radliation .
R ng Imaging Detectors

Cherenkov ™.

Detector

Silicon
Tracking
Stations™ W T

Vertex
Detector

(i) Dileptons (e, y);

- FAIR: One of the brightest

accelerator complexes
Elactro- - Precision measurements at
Calorimeter high baryon density region:

(i) High order correlations;
(iii) Flavor productions (s, c)

and hyper-nuclei

CBM: BES-lIl experiment
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Gsamzozz - Fluctuations: Energy Dependence

Important for QCD critical
point search!

é}7 [? between 2 — 4.9 GeV.

4 [ T IA T T L | T T T T | T T ]
B Au + Au Collisions |

Nb 3— Z F STAR (0 - 5%) —
\Va L § % L @ net-proton ’ | FAIR SISlOO
L, EE o poton ¥ wes_| 1) CBM Experiment: covers
o | 8% %% L 8 W BESlprojection | proton mid-rapidity
£y
=
c
2
I

o
| |
e
|
|
B
|

&

3 _|:1 : ] ZI;Z S e | 2) Hyper-nuclei production at
ol . | * prl"t"“ e | the high baryon region
> 5 10 20 50 100 200

Collision Energy \s,, (GeV)
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RN 4
@ SQM2622 ALICE III https://cds.cern.ch/record/2803563/files/LHCC-1-038 pdf

'-;\ 104 EI TT | TTT I TTT I TTT | TTT | TTT | TTTTTTTTTT [ TTITTTT I l%

° ° . b E 7 —Sum 3
Time Traveling with 1/m T o rucssouy e
€c G 10° = 0-10% Pb-Pb, |y = 5.02 TeV Rapp o =

> F app 3

o 0,0 0,0 % [ TOF+RICH (40, 1€), B=0.5T 0 piou e ]

» mg > 5: initial condition; 17 0ocp caceVeini<0b —cooge E
> 5>mg > 1: QGP thermal property ; % 1ol Nopremsstanlung ncudea 15 - ee 4
» 0.5 > m, : hadronic decays T E
Measurements: “"& E
1) v, and pr spectra of di-leptons at 102 B

each mass bin — (p7) or (Ty,, (7)) 09

VS. M . i
\ 111 | 111 | 111 | 111 | 111 | 111 1 | Ll | Ll Il | L1l | 3
. . QW 02 04 06 08 1 12 14 16 18 27 22
2) Polarization versus m,; & M, (GeV)
- ®
Properties of smooth crossover Time (fm/c)
at Up ~0! E. Shuryak: 1203.1012 “Dilepton invariant mass can be used as a clock”

Wednesday: A. Yuncu

Thursday: R. Bailhache
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(R4

‘0Osam2622 Summary
‘ TFRHI(;;T(FIT T 1) BES-I| data: QCD critical
= NGR Quark-Gluon Plasma point lies between 3 — 50
= = GeV Au+Au collisions;
— 160 - ' .
© 2) At ug ~ 0 MeV: Properties of
2 QGP and smooth crossover.
g i RHIC top energy and LHC
= 3) At high baryon density
- region, ug ~ 750 MeV: QCD
0 critical point and 1st-order
0 500 1000 1500 phase boundary.
Baryonic Chemical Potential ug (MeV) RHIC BES-Il and FAIR CBM
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