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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
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The QGP has been created In relativistic heavy ion collisions

Meost Vortical Fluid




various
Observables

Sable hadrons
Al charged
n Kp...

resonances
¢ mesm ..

Light nuclei
Hyper nuclei
deuteron
3He® He..

Exatic hadrons

X(3872)
fo(780)

Rich collision systems

2BP28y WINHTING BB DXedBXe %ZrO67r BRHRU 16080 pl0 pPh pip ..

a; ﬁ.;
‘I

r!w.-h
e

Tt
K It
s f(980)
Tt
U
K



Exploring Nuclear Physics across Energy Scales

-- Personal view from heavy ion collisions
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Initial conditions:

Intersection study
with nuclear structure
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QGP evolution:
main goal: QGP &

QCD phase diagram
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Final Hadrons:

Intersection study
with hadron physics
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Flow & QGP (signature) in large and small
systems of heavy-ion / light-ion collisions

Initial conditions:

Intersection study
with nuclear structure
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QGP evolution:

main goal: QGP &

QCD phase diagram

.
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Final Hadrons:

Intersection study
with hadron physics




Viscous hydro & hybrid model

Conservation laws:
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- Hydro expansion
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Extract the QGP viscosity

Yields dN/dy Mean pr [GeV] Flow cumulants v,{2}
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QGP: most perfect liquid

== Halium 0.1 MPa
= Nitrogen 10 MPa
== fater 100 MPa
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Powerful predictions from hydrodynamics

100

T T [Panema s l [ -Vn distributions
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-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:
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Correlations & Flow in small systems
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-Many flow-like signals have been observed in high multiplicity p-Pb collisions



Hydrodynamic calculations for small systems
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Partonic flow and QGP signals
In small systems with VQS

Hydro coalescence fragmentations
Low Pr Intermediate Pt High Pr
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Hydro-Coal-Frag Hybrid Model

0.1 57ALIICE,;‘J-Pb‘ 1:'S_.u‘.\.=50-|02 TIeV | ‘CM‘pr-Lby’sl_w;BAB‘TeV‘ i

Thermal hadrons (VISH2+1): L RO20% o e ]

-generated by hydro. 0 P(0-20%)  amas p;t(nafnrf)s-nzTev ]

with Cooper-Frye. | " 7

-Meson: P.< 2P,;; baryon: P+ < 3P,. ol ]

* ﬁ om0 o ]

Coalescence hadrons (Coal Model): T v

-generated by coalescences model | B

Including thermal-thermal, 2 3
thermal-hard & hard-hard parton P./n(GeV)

coalescence. dero. COalescence,fraﬁmentation fraﬁmentation

0 3GeV 5GeV P,

Fragmentation hadrons (LBT):
-Hard partons generated by PYTHIA8, Main Parameters:
then suffered energy loss by LBT

-Thermal hadrons from hydro with
P+ <P;.

UrQUMID afterburner. _ -Hard partons from LBT with
-All hadrons are feed into UrQMD for P.>P,.
hadronic evolution, scatterings and Fixed by the p; spectra

decays. P;,=1.6GeV and Py, =2.6GeV



VCQ scaling of v, & partonic degree of freedom

p+Pb@ \'Syn = 5.02 TeV,0-20% p+Pb@ V'sNN = 5.02 TeV,0-20%
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-Hydro-Coal-Frag model gives a nice description of vz(pt) of pion, kaon
and proton from 0 to 6 GeV.

-At intermediate pr, Hydro-Coal-Frag model obtains an approximate NCQ
scaling as shown by the data.



ColLBT-Hydro Model + Coal Model for Pb+Pb collisions

CLVisc

Hydro Evo

B
”
—
e
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Linear Boltzmann Transport Model
3+1D hydrodynamic model

LBT CLVis

-Evolve the energetic partons and
the bulk medium concurrently.

-Hadronization by Hydro-Coal-Frag
followed by the UrQMD.
- thermal - thermal parton coal

- thermal - hard parton coalescence
- hard - hard parton coalescence



Quark coalescence for Pb+Pb collisions

Pb + Pb @ |y, = 502 TeV 10-20%

0.4 F CoLBTsUraM Hydro-Coal- Frag L CoLBT+UrQMD Hydro-Frag

|_with Coalescen . without Coy?lescence

-CoLBT-hydro with

; | coalescence works well
- Po+Pb, 10-20% 1 for PID flow of Pb+Pb

1 collisions from 0 to 8 GeV.

v,(SP)

Quark coalescence is
Important at intermediate
I:)T

thermal-hard parton

- T Coalescence &
04FSaELue  Hydro-Coal-Frag gusrueve, [ MVAIOFSETE C o e ntation

=1 i Po+Pb, 40-50k 1 Breaks up the NCQ
scaling of v2 in Pb+Pb

collisions

pT(GeVlc)
Pb+Pb@ \sNN = 5.02 TeV,40- 50%

vz(SP)

Zhao, Chen, Luo, Ke & Wang.
Phys. Rev. Lett. 128 2
022302(2022).




A F'
:—.p‘ I \J
) ik
":Iu 0'.‘|.|
P by
"".'f! v'lil',’
H'! :]'f! )
gt i
\ f

Theory: Hydrodynamics & hybrid approach are powerful tool to
simulate the QGP fireball evolution and study its properties

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

nuclear structure of colliding
nuclel
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Exploring Nuclear Physics across Energy Scales

-- Personal view from heavy ion collisions

4 h
6
K
i
';?fl- :
Initial conditions: QGP evolution: Final Hadrons:
Intersection study main goal: QGP & Intersection study
with nuclear structure QCD phase diagram with hadron physics
\_ J
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Rich collision systems at

RHIC & the LHC
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\, Probe nuclear structure with
BRAHM“S&;\ relativistic heavy ion collisions
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Study nuclear deformation with
heavy ion collisions
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9%Ru+2°Ru and 2°Zr+°%Zr Collisions @ RHIC isobar run

Isobar
— . . =
B collisions B
Neutron .
o v b 1 K
o &5 N / o M Extra
0 SRR oS GER™ »° Proton
» i COEWLae 6, 0 e—
&L .gq & E;c; o
Proton | 80%% fusty o e 8 5,5,&5&‘? ¢ S0
> o o0 ¥
* . (2]

- To search the Chiral
Magnetic Effect (CME)

- Obviously different early
magnetic field for Ru+Ru
and Zr+Zr collisions

Deformation of °®*Ru and °6Zr

Conversion from B(En) to B, via: 33 = )_792 \/B(EQ)T , B = ?‘;;8 \/B(fgg) T\
B2 Ey+ (MeV) 3 Es- (MeV)
%RU@ 0.83 - 3.08
75%7r 10.062 1.75 ~1:)&02,0.235,0.;2\7) 1.90

\ ADNDT107,1 (2016) ADNDT80,35(2002)
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Deformation of °°Ru & 2°Zr (nuclear structure)

T R. Rodriguez EMM{)IS?FETF 2022
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Nuclear structure physics
obtain the deformation
information from the
spectrum with certain

model calculations

(not directly image the
deformation in position Space



Probe the deformation (mass distributions) of *°Ru & 2°Zr

Relativistic heavy ion collisions

initial conditions:
(deformation / mass distributions)

Initial conditions (TRENTO)

- Sample nucleon position in deformed nuclei with:

B P0 Quadrupole:
p(r.0,0) = T —R@.#)/a0

Octupole:
R(Q, gb) = Ry (1 + 3o [COS '}/YQ’O + sin ’}/YQ’Q]

3 4
27



R(acz{B})
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ac,{3} is sensitive to quadrupole and
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octupole deformations

ac,{3} for Ru+Ru and Zr+Zr collisions

ac,{3} = (v% vy cos 4(Dy — Dy)),

| 1 I I ] I 1 1 1 I 1 I | 1
i STAR i
1.3 Preliminary result ®
| (Quark Matter 2022) ]
- ® R(ac2{3}), STAR .
1.2 n
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1.1 o + n
L @ ... + .=!
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S. Zhao, H. Xu, Y. Liu, H. Song. PLB2023, arXiv: 2204.02387
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Probe the shape phase transition with Xe +Xe collisions

gL uu
Z 10— P
s PbPb
L AuAu
100— o

80—
B XeXe
C ®

601 RuRu/ 7\ shape phase transition

40 N CuCu.
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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—sgfg 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
: %% ~/ \\
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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 The critical poi?tt symmetries
Y-S0

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. E(5)
Scholten, and T. Otsuka, Nucl. Phys. A 348, 109 (1980). R. F. ond order
Casten and P. Von Brentano, Phys. Lett. B 152, 22 (1985). ~N
. 0'——
-Exp data and model calculations: 2 42000 S \ 2 —K=0
128-130Xe: E(5) symmetry, associated with | T[T, \ 333:@3
.y . 00— ot
a 2"d order shape phase transition Ryp=2 Slljhemlall \\ \ Rap =333
F. lachello, Phys. Rev. Lett. 87, 052502 (2001);Phys. Rev. Lett. UGs SUG)
85, 3580 (2000): R. M. Clark, et. al. Phys. Rev. C 69, 064322 Ue) 15Corder ol Heformed
(2004); R. Rodriguez-Guzman, et. al. Phys. Rev. C 76, 064303 SPherical X(5) / .
(2007); L.M.Robledo, et. al. Phys. Rev.C 78 (2008) 034314 vibrator rotor

32



Probe the y-soft deformation of 12°Xe

Relativistic heavy ion collisions

E (MeV)
066.9

-1
-1068.9 , S
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0Ty g . »
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4~9
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‘e
-

4 '.".
e SRz,
.y Wiy I8 4" y
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Initial conditions (TRENTO) g

- 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),

33



6-particle correlations-Theoretical Predictions
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The y-soft deformation of 12°Xe lead to a clear enhancement of 6-particle correlations
P4- in ultra-central Xe+Xe collisions
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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Probe nuclear structure
with heavy ion collisions at RHIC & LHC
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Physics opportunities from light ion

collisions at the LHC

Pb-Pb
Pb-Pb
it N T Y
bt ot Tt .
© ™~ ) < wn w0 ~ ® o (= - o~ ) < n o
e - v = = e = e — - ™ N N N «™N N «N
o © (=] o e © o o (=] = (= o e =] o © ©
N N N 3] N N N N N N N N N 3] N N W
¢ > ¢ > ¢ =N
Run 3 Run 2 Run 3 '
' v
Xe-Xe p-0, O-O, and Ne-Ne

Also refer to the exp. talk of N. Triantafyllou (LHCP 2025)



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!?
/’




Collectivities in small systems with light ion collisions

0 ¥ﬁ+ 0 0 »ﬂc- e ‘.‘ 0 .ﬁ. ‘
dense system
W system?few interactions? many interactions

low multiplicity . high multiplicity

Key guestions: Origin of collective flow in small systems

* Pb-Pb & Xe-Xe -> geometry
* pp & p-Pb -> fluctuation (challenging!)
* Light-ions collisions -> unique geometry & fluctuations

-"We strongly argue that short light ion runs should become part of the full
exploitation of the scientific opportunities arising from HL-LHC"
— Summary report for Light ion collisions at the LHC CERN Nov2024



Exploring Nuclear Physics across Energy Scales

-- Personal view from heavy ion collisions

Initial conditions:

Intersection study
with nuclear structure

QGP evolution:

main goal: QGP &
QCD phase diagram

.

Final Hadrons:

Intersection study
with hadron physics

J




Rich collision systems
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System sizes
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Observables

Hyper Nuclei

System sizes
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Hyper nuclei: production mechanism
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Exotic hadrons

System sizes
28Pp208Ph AT 1PXedZXe  ONe+08Ph 160450 p#0  pPBPh pp ...
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Bxatichadrons |  EXotic hadrons: easier to be produced with QGP formation,;
X3872) less background contaminations in small systems

f,(980) ..
o0 %?’ @Q@ compact or molecular structure?




Probing exotic hadrons in relativistic heavy ion collisions

PRL 106, 212001 (2011) PHYSICAL REVIEW LETTERS Predicted yield Stat. ratio at RHIC
Identifying Multiquark Hadrons from Heavy Ion Colli s 2 = z Z:Z =
102 3 2 = e = o J:Q\e =
Sungtae Cho,' Takenori Furumoto,™” Tetsuo Hyodo,* Daisuke Jido,” Che Mlng K ol \D \7 \ o}( l J
Marina Nielsen,® Akira Ohnishi,’ Takayasu Sekihara, >’ Shigehiro Yasui,® and gZ o b | ; - !
ES R C i 0
“ 107} i ¢
PHYSICAL REVIEW LETTERS 126, 012301 (2021) 102} // P /TA Normal -
Deciphering the Nature of X(3872) in Heavy Ion Collisiol $E g E g3y g
= =z < _ Mol e
Hui Zhang, Jmfeng leO Enke deg, Qian Wang, "+ dnd Hongx1 X 0 1 2 3 4
1 ~ - - . “ass (GeV)
multiphase transport model (AMPT) for describing such collisions and CMS o0bservation 1.7 b (PbPb 5.02 TeV)
production mechanism of either molecule or tetraquark picture, we compute —~200F- CMS Inciusive X(3872) _3
servables for X(3872) in Pb-Pb collisions at the Large Hadron Collider. We find ~>‘-2 w(2S) 3
crucial role, leading to a 2-order-of-magnitude difference in the X(3872) yield <2150 3
41 0
:ntrality dependence between hadronic molecules and compact tetraquarks, thus gmo =
8 -
:é' 50 15< P, < 50 GeV/c Oy(a872) = 4.7 MeVi/c?* —2
L

PHYSICAL REVIEW LETTERS 128, 032001 (2022)

Evidence for X(3872) in Pb-Pb Collisions and Studies
of its Prompt Production at ,/syy=5.02 TeV

A. M. Sirunyan et al.”
CMS Collaboration
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The first evidence for X(3872) production in relativistic heavy ion collisions is re w
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Advantage to study exotic hadrons in heavy ion collisions?

Particle physics

(980)

/G(JPC) _ 0+(0+ +)

See the review on " Scalar Mesons below 1 GeV."”
T-matrix pole /s = (980-1010) — i (20-35) MeV []
Mass (Breit-Wigner) = 990 + 20 MeV []
Full width (Breit-Wigner) = 10 to 100 MeV []

fo(980) DECAY MODES Fraction (I';/T) p (MeVc)

T seen 476

KK seen 36

Y9 seen 495
ao(980) 16(JPCy =1-(0+ 1)

See the review on "Scalar Mesons below 1 GeV.”
T-matrix pole /5 = (970-1020) — i (30-70) MeV [

Mass m = 980 + 20 MeV []
Full width T = 50 to 100 MeV []

a3g(980) DECAY MODES Fraction (I';/T) p (MeV/c)

nmw seen

K K seen

319

High energy nuclear physics

A large amount of particles produced
- momentum distributions

-particle yield
- - pr Spectra
- flow anisotropy

Advantage: provide complimentary
Information to constrain properties of
hadrons

disadvantage: background is huge

—>small systems




Probing the exotic hadron f,(980) in p-Pb collisions

particle yield
Multiplicity class (VOA) dN/dy
0-20% 0.20640.0054+0.014
20-40% 0.153+0.0044-0.010
40-60% 0.113+0.0024-0.008
60-100% 0.064+0.00140.005
P spectra
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Reconstruction of f,(980)
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Coalescence calculations for f,(980) in p-Pb collisions

-P isi Sun = 5. 2 R
Pl Collisionsiat vy =2.02 TV 1 260) p-Pb Collisions at /syy =5.02 TeV pPb f,(980)
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f,(980) : (KK molecule) produced at kinetic freezeout by coalescence of K & K
probe hadronic flow of kaons
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Nuclear Physics across Energy Scales
-- Personal view from heavy ion collisions

4 \
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Initial conditions: QGP evolution:
Intersection study with main goal: QGP &
| huclear structure  QCD phase diagram

s =
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Final Hadrons:
intersection study
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