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Relativistic heavy ion physics

Temperature T [MeV]

Relativistic heavy ion collisions

- create and study QGP
- the QCD phase diagram
- the deconfinement & chiral phase

transition
- the QCD vacuum

2



The QGP has been created In relativistic heavy ion collisions

Meost Vortical Fluid




r

Initial conditions:

Intersection study

with nuclear structure
\_ AN

) -

QGP+HRQ evolution:

main goal: QGP properties & QCD phase
diagram

J

Dynamical modeling for QGP evolution

-Traditional viscous hydro & its hybrid model

-Anisotropic viscous hydro for small & large systems



Viscous hydro + hadron cascade hybrid approach

Hydro expansion
of QGP or hadron gas

'II l“

'w n-
iy
it

H Jl

Initial conditions viscous hydro hadron cascade

Freeze out

Initial state

J J o
e

Conservation laws:
AT (r) = 0. I, NF(x) =

2"d order I-S equ:

- 1 | ) Tut
I = = {H + O = Ing V" +1CT0, (5 20T )|

1 n1"? Tout
ARG — ) I / V.7 v / BT — )\TZ ) ) q : )
v ’Tq [qﬁ + A e+ p % T+ g Vo 4 gV 'L(Q)\Tz)]

1 T
AP:QAU,B o = —— | T — 2 V(p:, v) _ L. V(p: v) N T -
Tapa - {’r 7 U q q + T ( 2-?]T ) :

Input: “EOS” &=¢&(P) initial and final conditions



Yields dN/dy

Mean pr [GeV]

Hydo+Bayesian: extract the QGP viscosity

Flow cumulants v,{2}

108 ™ - = .
-*g = > * Uy
s 10 [ B £
Ig &
& 10t) ;
100
3 108} 1.5}
5 0.00} s
-2 i Sttt K=
% 101 _\I{i 20 L e o v v >~— F 0-03':’.____._..—‘——"—"03
¥ bp s - >-—e Uy
O — 60 30 20 350 60 0 °% 10 20 30 20 50 60 70 °%% 10 20 30 20 50 60 70
Centrality % Centrality % Centrality %
0.6r Prior range ; : I
| Dosterior emedian -An gquantitatively extraction of the
b 9ORCR QGP viscosity with IEBE-VISHNU
- (Trento Initial conditions) using
| Bayesian analysis
// -n/s(T) Is very close to the KSS
. KSS bound 1/47
00 o bound of 1/4x

0.90 0.95

Temperature [GeV]

0.30

J. Bernhard, S. Moreland, S.A. Bass, J.
|l tu ) Heinz PRC 2015



Powerful predictions from hydrodynamics

100

T T [Panema s l [ -Vn distributions
o v. ATLAS . _
= _,=i’ P i B I o e -non-linear response coeff.
BN Ziﬂ,& o -Correlations of Flow Harmonics
>0 M:\*..__ doeabd e . AR e eee e e
100 SRELELELE T | | T T T | | | UL
I L = Ay % Xoz4 iEBE-VISHNU E
£ 3 + 276ATeV5.02ATeV 3
5 E -s-  TRENTo 3
> o F — -a-  AMPT E
= 0.01 ; ; " = E

-Hydrodynamics can quantitatively describe / predict various flow data
-perfect liquid for large systems

H. Xu, Z. Liand H. S*, Phys. Rev. C93, no. 6, 064905 (2016); W. Zhao, H. Xu and H. S*, Eur.
Phys. J. C 77, no. 9, 645 (2017); X. Zhu, Y. Zhou, H. Xu and H. S*, Phys. Rev. C95, no. 4,
044902 (2017); W. Zhao, L. Zhu, H. Zheng, C. M. Ko and H. S*., Phys. Rev. C 98, no. 5,
054905 (2018); LI, Zhao, Zhou, H.S*, in preparation (2020) .

-- How tiny the QGP droplet could be?



Small collisions systems at RHIC & LHC

System size scan:

Pb+Pb Xet+Xe O+0O p-Pb p-p collisions ...

Geometry scan:

p-Au d+Au He-Au collisions...

Other collision systems:

OBSERVABLES | A-A (higph-mthlt.) (higherr)wult.) (Iowprgult.) UpC P (hig?rer)lult.) &
Near-side ridge vield |12 [30,32,39] 13031 4] — X475 W X
Anisotropic flow (@4 0 673839 ‘ 135,37 VI O X Om —
Multiparticle cumulants VI 0 1o ‘ 04145 = - — — _
Mass ordering — - - —

o

[47-49) ‘ 146,49
— [—




Correlations & Flow in small systems

ATLAS p+Pb 0.5<p}<5GeV ~ ATLAS Preliminary 4 2<p}P<3GeV < 0.15%] o -
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] S I . ]
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O {"hﬁi.+
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o | -
- ;‘ﬂ T mh AT —
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01— —
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-Many flow-like signals have been observed in high multiplicity p-Pb collisions



Traditional Hydro calculations for small systems

0.2 I I | | :
~ W ATLASpPb0-2%v, ALICEpPb 0-20% v,
02— @ CMSpPb0-2%v, ALICE pPb 0-20% v, _|
—_— 0-1%v, s=. 0-20%-,
T == 0-2%v, @—0 0-20% v, -
015 **r %W G.-Y. Qin, B. Muller.  _,
0—0 0-%v, PRC2014
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0.1 — O aD 0-5% V} I/ ]
0.05 -Qr""'@ i
' " e ° °
0 |
2 3

pr (GeVic)

~ 0.14
> C EPOS3.074 K. Werner, et. Al
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- oo K ./F"" :
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0.06 F w -
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Traditional hydro: C,{4} puzzle in p-p collisions

O,OZXIIUIIII lll_lll'_lllll leullll |;|| 1 lefullll r&rr1rJ|]rrrJrrrpr1?
| JEBE-VISHNU pp Ys=13TeV ] IEBE-VISHNU IEBE-VISHNU
HIJING [E ATLAS, ¢ {4} super-MC TRENTo
Bl raral P72t JasunT Para-l (x) B raa
i Para-ll ECMS’ C2{4} + Para-Il 2 Para-II
L B Para-lil 0.3<p_<3.0 GeV + B Para-ni B Para-il
0.01F Para-1V T
_0.
-+ |
-
a
&

+ +
0 B T R T ol 1y Yty to
1 M | L. 2 2 2 A A 1 1 | ] 1
80 100 120 140 160 80 100 120 140 160 80 100 120 140 160
Nch Nch Nch

Traditional hydro fails to reproduce the negative C,{4} with different
Initial conditions
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Initial conditions:

Intersection study

with nuclear structure
\_ AN

) -

QGP+HRQ evolution:

main goal: QGP properties & QCD phase
diagram

J

Dynamical modeling for QGP evolution

-Traditional viscous hydro & its hybrid model

-Anisotropic viscous hydro for small & large systems



Small systems: from traditional to anisotropic hydro

traditional hydro: at = paral (PHENX).
TH = Eul'u” — (Peq+II) AFY 4 7H7. . 3 - rAL _
f=Jq+0f 6f= 2,1?; (p;_f;p‘;q} 6f] < foq. < 5 200 GeV, 0-5% |
Validity of traditional hydro 1 |
Knudsen number: K, = 7,0 =5 ?; B
Anisotropic hydro -1 (fm/c)

AWV = ZHY — BV =HY = gt" — utu” + 2HzZ¥

THY — 5’115“”11”4—?3;_, Z;_LZ:U_.}D -—;_uf_|_2 w;(ﬁ r.z)_|_ﬂ_
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'Poq_'_H IVJ_Z _ ‘—'aT v
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f($a}J) — fa(jj’p) + 6f(T1p) fa(map) — fcq(\/g.lﬂ,;,(:ﬁ)p”p”/ﬁ(:l’:))
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3#T“V = (). fa(x,p) = feq (T)’

2 2
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uvP" P = m 2 22

1 L

T = Eur'u” +Pr 2H2" —PL 2 42 Wfi_zy)+ﬁiy-

P _ ~ .,.r/2l + M0 Dot + e —owt s, + MW DL,
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e _
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M. McNelis, D. Bazow, and U. Heinz, Com. Phys. Comm 267, 108077 (2021)
S. Zhao, Y. Peng, U.Heinz, H.Song 2509.03841



Va{2}

V. {2} and C,{4}in p-p collisions (from VAH)

0.2

[ V,{2(x 2) vy{2)(x 2) v,2}

— O O
Fa JAY

| 1 I 1 I I
p+p, Vs=13TeV
VAH para-I

ALICE, 2sub, |n|<0.8
ATLAS, M_,, |An|>2, n|<2.5
CMS, ZYAM, [n|<2.4

8
Nor/ (N

c,{4}

0.02

10

T | 1 I 1 I 1
p+p, (s=13TeV

VAH para-I|

ALICE, 3sub, n|<0.8

ATLAS, 2sub, n|<2.5 .
ATLAS, 3sub, m|<2.5

CMS, ZYAM, [n|<2.4

Viscous anisotropic hydro (VAH) roughly fits v,{2}, v;{2} and v,{2}

VAH reproduced a negative C,{4}, the C,{4} puzzle is naturally solved
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o~ "a“' C
: ] 2 cfvaAH (P IP))
Cg T — - paralV-Reg1 1 é 5'minimum bias, p+p, Vs=13TeV -
X [ top1%p#p, (5=13TeV — paralV-Reg2 ] > | -
3r —— paraV-Reg2 |  ©  4f
~—— paraVI-Reg2 -
2 -
O-IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII-
o 1 2 3 4 5 6 7 8 2 3 4 5 6 7 8 9
1, (fmlc) Sy/(S,)

Small systems: Traditional hydro fails
traditional hydro --- > anisotropic hydro

S. Zhao, Y. Peng, U.Heinz, H.Song 2509.03841




Tifmic)

Evaluating isotropization from VAH

Traditional
hydro

Traditional
hydro

(fmic)

;_s,PLf F‘T(ns, T)

—0.8

Traditional
hydro

0.7

06
2 ~ 0.5
: 0.4
0.3

0.2

0.1

Evolution of P /P (n, 1)

Smaller systems are harder
to reach isotropization.

Traditional hydro works well for
large systems (Pb+PDb)

S. Zhao, U.Heinz, H.Song paper in
preparation.
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Initial conditions:

Intersection study main goal: QGP properties & QCD phase
dvith nuclear structure diagram

J .

Large system (Au+Au Pb+Pb U+U Xe+Xe Ru+Ru Zr+Zr):

Theory: Traditional Hydro are powerful tool
Experiment: various flow observable

-We are ready to focus on the
Initial state of the QGP

nuclear structure of colliding
nuclei
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Rich collision systems at

RHIC & the LHC

A

deformation
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\, Probe nuclear structure with
BRAHM“S&;\ relativistic heavy ion collisions
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initial state with deformation

Well calibrated calculations
AL

rd8 N\
Initial conditions viscous hvdro




Study nuclear deformation with
heavy ion collisions

.
L C 18+ 8205.7
& L uu
2 120—

- PbPb
B ° 15~ 6754.1
= AuA 2 +

100 “Au g \deformation 16 6441.6
B 14+ 5680.7 13~ 5750.2

80— 11~ 4798.7
N 12+ 4418.3

60_ 10+ 3817.2 9~ 3951.1
B 7- 3291.5
B g+ 2950.4
B 5- 2588.4

40— 6+ 2149.7
- 4+ —p—1518.1
- 22

2000 2+ % 8326
op @ 18
_ 0F—% 00 ——---ooo
0. | 1 | 1 I 1 | 1 | ] | |

50 00 150 200 250

A

Nuclear structure physics obtain the deformation information from the
spectrum with certain model calculations
(not directly image the deformation in position space) 21



Y Probe nuclear structure with
BRAHM’E;\ relativistic heavy ion collisions

Initial conditions (TRENTO, etc )

- Sample nucleon position in deformed nuclei with Woods-Saxon :

p(frjg, Cb) 1 4+ e(r—R(0,9))/ao

3 4 \
R(0,9) = Ry (1 + Jo[cosvYa o +sinyYa o] + 3 Z 3,.mY3,.m + 34 Z ﬂ'-l.qu/l,?n,)

m=—3 m=—4

Quadrupole: Triaxle: Octu pole Hexadecapole:

Nuclear surface
deformation i
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ac,{3} is sensitive to quadrupole and
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ac,{3} for Ru+Ru and Zr+Zr collisions
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S. Zhao, H. Xu, Y. Liu, H. Song. PLB2023, arXiv: 2204.02387



Probe the shape phase transition with Xe +Xe collisions

gL uu
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Shape phase transition for Xe isotopes

The shape phase transition:

-rapid structural change along certain isotope or isotone chains
-the dynamic interplay between the spherical-driving pairing interaction and
the deformation-driving proton-neutron interaction

The shape phase transition for the Xe isotopes:

-Within the the framework of the interacting
boson model (IBM), the Xe isotopes
undergo a shape phase transition from a

y-soft rotor to a spherical vibrator

R. F. Casten, Nucl. Phys. A 439, 289 (1985). G. Puddu, O.
Scholten, and T. Otsuka, Nucl. Phys. A 348, 109 (1980). R. F.
Casten and P. Von Brentano, Phys. Lett. B 152, 22 (1985).

-the critical point is described by the E(5)
symmetry, associated with a 2"d order

phase transition

F. lachello, Phys. Rev. Lett. 87, 052502 (2001).
F. lachello, Phys. Rev. Lett. 85, 3580 (2000).

2
1 =

The critical point

y-soft rotor
0(6)

symmetries

0+

Ry =25
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R
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The Phase Transition

_ e 129X e+129 Xe collision

-explore the second-order shape
BB phase transition occurring in the
vicinity of 128-130Xe

3

‘'PHOBOS

& 4

S. Zhao, H. Xu, Y. Zhou, Y. Liu, H. Song,
arXiv: 2403.07441 [nucl-th]

Relativistic heavy ion collisions

The critical point symmetries

-mainly aim to explore QCD Phase v—sgf; rotor R
Transition B
S
£ Fan niverse —
1:EFL|:':'-::JI_HC Experiments The Phases Of QCD E(5) R4/2 = 2.5
Current RHIC Experiments
1 v 2nd order
: %% ~/ \\
f 2 qq::;h Quark-Gluon Plasma ) __4+’2+’0+ \ 2;}‘ O+K= 5
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0 0 . \ ¢
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goog;\t{yon Chemical Potential Sphe“cal AXla”y deformed
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Probe the y-soft deformation of 12°Xe

Relativistic heavy ion collisions

E (MeV)
066.9

-1
-1068.9 , S
-1070.9 4 ~
: % 2

-1072.9 -

0Ty g . »

-1076.9 . &
p S
4~9

0

‘e
-

4 '.".
e SRz,
.y Wiy I8 4" y
- N 3 T

Initial conditions (TRENTO) ’

- Sample nucleon position in deformed ¥ Xe

nuclei with: 4

p(ra 9: Cb) — — 0. | \
1 _I_ e(r R(G’C{b))/ao 0.0 0.1 0.2 .3 0.4

B

R(0,6) = Ro(1 + B2[cosvY20(0, ¢) + sinvYa 2(6, 9)]).

initial conditions:
(deformation / mass distributions)

Rigid triaxial
deformation
(y=30°)

Bally et. al. Eur.Phys.J.
A58 (2022) 9, 187,

y-soft (flat
distribution in
0<y<60°)

Z. P. Li, et. al. Phys.

Rev. C 81, 034316
(2010),

28



6-particle correlations-Theoretical Predictions

L ox10° . x10°
A 129y 0 412955 |5 Y ['Xe+Xe, |5 =5.44 TeV
i _ Xet “Xe, |s,=5.44 TeV i v | SNNT Y-
—05 — b i ezt
i .
i 3
~15F : _
: | R =0-17 _ ft OD_ _600
oF i B,=0.17, y-soft (0°<y<60°) L B, , 7-soft (0°<y<60°)
i e . i o BZ=D.17, triaxial (y=30°)
L [32=0.17, triaxial (y=30°) (a) 251
~ |p....p|.... ~ ....pl..;:).|
<t - o™~ B -
S _ 74,2; y-soft 4.2: triaxial = [ _ 24 y-soft 2.4: triaxial
o o Rp,p)= o, .| r O02F Rb,)= o, |
0.5F 4,2; triaxial i 2.4; triaxial
| i, 0 -
i -0.02F
0 - -0.04 —
0 1 2 3 0 1 2 3
Centrality(%) Centrality(%)
e = [ E2941) . ( (e30d% ) )
2=\ ), = \@pa).

The y-soft deformation of 12°Xe lead to a clear enhancement of 6-particle correlations
P, in ultra-central Xe+Xe collisions, can be used to probe the 2" order shape phase

Transition. S. Zhao, H. Xu, Y. Zhou, Y. Liu, H. Song Phys. Rev. Lett. 133, 192301(2024)



Posterior distributions and parameter correlations from Bayesian framework
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ALICE Preliminary
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Probe the structure of 2°8Pb at Pb+Pb collisions

neutron skin Z" 10—
— Pb
N AuAu
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Q.Liu, S.Zhao, H.j.Xu and H.Song, Phys.Rev.C 109 3,
034912 (2024).

H.j.Xu, D.Xu, S.Zhao, W.Zhao, H.Song and F.Wang,
Phys. Rev. C112, no.5, L051901 (2025). 31




Probing the neutron skin at Pb+Pb collisions

Flow & soft physics
-dN/dy mean P v2{2} v2{4} v3{2} in Pb+Pb collision <5% effects to neutron skin

-v2{2}/Iv3{2}. v2{4}Iv3{2}, v2{4}/v2{2}, . more sensitive to neutron skins of Pb,

Q. Liu, H. Xu and H. Song. Phys.Rev.C 109 (2024) 3, 034912;
G.Giacalone Phys. Rev. Lett 131, 202302 (2023) ... ... ... ...

-Pa22 Pspz -1 p(va.[pr]) opr/(pr) SOMewhat sensitive to neutron skin
H.Mantysaari, B.Schenke, C.Shen and W.Zhao Phys. Rev. C110, 5, 054913 (2024)

-asc,,, SC(2,3) SC(2,4) NSC(2,3) NSC(2,4) sensitive to neutron skin?
Z.\Wang, J.Chen, J.Jia, Y.G.Ma and C.Zhang, arXiv:2409.15040.

Neutron skin definition: woods-saxon (halo, skin full) DFT
Xu, et.al., Phys. Lett B819, 136453 (2021).
Other observables
Net-charge multiplicities in ultra-peripheral collisions of isobar runs
Xu, Li, Zhou, Wang, Zhao, Chen, Wang, Phys. Rev.C105, L014901 (2022).

Hard probes in isobar collisions as a probe of the neutron skin
W.van der Schee, Y.J.Lee, G.Nijs and Y.Chen, Phys. Lett. B856, 138953 (2024)



https://inspirehep.net/literature/2679740

Octupole vibration of doubly magic 2°Pb (Nuclear Structure)

®Pb (8,=0 () Exp. ,
15— o) , 10 208 Pb,,4: a double magic nucleus
_ \ N | — - g2l D126
‘ — L2y W) i — spherical
— 8l ;
/i* (B3) =0
6l — /Sf . but, the shape can fluctuate
1-\ : _/8* ' . .
a\— =Je | — octupole vibration
s Nem =3 2
c— ((B3)") # 0
|7 3;&5) . from the measured B(E3)
T 87(5) 5
~ A ir [B(E3:0F — 37)
S N e

-03 -02 -01 00 01 02 03

B,
-The framework of generator coordinate method (GCM) predict a dynamical
octupole vibration for the ground state 2%%Pb

-the measured strong transition strength, A(£3), of 298Pb suggests a soft

potential energy surface allowing the octupole vibration around the spherical
shape



Probe octupole vibration of 2°8Pb (heavy ion collisions)

-toward solving the v,-v; puzzle in ultra-central collisions

0.035 —
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-hydro/various initial conditions models (spherical 2°8Pb) fails to describe v,-v,
in ultra-central Pb+Pb collisions ---- v,-v; puzzle for more than 10 years

-With the octupole shape fluctuation of 298Pb v,-v, in ultra-central collisions

can be described by hydro simulations .



Probe octupole vibration of 2°8Pb (heavy ion collisions)

-toward solving the v,-v; puzzle in ultra-central collisions

0.1’_' I I | 1 1 T T [ T T T T T T T T T
[ (a) Pb+Pb@[5,,=502TeV 0-1%
0.05F .
i Spherical
& of 00150, E
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[ p,>02GeVic ]
N T T .
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L ATLAS 4
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-solving the v,-v; puzzle in ultra-central collisions requires simultaneously fit

other flow data

-C,{4} is more sensitive to the octupole shape fluctuation of 2%8Pb

35



Pb+Pb collisions with NN correlations

-toward solving the v,-v; puzzle in ultra-central collisions

TRENTo with min d between nucleons
(repulsive NN correlations) g <107 Pb + Pb /sy =2.76 TeV

dj>0 fm dj>1 fm dij>1.4 fm dij>1.7 fm

W@ H

CLVisc dmin 1.0 fm
CLVisc dmin 1.4 fm
CLVisc dmin 1.7 fm
MUSIC w/ correlation
MUSIC w/o correlation

4o 0N

. ) 3 |
IP-Glasma with NN correlations g pOctupple: a —§— CMS !
—
= s < [ v i
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Q. Wang, L.G. Pang, X.N. Wang, 2504.19208



Physics opportunities from light ion
collisions at the LHC (Theory)
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Probe cluster structure with light ion collisions

Probe the structure of 150 with O+0O collisions

Li, Zhang &Ma, Phys. Rev. C 102,054907 (2020) 160 160
Wang, Zhao, Cao, Xu and Song. Phys.Rev.C 109 5, L051904 (2024) —

e — ]

Probe the Bowling pin structure of 2°Ne with Ne+Ne collisions

Giaclaone,Bally, Nijs, Shen,et al, arXiv: 2402.05995 20Ne  20Ne
.
Li, Zhou and Ma,arXiv:2504.04688 [nucl-th]. D -

- -

Probe the cluster structure Pb+Ne/Pb+0O run at LHCb (SMOG)

Giaclaone,Zhao, et al, Phys. Rev. Lett.134 082301 (2025) 160
Lu, Zhao, Nielsen, Li and Zhou, arXiv:2501.14852 [nucl-th] &

N

July, 2025!?
/’




Traditional Hydro: sensitive observables for a-clustering

(a) | Woods-Saxon
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Traditional hydrodynamics
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Small systems: from traditional to anisotropic hydro

traditional hydro: at = paral (PHENX).
TH = Eul'u” — (Peq+II) AFY 4 7H7. . 3 - rAL _
f=Jq+0f 6f= 2,1?; (p;_f;p‘;q} 6f] < foq. < 5 200 GeV, 0-5% |
Validity of traditional hydro 1 |
Knudsen number: K, = 7,0 =5 ?; B
Anisotropic hydro -1 (fm/c)

AWV = ZHY — BV =HY = gt" — utu” + 2HzZ¥

THY — 5’115“”11”4—?3;_, Z;_LZ:U_.}D -—;_uf_|_2 w;(ﬁ r.z)_|_ﬂ_

v
4 PL — ZgzuT# 3

1_
ﬂ_,u,v 'PJ_ — _EZNTJT“U:
<
y H _  mHarv
'Poq_'_H IVJ_Z _ ‘—'aT v
=

f($a}J) — fa(jj’p) + 6f(T1p) fa(map) — fcq(\/g.lﬂ,;,(:ﬁ)p”p”/ﬁ(:l’:))



Evaluating isotropization from VAH

Pb+Pb, 5.02 TeV
= 1
/R
JiLe M0.8
10.6
0.4

I02
h

—5 Anidiropia. I@dro‘l

p+p, 13 TeV

O+0, 5.36 TeV

F‘L:"F‘T(qs, T)
=R :
T 3¢
' 0.6
0.4

0.2
0

Evolution of P /P (n, 1)

Smaller systems are harder
to reach isotropization.

Traditional hydro works well for
large systems (Pb+PDb)



VAH: flow for O+0O & Ne+Ne collisions

0.15
vo{2} e vo{2} e
v3{2} = v3{2} =
0.10} ve{2} 4 va{2} Ao 4
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-Initial condition: Tranto3D + PGCM.
-VAH describes the flow data well for O+0O and Ne+Ne collisions.

Centrality (%)

Y.Peng, Y. Wang, S.Zhao, H. Song, in preparation.




VAH+Coal+Frag: partonic flow for O+0O Collisions

O0+0 @ vsynv =5.36 TeV, 5-40% O+0 @ vsyw =5.36 TeV, 5-40%
0.25
—— Hydro-Coal-Frag —_— T R [— Hydro-Coal-Frag —_— T
® ALICE preliminar — K ® ALICE preliminar — K
0.20 1 P y 0.10 - P Y
- P
N
0.08 -
0.15 1
o <
< 0.06
0.10 1 \
0.04 - \
0.05 1 a
0.02 -
0.00 T T T T T T 0.00 T T T T T 1
0 1 2 3 4 5 6 7 0.0 0.5 1.0 1.5 2.0 2.5 3.0
pr [GeV] pr/ng [GeV]
Intermediate Pr VAH+Coal+Frag:

-nice description of v,(P-) for 0-6GeV

\.\. .@// -NCQ scaling behavior at intermediate pr
b
@

-O+0 collisions produce small fluid
systems. but with anisotropic fluid behavior

-future study of the cluster structure need
® aHydro

Y. Wang, Y.Peng, W. Zhao, H. Song, in preparation.
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Initial conditions:

Intersection study with
nuclear structure

.

J

.

: : 7'.,_‘.. -t § .A.‘ k: ‘ .J
QGP+HRQ evolution:
main goal: QGP properties & QCD phase

9 diagram

Nuclear deformation:

U+U Ru+Ru/Zr+Zr Pb+Pb
Shape phase transition:

Xe+Xe

Neutron Skin/ octupole var.:

Pb+Pb
Cluster of light nuclei:
O+0O Net+Ne Pb+O Pb+Ne

Traditional Viscous Hydro & hybrid model:
Pb+Pb Au+Au p-Pb p+p...
Anisotropic Viscous Hydro & hybrid model:
p+p p+Pb O+O .... Pb+Pb

[To extract QGP & nuclear structure info needs Bayesian Analysis




Bayesian Analysis- QGP viscosity

JETSCAPE

Multi-system Bayesian constraints on the transport coefficients of QCD matter
2021
D. Everett,' W. Ke,>? J.-F. Paquet,* G. Vujanovic,” S. A. Bass,* L. Du,' C. Gale.® M. Heffernan,® U. Heinz,'

D. Liyanage,! M. Luzum.” A. Majumder,> M. McNelis,! C. Shen.>* Y. Xu.* A. Angerami.” S. Cao.’ Y. Chen,'*-!!
J. Coleman,'"” L. Cunqueiro,'*'* T. Dai,* R. Ehlers,'*'* H. Elfner,">'®'" W, Fan,* R. J. Fries."® " F. Garza,'" "

Y. He.” B. V. Jacak,> P. M. Jacobs,* S. Jeon,® B. Kim,"®!” M. Kordell IL,'"*!” A. Kumar,> S. Mak,"

J. Mulligan,>* C. Nattrass,”® D. Oliinychenko,¥ C. Park. . H. Putschke,’ G. Roland,"™'! B. Schenke,”"
L. Schwiebert,” A. Silva,"* C. Sirimanna,” R. A. Soltz.>>” Y. Tachibana,” X.-N. Wang,”>? and R. L. Wolpert'?

(The JETSCAPE Collaboration)

Phenomenological constraints on the transport properties of QCD matter
2021 with data-driven model averaging

D. Everett,! W. Ke, %3 J.-F. Paquet,* G. Vujanovic,” ¢
D. Liyanage,! M. Luzum,” A. Majumder,” M. McNelis,*
J. Coleman,'? L. Cunqueiro,'*14 T. Dai,* R. Ehlers,!3:14

Y. He,? B. V. Jacak,® P. M. Jacobs,® S. Jeon,’ 1
J. Mulligan,>* C. Nattrass,"* D. Oliinychenko,® C.1 1 |
L. Schwiebert,?® A. Silva,'® C. Sirimanna,” R. A. Soltz,

(The JETSCAF
= 0.051

Including different viscous 000 {::":»\

T T T

correction 6f in hadronization 015 020 025 030 035 015 020 025 030 035
T [GeV] T [GeV]
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0.4 { Nl [orad

JETSCRFE = cr
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. . 'éummary & outlook

Initial conditions:

Intersection study with
nuclear structure

J

T

QGP+HRQ evolutlon
main goal: QGP properties & QCD phase

9 diagram

Nuclear deformation:

U+U Ru+Ru/Zr+Zr Pb+Pb
Shape phase transition:

Xe+Xe
Neutron Skin/ octupole var.:

Pb+Pb ...
Cluster of light nuclei:

O+O Ne+Ne Pb+O Pb+Ne

Traditional Viscous Hydro & hybrid model:
Ph+Ph Au+Au p-Pb pt+p...
Anisotropic Viscous Hydro & hybrid model:
p+tp ptPb O+O .... Pb+Pb

More expected
for the future!

[To extract QGP & nuclear structure info needs Bayesian Analysis
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