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Why relativistic heavy ion collisions

Confined Deconfined

O Quark confinement vs asymptotic freedom

O Quark-Gluon Plasma:
v' phase diagram
v" chiral sysmmetry restoration, quark confinement
v" Topological phase transition

Dark energy dominate¥y"

Solar system form:

Star formation peak &=
Galaxy formation era\ \

Earliest visible galaxies!

Recombination Atoms form
Relic radiation decouples (CMB)\¢

Matter domination
Onset of gravitational collapse

Nucleosynthesis
Light elements created - D, He, Li

Nuclear fusion begins

Quark-hadron transition
Protons and neutrons formed

Electroweak transition
Electromagnetic and weak nuclear
forces first differentiate

Supersymmetry breaking

Axions etc.?

Grand unification transition
Electroweak and strong nuclear
forces differentiate

Inflation

Quantum gravity wall
Spacetime description breaks down

14 hillion years

-
11 hillion years
ol
" 3 hilfion years

700 milljun years

400,000 yea
sl

5,000 years

3 minutes

0.01 seconds




Why relativistic heavy ion collisions

O Smooth Crossover at high T and

low HB

QO Is there a first order phase

Temperature

transition at low T and high pg?

O Is there a critical point?

O Neutron star can also probe it

Nucleus Baryon chemical potential




Currently Operating facilities

RHIC@BNL, 2000- LHC@CERN, 2010-

3-200GeV@RHIC, 2.76-5.02TeV@LHC




Little Bangs

final detected
particles distributions

Kinetic
freeze-out

Hadronization

—
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Initial energy
density

¥
:

collision
overiap zone

re-
e uﬂibr‘ium . .
namics viscous hydrodynamics free streaming
collision evolution ]
t~0fm/c T ~1Ffm/c T ~ 10 fm/c T ~ 1015 fm/c

Q Initial non-equilibrium+Hydrodynamics+hadronization+hadron gas

[ Design probes and observables to probe these stages




Outline

O QGP evolution

O QGP transport coefficient
O Hadronization

O QCD phase diagram

Q Spin phenomena
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1. Success of visco-hydrodynamics in HICs

Hydrodynamics |

classical,
long-time,
long-wavelength
limit

Microscopic

sl
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0 Low pr dynamics

O Long wavelenght limit

theory
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@ Bulk pressure: I
°

8, T =0

@ Symmetric energy-momentum tensor

4 equations
10 unkowns

T = eutu” + AM(p(e) + M) 4+ m*

Local energy density: e

Shear tensor: 7#” = ¥, u,

Flow vector: T*u, = —eu"
Local 3-metric: A* = g"¥ + utu” with g"¥ = diag(—1,1,1,1)
Equation of state: p = p(e)

-
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@ A symmetric rank-2 tensor has 10 d.o.f. = ¢,1, u’, i
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1. Bayesian analysis

@ Energy-momentum conservation laws

0 De + (e + p+ NVal™ + 750k

0 = (e +p+ N)DU, + 62V, + Vo + AV 7% + 74Dy,

@ Relaxation equations

MON+ N = (V" — SgpMV U™ — Apam o,

R A y gt L 3 i {u. v "
TeDLEDnP 47t = —pot — §ram" Vo™ — T o™ — AppMo™

Observables
[2] Jyvaskyla (2022)
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1. Causality violations in visco-Hydro

Bemfica et al., PRL 2021

1 07
(e+P+I—|A]) —5—(2n+AmIl) -2 A3 >0, (5a)
@ Energy-momentum conservation laws 2z, 2z,

0 = De+ (e +p+MVat® + ok (20 + AnlT) = 74| A1 | > 0, (5b)
0 = (e+p+N)DUs + €2 Vae + Vall +
Tz < 6877, (5¢)
@ Relaxation equations
MON+ M = ~(Vot™ = 5nMVat® = An Mix 2 Tan s (5d)
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y (fm)

Plumberg et al., PRC 2022

1.16 fm/c 3.81 fm/c 4.71 fm/c

TrRENToO + free-streaming + iEBE-VISHNU

7=0.40 fm/c 7=1.40 fm/c T=2.40 fm/c

IP-Glasma + MUSIC

7=0.80 fm/c 7=1.80 fm/c T=4.80 fm/c

IP-Glasma + free-streaming KeMPgST + MUSIC

T=0.80 fm/c 7=1.80 fm/c T=2.80 fm/c T=3.80 fm/c T=4.80 fm/c

IP-Glasma + effective kinetic theory KeMPgST + MUSIC

0 Causality means v2<c2(red point means acausal)

[ Large violation of causality even in PbPb central collisions
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1. Transport theory

Pu alif(x’ p) 4 m*B“m*Bpu.f(x, p) — C[f] Kurkela et al., PRL 2019
0-0 3% p+Pb @ 5.02 TeV )2
04 rfx pt - Vxfx N apzfx,p
I
Inl<2 4, 0. 3<p;ef<3 GeVic
B CMS v, peripheral sub. = _CZ<—>2[fx,p] - cl<—>2[fx,p]-
03 o CMS v, 1
~ — v, with minijet
S5 0.2 Vs with minijet | Sunetal., EPJC2020 T =12fm

= =V, w/o minijet

-— -
-
-

= =V, w/o minijet
01r /(ﬁ*\
0 1 2 3 a4

P, (GeVic)

O Causality guaranteed
O Used also in pre-thermal equilibrium stage

 No consistent formulation and no precise prediction




1. Public available code and applications in nuclear structure

0 Hydro: MUSIC, SONIC, ECHO-QGP, CLVISC, VHLLE, VISHNU
Q Transport: UrQMD, AMPT, SMASH, PHSD, Hijing

Zhang et al., PRL 2022

A snapshot of

.. Li et al. PRL 202
nucleon distri. tetal, 020

1%
T T T
Pb Ary(fm) Ty Bally et al., PRL 2022
0'\@3 0‘\60 0‘\90 QZGA 11 [ “© Vapy /Vaz AMPT correct for B, N
os E g § ] [ Vo, /Vaz STAR Data 04 04
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S5 O Glauber(x=0.2) [ Por = 0002 By =020 = | 990000000004
po O Trento 3 :,202 )
-— 1 2 — S /i - T
L ~ D. e L ey,
 amm L b_@—@\&sf'}e('l\e/@\ o < s o ;./' ekt o
= L , , , Ot 2 01RY - O-Ph+Pb ¥ Er based
i T T / 4 O-Xe+Xe Y Er based
- i r 02<p <2GeV 0.0 H 0.0 -
1 e 5
i = W | e | e
r N 08 EE B ET e oo0.8 B e et
° ;t == S| H j’;‘ o E E—_. -—-H—D~D’Q:E|-
s I = 2 A o® o Eaww
Hijing 1 Eoos - ~ < |mm " T
v AMPT-def I < Zostm/ 7
/ p
P - P T L T 7% Vo [Vaze AMPT B, only v } / /'/I 3 By based, 0.5 < py < 2 GeV
0.1 0.15 0.2 9| "© Vapu/Vazr AMPT correct for , s b /O X By based, 05 < p; < 5 GeV
v
zr Arnp(fm) E’Vz,RT/V&Zr STAF“ Data ‘ o b 10 15 20 0 5 10 15 20
0 50 100 150 centrality (%) centrality (%)
Npart
alrb,0)= [r/j(;e(o #a’ S i
L g% R(0,¢) =Ro{1+p[cosyY(0,¢) +sinyY»(0.¢)|}

R(6,¢) = Ro(1 + BoY3 + B3 Y3 + BuY?3),
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Outline

O QGP evolution

O QGP transport coefficient

O Hadronization
O QCD phase diagram

Q Spin phenomena
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2. Heavy quarks and jets and their diffusions

] @
®
@
O Heavy quarks and jets as a
probe of QGP 0 Two dominate processes
v clear production (hard v elastic parton scattering
scattering) v inelastic gluon emission

v long thermalization
time (~fm/c) 14



2. Transport coefficients

o
_ idNAA/de dy 2_7T_d_N =1 —+ Z 20 Cos[n((P _— )]
Raa(pr,y) = N AN/ dpray [ dpr dy N d¢ n n
p1- 3f1(x1, p1) = E1(Cet + Cinel) PP n=1
mé 1_6_—' T 17T || T T T L I| T AILICI:EI I_- > 0-35;‘_ %ZZ) TIAMUI T E\\é\;@l “h(:I@IISHQ*-EPcI)SZ T _;
N o = ] F LIDO -.=LBT ]
I iy A o DAB-MOD LGR ]
DS _—— 1_2:— Prompt D°, D*, D** average —: 025 ... catania 3
C y[<05 - - 3
dt Lope g : 0.20g @@ §
0.8 ] E " - E
d(Apr)> &
= ( PT) 08| 7 " AW
q dt oaf
0.2f ~ P 3 ~0.05f- _ 3
r ] I Centrality 30-50%, |y| <0.8 ]
cal Ll o -0.10k . ol . =
4x107" 1 2 34567 10 20 30 1 2 3 4 5678910 20 30
P, (GeVic) [ (GeVic)

ALICE Coll., JHEP 2022
0 Two transport coefficients (coordinate and momentum)
O Raa and V, probe the interaction strength
v Smaller Ry, and larger V, mean larger interaction strength (larger ghat or smaller D,)
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2. Transport coefficients by far

Scardina et al., PRC 2017 Cao et al., PRC 2021
LBT (a)

JETSCAPE
T

T i T DIIIQICIEJ[II(aIcernaIreII((IZO:M)I]I- 8:\I\l}\l\‘l\l\\\I\‘\\r\l}ll\ll B
O |QCD [Banerjee et al.] r o E ]
2 AdSICFT s A =
d (A X_)) 100 » ==  D-meson[Ozvenchuketal] - r ---- Extracted 90% CR
r = = = 1+ D-meson [TAMU] 1 6 .
DS -_ B -\ QPM (Catania) - BM g F
I QPM (Catania) - LV C
b i ) — 5
13 L ¢ - - (xs(“ Fa
> e \0. \OoP o Fi
d(A 2 b N- |
T E
~ _ : . . :3‘5{\1\[(‘, ] F
q = dt - N l £l w ] p = 100 GeV/c
i ] 1= .
[ =6} at? 7 =15 fimlc g 1
, = - - - Fovostvaeilorialsnwrlavialisaelsiield
0.4 0.8 1.2 1.6 2 2.4 0915 02 025 03 035 04 045 05
T/T, T (GeV)

0 qualitative determination of D, and ghat . )
See talk by Xing Wenjing
See talk by Mao Yaxian
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2. Challenges by small system collisions

_‘pb

& 1.8 T T
mc’- ALICE Preliminary  p-Pb, \sy, =5.02 TeV
1.6 Prompt D mesons, -0.96<y__ <0.04
1.4 7
1.2 mﬂgg —— -
1 E S iH
0.8 =
0.6 =
Average D’, D, D™
04 o scaled reference from pp at Vs = 7 TeV —
@ measured reference at Vs = 5.02 TeV
0.2 -

0 5

TR P
10 15 20 25

T AT ATAE
30 35
pT(GeV/c)

sub

PO~ % ~@p

0.15F

0.10

005

0.00F

cMs pPY 8 16TeV
AT | R T T
"o D’ 185 <N°'"'"e<250 1
; 1.46<y_ <054 ]
PR T F L 1 | | j
0 2 4 5 8
p; (GeV)

Zhang et al., PRL 2019
CcMS PPD 186 nb (8.16 TeV)
03[ |YIaL| <1 I [ CGC (Zhang et al) —

0.2

o= A

12<ly,|<24

[ = Prompt J/y

[ o Kg ® Prompt D°
m D° from b hadrons

- - Prompt D°
== Prompt J/y
— D° from B mesons |

O Sizeable v, and small R, suppression. Not explained by QGP interaction

O The initial states effect by CGC (dense gluon field) can explain R,, and v,

O PHENIX sees the R, suppression of y (2S)
v" May be both CGC and QGP?R,, and v,, vs centrality

See talk by Wang Jiangiao
See talk by Fu Baochi
See talk by Lu Zhiyong 41+



Outline

O QGP evolution

O QGP transport coefficient

O Hadronization

O QCD phase diagram

Q Spin phenomena

18



3. Hadronization of light quark hadron

 The spectra and v, can be described well by statistical mechanics in low
pr and Fragmentation in high p;
O NCQ scaling suggests coalescence

o o
@ O @ O
o 8
T N R . T T T T T T T (&) m .
a3 | STAR Prellmmary 41 s B @0 o, O
AutAu |5 = 196 GeV . sns 4 ApAD 8 o.-- %
- (PR 409 ) ‘Eﬁ _D____ - = A‘E ________ i.__ o [e) -
Centrality: 10-40% » Su® P -~ to o ®
0.06 ? -3 -+ ggéi N T TP
‘g?’ A 1 & Te® C ©
e T WA Particles + ‘4 Anti-particles E Tol.-g @ 4 pt
%0.04_ i é BES-II (yearn2019) 1 d BES-II (yezrn2019) | e o o @ o
> - O/ (.)7\ é Ky + (.)% oK, 4 © o © o
VE  +Kg vE  #Kg o o
002~ g8 O x¢ T _& --- Fitline of ¢ v /n =0 xo n © ©
i BES-I (year 2011) 1 279 BEs.| (vear 2011)
oQ 2.7 x improvement of Q v, ogq*
0 _______________________ —t—d e - e e e e e e e e e e e e e e e = = = = pum—
&
& #‘E %‘m M;%ér 4 J 5 @
[=]
s T i4- bﬁ{, t o8- 1 ¢ -gi el 05 ]
g A s & @qg@m
1 &

(m mo)ln (GeVIc )




3. Hadronization of light quark hadron

Q Intermediate p; data needs coalescence

d*N/(2ndp 2.3y [(GeV/c)?]

—
o
o

—_
o

—
=

2 T T T T T T
10 Hydro-C:)aI-Frag

| L
ALICE DATA

dNy
d3P

dNp
d’Pp

=9m / d3X1d3P1d3x2d3P2fq(X1« Pl)fq(xz, Pz)
XWar(y, k)@ (Prr —p1 — p2),
= !]B/d3x1d3P1d3X2d3P2d3X3d3P3fq1 (x1,P1)

X fgo (X2, P2) fgs (X3, P3) W (¥1,K1; 2, K2)
x6@) (P — p1 — p2 — p3).

Zhao et al., PRL 2020

II-Iydrlo-Cc;al-F[rag |
p-Pb V? =5.02 TeV
— 1(0-20%)

K (0-20%)
— P (0-20%)

Hydro-Frag
p-Pb \s,,=5.02 TeV
— 7 (0-20%)
K (0-20%)
— P (0-20%)
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3. Hadronization of heavy quark hadron

O Fragmentation+coalescence in HF hadrons

1

v
v

What is the formal and consistent formulation of coalescence
Need to understand why coalescence is a sharp process

LREIRN RUy R ANES Rid Ty ] MUVA\ VML)

ALICE

—e— pp, Vs =5.02 TeV

= PYTHIA 8 (Monash)
<= PYTHIA 8 (CR Mode 2)
==« HERWIG 7

I catania, fragm.+coal.

M. He and R. Rapp:
——— SH model + PDG
SH model + RQM

p; (GeV/c)

T Eg’+0.6_'|'|'|'|'|'|'_ [T NE  an BN Dh D]
1 =5 F ALICE . 20" mmBAuC. ] ~ly| <0.5 30-50% Pb-Pb-
D® o5hpp is=13TeV | o 3 : 1
1 =05 SHM+RQM [ ]

04:_ -//{/{/{4 gzl;nla (coal.+fragm.) _:

PYTHIAB243 1

0.3 Monash  —

| [ ==i== Mode 0 ]

[ — Mod ]

0.2F {H g o —=leis ]

0.1 :_////'/,/.- ememaa, -.__,/“:5?;”’:@: -

O: L U s ot it ikl bl i e bt sl
s 0O 2 4 6 8 10 12 14
10 P; (GeV/c)

ALICE Coll., PRL 2021

ALICE Coll., arxiv 2112.08156

See talk by Zhu Jianhui
See talk by Cheng Tiantian

21



Outline

O QGP evolution
O QGP transport coefficient

O Hadronization

O QCD phase diagram

Q Spin phenomena
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4. Efforts at finite g

e
2
o
@
a
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®
T

Chirgy

"

on,
o,

X (T, ii)

1 "WZ(T,0i) ,

T VTS

o’

HotQCD Coll., PRD 2020

Too=156.5(1.5) MeV
Spline :N_ =8 mm
QM-HRG —
PDG-HRG —
N.=8 &
12 e

0
0.10
0.20 T [MeV]
2130 140 180 160 170 180

8 The=156.5(1.5) MeV
xB Spline :N_ = § ==
1 PDG-HRG —

QM-HRG —
N.=8 5
L

T [MeV]

-3
130 140 150 160 170 180

200

150

50

0 LQCD calculation of higher moments

0 QCD assisted effective theory with fRG can reproduce well LQCD result

O Still problems At 1 g/T>4

Fu et al., PRD 2021

T T K C
s 'l’
He o pp o BB o 4
Tﬂ - 2." TE - 3 Tﬂ 7:11'
———— .'. "
—— 2 =
"'-..._ﬁ. -2
o B
3 "a \
. o i
Cd
P
’
W - "’
A = = : rescaled fRG-QCD N;=2
R ==== fRG-QCD N;=2+1 .
R ;
"o %  CEP:N;j=2
@ CEP:N;j=2+1
L | . il
200 400 600 800 1000
i [MeV]

) 1
Ty = / {Zq,ké [’Yuau —o(p +ng0)]q+ §Z¢,k(au¢)2

+hq (% + 7 - m) q+Vk(p,A0)—ccr}, 1)
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4. Dynamical phase transition theory-Hydro

D¢q = ~Tq (¢q — o)
’ et onp(x,t) =TV (F'[ng]) + V- J(x,1)

8 T =0
dq(z) ~/ :B+2Aw)5 (t, :I;f%Am)>eiQ4Aa:
TH = cutu’ —pp AW £ JI(x,t) = V2TT¢(x, 1)
p(+)(e,n) = p(e,n) + Ap(e, n, ¢(e,n)) (GG (K, 1)) = 8(x — X)o(t — )53
Ap = [—(e+p)AB +nAa + As] /B4 IWMZT/“%géﬁmf+£gwmy
AS(e,n,¢)E/dQASQ +:;:_f§(A"B)3+%(AHB)4+6/\TG§(A77,B)“)

_ ﬁ %Q bQ

*/W@W[%m@m m@m*q
Q* ¢q—dg (%)

@ﬂ?@m2 de ),

_ Q* ¢ —9q (9dq
Ba=- [ R orP (50)? (a_n)

Stephanov et al., JHEP 2018 Nahrgang et al., PRD 2019

0 Deterministic method (Hydro+) vs Stochastic method
O How to apply first order phase transition?
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4. Dynamical phase transition theory-Transport

it

Oxofu(X,P) + £
pi

18555
pj:i:
Ep

8Xifa(Xa p)

M,
_aleaS(X) 8pifa(X7p):FaX’VOV(X)aPifG(Xap)

q:aX’I/}V(X) _iapifa(Xa p) - C[fa]v

t =40 fm/c

(4)

8
Lo =16 P - moa+ 5 Y @30 + @isaar]

& [aety (at1-+20)0) +aets (a0 - 0a) |, @

a=0

Li et al., PRC 2017

O Dynamical generation of first order phase transition

O More reliable effective theory? How to include second order

transition?

phase
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4. Comparison with experiments

Ratio C,/C,

STAR Coll, PRL 2022

T T T T T

Central Au + Au Collisions

»
H

w
\

@ net-proton

(0.4 <p (GeVic) < 1.6)

N
HADES (0 - 10%)
(lyl < 0.4)

(lyl<0.5, 04<p(GeV/c)<20

L L T ]

STAR (0 - 5%) —

O proton —]

j

1= ——- i:] S - —
- # --------- @“‘8”% -l
S A S
- HRG _ _ ._ CE —
1 05<y<0) net-proton_|
(0‘.)45< p};(GZV/c) <2.0) UrMb & proton
1 1 1 L1111 | 1 1 L 11 1 1| | 1 Il
2 5 10 20 50 100 200

Collision Energy \sy,, (GeV)

O Nonmonotonic varaiation

v" need theoretical input

2
d

NXN/N
o

STAR Coll, arXiv 2209.08058

=
~
—

[ Au+Au Collisions (@) 0%-10% (b) 40%-80% 1
@ STAR, full p_range p
[} Common syst. err.
: /<////// )
\V \i\\\\ &KL
uI:
pJA: [0.4,1.2] (GeVIc) AMPT+COAL. y
T p/A051.0](GeVic) 38??;22’.25“ i e ]
M| L L M| L L
5 10 2030 50 100 200 5 10 20 30 50 100 200

Collision Energy |syy (GeV)

—f 0.7

10.8

0.6
0.5
0.4

103
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Outline

O QGP evolution
O QGP transport coefficient

O Hadronization

O QCD phase diagram

Q Spin phenomena
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5. Spin phenomena in HICs

BBC ol |
y 4 ‘,sys
/N sl |
\%>& | | STAR Coll, Nature 2017
X g
< 4T -
/ &
quark-gluon ’ 2 %1 -
plasma / | $ $ ]
A . ‘L
forward-going
beam fragment | |
Ll | ‘
10 102
Vs—NN (GeV)
2l @
Au+Au 20-50% 8l TAutau20-50% * A STAR o
8! | STAR(2017) (2018) LURLEE Y . s 3
A oA 6 SRR
<6 « & P ~ .
&3 ~.4 A & Athiswork] =4
- a L IvI<1 | 1
* 2 . J . 2 +
‘ 'w[#‘**xﬁ'-i,, FIRER |
e = 1 emmse L
10 100 10 700 | S e

Q Highly rotating QGP with rotation speed 1022 s-1
 Good agreement between experiments and theories using statistical method

on global spin polarization o8



5. Angular dependence of longitudal spin polarization
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1 1
Wpo = E(Baﬁp - ap/Bcr): gpcr - E(Baﬁp + BP/BU)

O Thermal vorticity can not reproduce experimental data

Q Thermal shear can but a non-global thermal equilibrium effect
v" need spin transport theory




5. Vector meson spin alignment

O Vector meson spin alignment can not be described by vorticity . .. by
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Q ¢ field may explain it
v" need to calculate ¢ field theoretically
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v" need to understand charm meson spin
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5. Transport theory
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Q Chiral kinetic theory can describe well global and local spin polarization
v" fully dynamic
v" need to develop to include finite mass
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Summary

[ There are many materials that I do not cover

v' anomalous phenomena, exotic particles in HICs, UPC, HQ diffusion in

See talk by Wu Wenya

Glamsa, quarkonia production, neutron star...... See talk by Li Tiangi

O Much achievements and more problems
v" hydro valid range, small systems, 11 5/T>4, pseudogauge dependence with

spin, other spin puzzle

Thank you for your attentions!
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