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Strong Interaction and QCD Phase Structure

2004 asymptotic freedom
(QCD)

2013 Higgs

> Discovery of the Higgs boson
v" Origin of mass

v" Standard Model = Theory
» QCD Phase Structure (?)

QCD CP? Confinement

SCB: mass of hadrons and the visible world
QCD phase boundary and critical point ...

Temperature T (MeV)

hadronic phase :

Emergent Properties of QCD

Baryon Chemical Potential ug (MeV)
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expansion

Accelerators ! is visible

: Quark-Gluon
Y Plasma
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Phase Structure of Strong Interactions
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High-Energy Nuclear Collisions and QCD Phase Diagram
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1) RHIC BES: - search for 18-order phase transition and QCD critical point;
2) Baryon interactions (e.g. N — N, Y — N) — inner structure of compact stars
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LGT Calculation: QCD Phase Structure
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F. Karsch et al., 2020
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2) Chiral crossover line

Tp Tp
K,= 0.012(4), k.= 0.00(4)

3) Chiral transition temperature:
Tc= 13273 MeV

4) QCD critical end point:™~~
TEP< T, ( uBEP = 3TC )

\\~___’/

Phys.Lett.B795, 15(2019);
Phys. Rev. Lett. 123, 062002(2019)

HotQCD:

\L

Tpc(ng) = T [1 i) ( g )2 Ky ( m )4]
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High-Energy Nuclear Collisions and QCD Phase Diagram

At LHC and RHIC top

energy:

» Jet quenching;

» Collectivity data;

» Net-p C¢/C,

%

1) At ug ~ 0, smooth
crossover. ug/T < 2
(LGT);

2)CPat ug/T>3

156

Temperature T (MeV)

1) STAR: Phys.Rev. C79, 034909(2009);
2) P. Braun-Munzinger et al. Nature, 561,

321(2018);
3) A.Bzdak et al. Phys. Rep., 853, 1(2020);
4) ALICE: 2211.04384
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High-Energy Nuclear Collisions and QCD Phase Diagram

SIS CSR

! THIAF
FAIR

Quark-Gluon Plasma

500 1000 156
Baryonic Chemical Potential pug (MeV)

LHC collision energies:
» sww = 0.9, 2.76, 5.02,
5.44 TeV
Xe+Xe, Pb+Pb

> /s =0.9-13TeV p+p

LHG:>27kni¥

» pup =0
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ALICE DETECTOR SYSTEM

_ Jets] Traclfing
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e. FMD
. CH,
(Particle Data Group), o
I =
Prog. Theor. Exp. Phys., —
I K
083C01 (2022)
1. ITS T ALICE performance R
2. FMD, TO, VO S pp, (5=13TeV B
i b g\ P=NET, | Decays
5. TOF £ —
6. HMPID 5 I £,(980)
7. EmCcal = e o
8. DCal > e
9. PHOS, CPV g
10. L3 Magnet
11.Abso?t?ere -'2 = 2
12. Muon Tracker & Ei
13, Muon Wall 2 . =
14, Muon Trigger f g [ =
15. Dipole Magnet 2 [ =
16, PMD t . i S [ o,
17.AD 107 1 10 e ot
18.20C Momentum (GeV/c) I
~1000¢~ . o°
3 El
s 900:_.\ I o | calorimetry
= E ! put conversions
3 8005 | ; ;
700 -
© = 3,
E e — He
9 600F 3 K
= E - I J PID
500 .
E ] e K
400 - I
E 1 . p
300 ]
E f ' ALICE Performance ] 0 . )
E = Pb-Pb | s, =5.02 TeV _7 10~ 1 10 1
il idiininois) ’ ] P, GeV/c)
0 — — . e, ]
2 G P ALICE: 2211.04384



https://pdg.lbl.gov/2022/html/authors_2022.html
https://academic.oup.com/ptep/article/2022/8/083C01/6651666
https://academic.oup.com/ptep/article/2022/8/083C01/6651666

LHC SPS AGS SIS CSR

HADES DETECTOR SYSTEM

T T T T T
TRAGC | RHCEXT | AR
—~ FAIR
% NICA Quark-Gluon Plasma
=
— 160
[0)
S
>
2
©
o)
o 80
&
()
|_
0 L —

/2

VETO

~, MDC IV

MDC Il

0 500 13000 150
Baryonic Chemical Potential pg (MeV)

SI1S18 Collisions:

> Ex = 1.76 AGeV Ar+Kl

> E. = 1.58/1.23 AGeV Ag+Ag
» Ex =1.23 AGeV Aut+Au

> g — 800 MeV
» Ex =45 GeV p+p

» Ex =3.5GeV p+Nb
» Ex =17 GeV m+W /+C / +PE

4\ FAIR

RICH Magnet TOF HADIES

Properties of nuclear matter at high baryon
potential and nuclear density:

1) Correlations and fluctuations;

2) Strangeness production;

3) Di-lepton signals from various sources



Nuclear Collisions and QCD Phase Diagram

Quark-Gluon Plasma
(QGP)

QCD Phase Diagram

SIS CSR

RHIC top collision energies:
> +/Syy =200 GeV U+U / Au+Au / Zr+Zr /| Ru+Ru / O+O
> /s =510 GeV p+p

RHIC Beam Energy Scan (BES):
> \/Syny =200 —7.7 GeV (collider mode)

> /sy =17.3 -3 GeV (fixed-target mode) Baryonic Chemical Potential pg (MeV)

Hadron Gas ~ cwtaws
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STAR DETECTOR SYSTEM

- Large acceptance
| - Excellent PID & uniform
efficiency
| - Modest rates



Particle Identification and Acceptance
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Kinetic cuts 0.2 <pr<2.0GeV/e, n|<0.5

Particle identifications  Reject spallation p at pp< 2.0 GeV/c

Efficiency corrections

Un-corrected charge particles
0.5<mn<1.0

Centrality Definitions

Proton Rapidity

| Netcharge _[NetKaom _________[Netpon ______

0.2 <pr<1.6 GeVl/c, |yk|<0.5

TPC: 0.2<pr<0.4GeV/c
TPC/TOF: 0.4 <pp<1.6 GeV/c

TPC: Erpc~ 0.8;

0.2 <pr<1.6GeVic, |y,/<0.5

TPC: 0.4 <pr<0.8GeV/c
TPC/TOF: 0.8 <pr<2.0GeV/c

TPC+TOF: ETPC+TOF ™ 0.5

Un-corrected charge particles and
reject p and anti-p, || <1.0

Un-corrected charge particles and
reject Kaons, |n|<1.0



STAR Fixed Target Setup

Au Target ]
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CBM participates in RHIC BES-Il in 2019 — 2021:

» Complementary to CBM program: /syy =3 - 7.2 GeV (760 2 pg 2 420 MeV)
» Strange-hadron, hyper-nuclei and fluctuation at the high baryon density region
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STAR BES-I and BES-II Data Sets

Au+Au Collisions at RHIC
Collider Runs Fixed-Target Runs
VSNN me VSNN
vents run #Events run
(GeV) Up Ybeam (GeV) Up Ybeam

1 200 380 M 25 MeV 5.3 Run-10, 19 1 13.7 (100) 50 M 280 MeV -2.69 Run-21

2 62.4 46 M 75 MeV Run-10 2 11.5 (70) 50 M 320 MeV -2.51 Run-21

3 54.4 1200 M 85 MeV Run-17 3 9.2 (44.5) 50 M 370 MeV -2.28 Run-21

4 39 86 M 112 MeV Run-10 4 7.7 (31.2) 260 M 420 MeV -2.1 Run-18, 19, 20
5 27 585M 156 MeV 3.36 Run-11, 18 5 7.2 (26.5) 470 M 440 MeV -2.02 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 17.3 256 M 230 MeV Run-21 7 5.2 (13.5) 100 M 540 MeV -1.68 Run-20

8 14.6 340 M 262 MeV Run-14, 19 8 4.5(9.8) 110 M 590 MeV -1.52 Run-20

9 11.5 57TM 316 MeV Run-10, 20 9 3.9(7.3) 120 M 633 MeV -1.37 Run-20

10 9.2 160 M 372 MeV Run-10, 20 10 3.5(5.75) 120 M 670 MeV -1.2 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) 260 +2000 M 760 MeV -1.05 Run-18, 21
Most precise data to map the QCD phase diagram
3 < VSNN < 200 GeV, 760 > Up > 25 MeV
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Interaction Rates

STAR beam energy scan
HADES NA49 sPHENIX ALICE

”800! BRI ! AR A 20 (MeV)
B : - Pootob b b :
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The emergent properties of QCD matter

Collectivity

oul(e tpu# u” - pg]=0
ouls u’]=0

d’N 1 dN
prdprde 2w prdpr

{1 + ) 2w (pr)cosln(y - wR)]}
n=1

— v; Directed flow;
— v, Elliptic flow; — v3 Triangle flow




Anisotropy Parameter v,

coordinate-space-anisotropy = momentum-space-anisotropy

Sensitive to initial/final conditions, EoS and degrees of freedom



Partonic Collectivity at RHIC

Vs = 200 GeV "¥"Au+"?Au Collisions at RHIC

v Low pt (< 2 GeV/c):

25 [~ (a) Light quarks (b) Strange quarks | . .
o + * hydrodynamic mass ordering
A A& . S O
9 5"6""'"“"" AkA + v High pr (> 2 GeV/c): number
e 15 O? ------ OO - R YO W S R i
N Of o ok®” + of quarks scaling (NCQ)
o o -
s é O x ?4 0 ¢ u-, d-, and s-quarks flow!
Ap oA A Q
o | o ! [ ] - [ ]
o 1 2 3 4 50 1 2 3 4 5 » Partonic CO"GCtIVIty!
Transverse Momentum p; (GeV/c) > De-confinement Au+Au
STAR: PRL116, 62301(2016 collisions at RHIC!

STAR: PRL116, 62301(2016)
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Heav

y Flavor Hadron D° Collectivity at HRIC
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> b aE ok 10-40% (WO [T e
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o n -
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i i i g o b) ,
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0 0.5 1 1.5 2 25
Total Momentum p (GeV/c) (m_-my) /n_(GeVic?)
\ M) /1 )
1) First application of MAPS technology in high energy collisions, excellent position resolution;
» “These results suggest that charm quarks have achieved local thermal equilibrium with the medium created
in such (200GeV Au+Au) collisions”
» Hadronization via quark coalescence process
STAR: PRL113, 142301(14); PRC99, 034908(19); PRL118, 212301(17); PRL123, 162301(19); PRL124, 172301(20)
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DO Partonic Energy Loss and Collectivity at LHC
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> DO strong suppress in Ry, and collectivity v, are evident at LHC;

» Calculations: Charm-transport in hydrodynamically expanding QGP
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Equation of State for Strong Interaction

| | [ [ |
Valeriya Mykhaylova
ijiiiii EEE
- TN 1k e =
_ - .
3r T -
7.7GeV T 200GeV & 2.76TeV :
- i . [ ]
(7)) )
\:‘ ”‘ Nf=2+1 u
t‘: 2 - H- ” Nf=0 ®
< ’¢’ Lattice = O
> - FRG - _
- H- -
= ’/
8 ” l ! | | !
1 B
3 Quantum limit 1 15 2 25 3
S | | /T,
|
39 GeV TTE T/, 4) Evidence of the QCD transition!
OF | | th ‘ ‘ ‘ | L.P. Csernai, J.I. Kapusta, L.D. McLerran, PRL97 (2006) 152303
: : - X.Dong, Y.J. Lee & R.Rapp, ARNPS, 69 (2019) 417
0.6 08 11 1.2 1.4 1.6 1.8 - J.E.Bernhard, J.S.Moreland & S. Bass, Nat. Phys. 15 (2015) 1113
Sca|ed Temperatu re - I Karpenko, P. Huovinen, H. Petersen, and M. Bleicher,
Phys.Rev.C91, 064901 (2015).
- G.Nijs, W.van der Schee, U. Giirsoy and R. Snellings, PRL126,
(2021) 202301
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Strongly-Interacting Low-Viscosity Matter

= —_-
(9} o [9))

o

Viscosity over Entropy Ratio 1]/S

T T T
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----P=0.227455 MPa
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EM
interaction
n/s~1

L.P. Csernai, J.I. Kapusta, L.D.
McLerran, PRL97 (2006)
152303

Strong
Interaction

n/s~ 0.1

» QGP matter in \/syy
> 39 GeV collisions!

» Universal behavior
for phase transition!

N\
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Dlsappearance of Partonic Collectlwty

0.08 Au+AuCo|||S|ons (10- 40/) T '544 27 3(GeV) I [ Hadl'OlllC 0.4 ‘
08 ----- 200 ezt s T® O A e .
R B KD SR aw¥iE| Matter
& 0.06_—:;:;:1747_5 y.})',%)[;j::;;l:l:;:;:; ....... "r)_@‘u?fg;:::;:;.----—_ ‘ﬁ 0.3
K 0.04f Cv‘gjm + Qmm“* . >
B 0.02} ig»‘j 1 & X 0.2
8 [ 3 (a) Positive Particle T (33’“ (b) Negative Particle -
N Ok A ¥ A 7T e = 2 > 1
Rxbxx ¥ 1 %-a.d o)
-0.02 A, . + o + A .
(IJ ofz ‘ 0f4 ' oie ' ofe I(IJ l 012 ' 0f4 | 0!6 ' 0!8 l 0
Scaled Transverse Kinetic Energy (mT - mo)/nq (GeV/c?)
. . 0.04
» At 3 GeV, NCQ scaling is absent ;
» Transport model calculations, with N o
baryonic mean field, reproduce both
-0.04

v, and v, results ;
> hadronic interactions dominant!

Nu Xu “EMMI Physics Day 2023”, GSlI, Jul

Au+Au Collisions at RHIC
| Q —
p
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_¢°ﬁj O p E895 —
V' Z=1 hadrons FOPI
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Mean-field Cascade

STAR: PLB827, 137003(2022) [

3 5 10 20 30
Collision Energy |sy, (GeV)



The emergent properties of QCD matter
. t . I . t
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X4 <0
£ contours
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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)

mean: M = (N) = Cy

variance: 0% = ((8N)?%) = C, g BT

skewness: S = ((§N)3)/ o3 = C3/C§/ 2 v _. s o

kurtosis: k= ((6N)*)/ 03 —3 = (C,/C3 L A

R A

Moments, cumulants and susceptibilities: P _
2 order: 6*M = C/Cy = Xa/X1 SPEERLSy 0 e
31d order: So = C3/C, = x3/x2 o

th S 2 — —
4% order: ko = CofCp = Xa/X2 INT 2008-2b : The QCD Critical Point
“EMMI Physics Day 2023", GSI. July 17, 2023 28 /45
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Expectations for Models

0.6,

./ 1\ baseline

-0.6

6
~0.6-04-02 00 02 04 06 =06-04-02 00 02 04 06
H H

AT

SNN

X,<0

—— ¢ contours

\ Sealing » Characteristic “Oscillating pattern” is

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

» Critical Region (CR)

PB) - M. Stephanov, PRL107, 052301(2011) - V. Skokov, Quark Matter 2012
- J.W. Chen, J. Deng, H. Kohyyama, Phys. Rev. D93 (2016) 034037

out line

< 4/SNN
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Event-by-Event Net-Proton Distributions (raw)

ol ek e

m _I T I \\\x i I T T ///I T T I P T 2 T \ I' T I T ]

E 0.1 __ VSNN (Gev)\ S & ‘ =W // AL/':':AU GOIIISIO/n/S __
G>) : o /.7 By ' ‘ A i X ' /// 0'50/0 Ce Yé' :
% oosf ® 115 [P\ ‘ y@i4<pT<2er/C), yl< 05
- — x 145 X —
m I Y —
-g 0.06— © 19.6 ]
S L o 27 ‘ i
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g -+ 544 :
© 002— x 624 —
£ - . n
O — —
Z

STAR: Phys.Rev.Lett. 126, 092301(2021) [RNCIEM(ICIEANNER\NERN)
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Net-proton High Moments

o

o
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N
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UrQMD 0-5%

| net-proton

i O
| HRG 0-5% ®
O

. O
- Au+Au Collisions

lyl<0.5, 0.4< pT<2.O(GeV/c)

_________________ [N L O T R

I ] 4_0—‘ UL LI

(1) sc | | (2) ko2

2.0

- ‘__‘@%

otonic Energy Dependence of Net-Proton Number’

STAR Data

@ 0-5%
O 70-80%

Syst. uncertainty

BES-II

stat. uncertainty

Iélll1o 2|0 1

IIIIIII 1 1 1 | N T T T | 1 1
50 100 200 5 10 20

Collision Energy \s,, (GeV)

50 100 200

STAR: PRL126, 092301(21)

1) HRG and transport model predicted monotonical energy dependence: AMPT,
JAM, UrQMD. Suppression at low energy due to conservation;

2) The 3rd and 4% orders: deviate from the Poisson limit in the most central
collisions!
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Net-p KUZEnergy Dependence

. Au + Au Collisions .
I | 1 1) Non-monotonic energy
o 3 ! | staR@-5%) | dependence;
Y I | @ net-proton |
L LLEE o poon "0 | 2) 3 GeV proton high
GC) i <L§ g %% %[:] B BES-II projection il moments data —
cE> I S | - . Hadronic interaction
S ¢ ! | . dominant!
C O e :
o | - 3) Energy gap between 3
L Lp0fc iRe — — & ~ and 7.7 GeV, important for
- B % oo - mewereten & Critical Point search
- O =
2 é — é — I‘]l() 2b | I5()I | I1|(|)() 200 : STAR: PRL126, 92301(2021)
Collision Energy |s, (GeV) HADES: PRC10, 024914(2020)
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Thermalization in Heavy-lon Collisions

1) Test of the thermal model with

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

Contents lists available at ScienceDirect

Physics Letters B

www.elsevier.com/locate/physletb

Limits of thermalization in relativistic heavy ion collisions

Sourendu Gupta?, Debasish Mallick ™, Dipak Kumar Mishra 9, Bedangadas Mohanty

b,c,x

cccccccc

Nu Xu®
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Strangeness and
Hyper-Nuclel
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/A-N Interaction inside Compact Stars
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Y-N interaction: key to understand the inner structure of compact stars
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Hyper-NucIel Lifetime and Yields

PR 136 (1964) B1803
PRL 20 (1968) 819
PR 180 (1969) 1307
NPB 16 (1970) 46
PRD 1 (1970) 66

NPB 67 (1973) 269

><103

15+ 0-10%

Au+Au 3GeV

x107

10-50%

SH( “H) > °He(“He) + |

assuming B.R.=25%(50%)

16

STAR, Science 328 (2010) 58

HypHi, NPA 913 (2013) 170

MJH

ALICE, PLB 754 (2016) 360

i
i|—A lifetime - PDG value
STAR, PRC 97 (2018) 054909 !

ALICE, PLB 797 (2019) 134905

1T T T T T T T T T T T

STAR, PRL 128 (2021) 202301

ALICE, Pb-Pb 5.02 TeV : L P NS I B R S S B

0" 900 200 " 300 400 500 1 08 -06 -04 -02 08 -06 -04 02 0
Particle Rapidity y

*H lifetime (ps)

ALICE: 2209.07360; STAR: PRL128 202301(2022)

1) Precision results on lifetime;
2) Abundant hyper-nuclei at the high baryon density region;
3) Coalescence calculations seem work for hyper-nuclei yields
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Collectivity of Hyper-Nuclei
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» Coalescence: the dominant procedure for hyper nuclei production;

» Hyper nuclei collectivity (e.g. v4 and v, ) — Y-N and Y-Y interactions
under finite pressure gradient;

» Questions: Connection to the EOS of compact stars? Effect of isospin?
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Outline

1) Introduction

2) Selected Recent Results

» Collectivity
» Criticality
» Hyper-nuclei Production

3) Future Physics Programs
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Future High Rates Experiments
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STAR@RHIC

1) High order baryon fluctuation
and correlation;

2) 3D di-lepton spectra (collision
centrality, pair mass and py) ;

Interaction Rates
3, 5m
?

—h
o
™1
;
i

3) Hyper-nuclei production and Y-

: ; RS R :
N interactions > 5 10 20 50 100 200

Collision Energy \s,, (GeV)
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A L I C E 3 https://cds.cern.ch/record/2803563/files/LHCC-1-038.pdf
N

Magnet

Vertex

ALICE3: Low Mass, Large

FCT

Rapidity Coverage

Key Physics Measurements:
1) Heavy flavor: Medium effects
and hadronization;

State-of-the-art detector!
Great potentials for physics!

A dream experiment!

RICH

Tracker

cumulants, ...

=/
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CBM Experiment at FAIR

Unilac
- NS 2 Compressed Baryonic

RIB target p

v Matter (CBM)

J aeencave FiXxed-target experiment:
> 2.4 < .[syy <4.9GeV

' pbar target

NUSTAR R38B

— 515100 to CBM / NUSTAR
Rest-10 . . . . .
o Yy~ : » High intensity & collision
— H p-Linac / SN
——— GS1 existing facility g ,"/HEB/ 31LE8 rates up to 10MHz
/ (R3B . .
=/ ¥ > Operation starts in 2028
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CBM Experiment at FAIR

Target | [ MvDssTs | rRicH TRD | TOF | Ecal J{ PsD

- FAIR: One of the brightest
accelerator complexes

Transition

Radliation . ..
Ring Imaging Detectors E:;:Q{ic - Precision measurements at
82?;;2,&“ = Calorimeter high baryon density region:

(i) Dileptons (e, u);

(i) High order correlations;

(iif) Flavor productions (s, ¢)
and hyper-nuclei

Silicon

Tracking
Stations™ 0o
Vertex
Detector

Beam on target in 2028

Nu Xu “EMMI Physics Day 2023”, GSI, July 17, 2023 42 | 45



Projects and Timelines
Emergent Properties of QCD: Confinement & Mass of VM }

G

Structure of the QCD Matter Structure of Proton

2000 - 2009 2010 — 2024 2025 - 2030 2031 — 2040

RHIC: QGP/spin BES-I, BES-II
sPHENIX

BES-III

CBM FXT

LHC: ALICE1, ALICE2
| ALICE3

1 ALICE 2 ALICE 2.1

2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 >

I I
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Future PhyS|cs Programs
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