Recent Progress in Heavy-lon Collisions

--- Selected Experimental Highlights of Chinese Teams
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Why Heavy-lon Collisions

» QCD phase diagram:

* Maps phases of strongly interacting
matter under different conditions
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QG- L » Heavy-ion collisions:

> % P oA * Create extreme QCD matter
RHIC #HIIFLﬁ‘?ﬁ T erd CSs  Produce the Quark-Gluon Plasma (QGP)
Q @& < e Study QGP’s properties and evolution
* Explore QCD phase diagram with various
trajectories
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High Energy Heavy-lon Experiments
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RHIC (zooo 2026) - " LHC (2009 - ):
* pp, pAu, dAu, OO, CuCu, AuAu, UU... * pp, pPb, OO, NeNe, p-O, PbPb
* AuAu @ 3-200GeV (Beam Energy Scan) * PbPb @ 2.76,5.02,5.36 TeV
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Event Display of Collisions

Proton-Proton collision at CMS Lead-Lead collision at CMS

Data recorded: 2012-May-13 20:08:14.621490 GMT

BN Run/Event: 194108 / 564224000 ‘ Data recorded: 2018-Nov-12 08:36:52.866176 GMT

g CMS Experiment at the LHC, CERN CMS Experiment at the LHC, CERN
- z Run / Event / LS: 326586 / 2491137 /6

Unlike the relatively simple pp event, a heavy-ion collision produces an
extremely dense spray of particles from the expanding fireball.



Thermal Dileptons: A Thermometer of QGP
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Scientists Create 3.3 Trillion Degree Particle Soup to Mimic the Universe Just after the Big Bang 150 = i’i ad *’* 5 Py =
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Scientists Measure the Temperature of the 100F : =
Universe Just after the Big Bang soF. I Te1ach e E
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Quarkonium As a Probe of Hot QCD Matter
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Quarkonium Sequential Suppression in Small Systems

Sequential quarkonium suppression is a hallmark signature of QGP formation
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LHCb, JHEP 05 (2025) 011; JHEP 07 (2025) 235; JHEP 11 (2025) 169

* LHCb observed sequential suppression in high-multiplicity small systems, providing new
evidence for QGP-like medium effects or co-mover effects in small systems.
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Collectivity in Intermediate-Size Systems at the LHC
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* First evidence of hydro. response to initial geom. and fluct. in 00, NeNe collisions
* Larger flow values are observed in NeNe than OO

30
Centrality (%)
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Strangeness Enhancement and J/W Suppression in OO at RHIC
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* Significant enhancement of the Q/¢ ratio in * Support QGP is formed in OO at RHIC!
central OO collisions relative to pp collisions
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Quenching Effects in OO at LHC and RHIC
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STAR, arXiv: 2604.13935, submitted PRL

* Jet quenching observed via high-p; jets (ATLAS) and di-hadron correlations (STAR),
providing complementary evidence for QGP formation in O+0 collisions.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2026-007/

Imaging +°°U Shapes via v -[p;] Correlations

nature

Explore content v About the journal v  Publish with us v

nature > articles > article

Article | Open access | Published: 06 November 2024

Imaging shapes of atomic nucleiin high-energy nuclear

collisions
STAR Collaboration

Nature 635, 67-72 (2024) | Cite this article
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STAR, Nature 635, 67 (2024); Rep. Prog. Phys. 88 (2025) 108601; arXiv: 2510.19645

Ratios (UU/AuAu) cancel final
state effects and isolate the
effects of nuclear structures!

Hydro. model studies confirm
connection btw final collective
motion and nuclear structure

Allows the first constraints on the

axial quadrupole (PfREHXTFRIZ

4%) and triaxial deformations (=
2 3) of 238U nucleus in HIN.

B,(U) =0.297 +0.015,
y(U)= 8.7° +4.5°

* Established a novel tool for imaging nuclear shapes in heavy-ion collisions.
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Global Spin Polarization Along OAM Direction

Huge orbital angular momentum - QGP vorticity - spin-vorticity coupling -
hyperon global polarization.

STAR Nature 548 62, (2017) HEXE
i o QGP is the most |
7 I vortical fluid!
o w=(9+1)x10%1/s -

Py, (%)
'
|
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e e
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i
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/ // T ea L -
L Y, / /
Nuclear g (‘) [t oo —
x(b
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2

Z.T. Liang & X.N. Wang, PRL 94, 102301 (2005)
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Global Spin Polarization Along OAM Direction

Huge orbital angular momentum - QGP vorticity - spin-vorticity coupling -

7

o2 -Nuclear
.' Fragments

Yy ucIear
- Fragments

Z.T. Liang & X.N. Wang, PRL 94, 102301 (2005)
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hyperon global polarization.

STAR Au+Au collisions
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Au+Au collisions at BES-II
20-50% Centrality ~
Inl<1.5,05< P, < 6 [GeV/c]

« T+, PRL126(2021)

¥ E->A+Z ->A, PRL 126(2021) -

ot
B Of OF
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o A+A

STAR Preliminary
M | .

10 10
Energy [GeV]

10°
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High precision STAR BES-Il data (~10xBES-I):
Confirm the energy dependence, no A — A splitting

- First measurement of = polarization, similar

decreasing trend with energy as A.
HERe+_ESEVERS
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Global Spin Alignment Along OAM Direction

Huge orbital angular momentum - QGP vorticity - spin-vorticity coupling -
vector-meson spin alignment?

K"%meson 6’

S|
I

T

The cross section for the decay of spin-1

»

o3 Nuclear
Fragments

o Nuclear
Fragments

particles into two spin-0 particles:

dN
(cosf*)

2026/7/18

o (1 = poo) + (3poo — 1)cos?6*,

STAR, Nature 614, 244 (2023)
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1 1 1 I 1 1 1 1 | 1 1 1

10 20

L
30
P, (GeV/c)

STAR observed clear ¢ spin alignment, not explained by vorticity
effects! Better explained by VM strong force field.
ALICE show a hint of different p; dependence btw J/W and D**
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Local Polarization Along Beam Direction
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STAR, PRL 123, 132301 (2019)
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Unlike global polarization, local polarization varies
with particle momentum and emission direction,
revealing the local vortical structure of the QGP.

0.004—
0.003F
0.002

0.001—

A+A,ly|<0.5, p,>0.5 GeV/c

L st

2

5 T :

ALICE Preliminary
Pb-Pb m =5.36 TeV
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Local polarization first observed by STAR, now confirmed by ALICE Run 3 data
A clear increase toward peripheral collisions, supports a vorticity-driven origin

Centrality (%)
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Local Polarization in Small System (p+Pb)

250

CMS PLB 742 (2015) 200 CMS, PRL 135 (2025) 132301
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CMS reports the first A (4) local polarization measurement in small collision systems:
* Polarization decrease with multiplicity, opposite trend of v, results
* Challenge the current hydro.-based models, new mechanisms are needed
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Spin Correlation of Hyperon Pair in pp and pPb

STAR, Nature 650, 44-45 (2026)
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\
—A B spin correlation: consistent with zero at LHC while positive at RHIC
— A or A — A spin correlation: Negative correlations at small AR (Short-range) at LHC
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Spin Physics in Polarized pp Collisions

Collins Asymmetry provides direct access to proton’s transversity through spin-dependent quark fragmentation.

Theory: Gao, Kang, Li, Shao, Zhao, PRL 136, 151902 (2026)

Traditional Collins Asymmetry First EEC Collins Asymmetry
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Jet X, 5 10 P1r? oot 20 G V/2]5 30
article jetp_  [GeV/c
STAR, PRL135, 261902 (2025) "o

STAR, arXiv:2604.15543, submitted PRL

® Most precise measurements of Collins Asymmetry, show significant asymmetry of #+ and ~, with
weak energy dependence.

® First measurement of EEC Collins Asymmetry establishes a new cleaner tool for transversity studies.
2026/7/18 HER@T_ESEVERS
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Abundant Hadron and Hyperons in Heavy-lon Collisions
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: heavy-ion collisions an ideal laboratory for NN,
0.9 . YN, and YY interactions, providing crucial
i constraints on the EoS at high baryon densities.
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Strong Interactions via Femtoscopy

STAR: d-A PRL 136, 242303 (2026) ALICE: p-p, p-d
25F}. STAR 1. ALICE Pb—Pb {5y = 5.02 TeV 1
3 Au+Au Collisions 4% —e— Dala o —— 0-10% exx p-p@HD ]
y - — i T — toam [, Remarb(mpt ]
SNN = 3 GeV - - - D state B ] m— 30-50% (O L-L fit: Ry = (RZ, - R2)'" _
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~ - = SMASH+LL ] .. J‘r .
. ] - ]
| 10-20% | G - ]
| : / )
e B OO OO - — DOHOEEEEEAEOOE ~p— —ih.]._* _
0—....|....|....1...,|....1.._—....|....1....1....|....1,._ B M% o b
0O 20 40 60 8 1000 20 40 60 80 100 | l///////////////////
Relative momentum k* (MeV/c) 1 1.5 2 2.5 3 3.5
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* STAR: First d—A femtoscopy, enabling most precise determination of H-3-A binding
energy, precisely constraining YN interactions.
* ALICE: p—p, p—d femtoscopy reveal the m;-scaling of proton emission source radius.
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Strong |

nteractions via Femtoscopy
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* First experimental constraints on the p—Q~ interaction and the first 3-body femtoscopy
measurements (p—p—p, p—p—A\) at RHIC.
* Provide key inputs for understanding the strong interactions at high baryon densities.
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Particle ratios
Q
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Hypertriton Production
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* Precision measurements of hypertriton production support
the nucleon coalescence mechanism over thermal production
in heavy-ion collisions at both RHIC and the LHC.
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Discovery of the Heaviest Antimatter Nucleus

Heavy-ion collisions have enabled the discovery of the four heaviest known antimatter
nuclei and antihypernuclei.

R¥RAZIRAS a2 ALICE PRL
STAR thure;\ﬁ g
4 1 STAR Nature ‘He A

o STAR Science °H
b 3- e © "
> uim 3
[0} S
o N
P V&) BER =5 1 R YR 5 SR BE o o 15
% 9 BHE 07:22 1, € WED BEAhSr=FENtEEEE R ZEl, ¢
S

STAR, Nature 632 (2024) 1026 ALICE, PRL 134 (2025) 162301

 STAR and ALICE extend the antimatter frontier with

. . | the observation of heaviest anti-hypernuclei.

e Disl:f:ryyear - * New opportunities to test CPT symmetry in complex
antimatter systems.
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Net-Proton Fluctuations and Critical Point Search

Higher-order net-proton fluctuations provide a sensitive probe of the QCD critical point.

BES-! (3 - 200 GeV) BES-II (7.7 - 27 GeV)

N

T T T T T T T T T T I
R Central Au + Au COlllSlons VSN Events Events ol AurAu Colisions at AHIC ® BES-I: 0-5% B
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3£ s STAR (0 - 5%) — (109) (1096) N 0.4<p <20GeVl 0 BES-II: 70-80%
~ e 3 @ nhet-proton - 77 3 45 Q‘r i ﬁ}\ . 0 BES-I: 70-80%
Q 2 *‘g’% & O proton ] - = S)
Ov _?:(5;; (Iy| <05, 0.4 <p (GeVic) <2.0)| 9.2 - 78 o 1——"——0——'—Q— —‘%—'——%——
W | 9 o o g N e 3
R e —— ————?———3—— 11.5 7 110 o if o_g—“ é ¢ o
fo == | | T i = E By £
ST % - - 145 20 178 8 ] ¢
3
0 — — GCE 173 - 116 g ] ]
L HRG ____ s - 3 - By
1 0.5 <y <0) net-proton_| 19.6 15 270 sY ---HRG CE
-0. UrQMD 27 UrQMD: 0-5%
04< pT(GeVIc) <20 < proton — 27 30 220 g g HRG CE: P. B Munzinger et al, NPA 1008, 122141 (2021)
= -~ Hydro‘ V. Vouchenko et al, PRC 105, 014?04 (2022)

1 1 Il 1 L1 | I| 1 1 Il 1 11 1 I| 1 1 _1 - - > s
2 5 10 20 50 100 200 - B —
. 3 10 30 100
Collision Energy \s,, (GeV) — Collision Energy {5 (GeV)
STAR: PRL 105, 022302 (2010) STAR : PRL 135, 142301 (2025)

PRL 112, 032302 (2014) [Editor’s Suggestion, Featured in Physics]
PRL 126, 092301 (2021)

PRL 128, 202303 (2022) e BES-Il consistent with BES-I data with much higher precision.

PRC 104, 024902 (2021)  « A pronounced non-monotonic beam-energy dependence challenges
PRC 107, 024908 (2023) non-critical models.

HADES: PRC 102, 024914 (2020)
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Ultra-Peripheral Collision (UPC)

« Lorentz contracted EM fields — flux of quasi-real photons (Q?<#A2/R2).

« The photon flux « Z2.
yee « Photon kinematics: pr < #/R, ~ 30 MeV (E,,.x ~ 80 GeV) at LHC.

——
Heavy ion collider is also a Photon-Photon and Photon-lon collider !!!
MWWWWWW

- one 27 * Exam QED at

5 B extreme field
““@‘*“f """ ese * Probe nuclear

L TR structure
> 2Ry
/ * Search for new
 — .
—— o <_@__ ______ I~ physics
HEROTESREMIERS 26

2026/7/18



Probe Nuclear Gluonic Structure via VM Photoproduction

Vector Meson photoproduction is sensitive to the gluonic structure of target nucleus

v}

Coherent production:

* Photon fluctuated dipole couples coherently to entire nucleus
e Target nucleus remains intact at ground state

¢ VM <p> ~ 10! MeV

* Probing the average gluon density

|

Incoherent production:

* Photon fluctuated dipole couples to local gluonic hotspots
e Target nucleus get excited, or breaks (mostly)

VM <p;> ~ 10%-103 MeV

* Probing the local gluon density and fluctuations

o  [xG(x,Q2)]2 Excellent probe for the gluon saturation search!
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First Energy (x) Dependent Coh. and Incoh. J/W

CMS PbPb 1.52 nb™ (5.02 TeV) 1cms PbPb 1.52 nb™' (5.02 TeV)
L | L | L | L | L | LI J_.I—-L'L'I—'l—1 L | [ [~ T T T T T T T T T T T T T T T T T T ]
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CMS, PRL 131, 26201 (2023) CMS, PRL 135, 112301 (2025), Editors’ Suggestion

* First direct probe of gluonic nuclear structure across a broad x range (~ 102 — 10)
* Both Coh. and InCoh. J/W cross sections show significant saturated trend vs. energy
e Stronger suppression towards lower x, eventually flattens out
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First Coh. ¢ and Y (1S) Photoproduction in UPCs

CMS PbPb 1.68 ub™ (5.36 TeV)
' | ' | '
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CMS, arXiv:2604.05814 , submitted to PRL

* First observation of coherent ¢ and Y (1S) photoproduction off heavy nucleus.
* Their cross sections are strongly suppressed, exceeding gluon saturation predictions.
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Ammutha\ Asymmetry in Coh. J/W Photoproductlon
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 STAR report the first evidence of spin interference in coherent J /i) — e*e™ in UPCs
* High precision CMS measurements demonstrate a novel reaction plane determination
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Future Heavy-lon Experiments

CEE T T T T T !
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» RHIC has completed its physics program, Future Low Energy Experiments :

CSR-CEE (2.1 GeV, 2026 -)
NICA-MPD (4-11GeVv, 2026-)
FAIR-CBM (2.4 -4.9 GeV, 2028 -)
HIAF-U/H-NS (2.1- 4.5 GeV, 2030+?)
JPARC-HI (2-5 GeV, planning)

marking the transition to the EIC era.

» LHC Run 3 has concluded; detector upgrades
are underway during LS3, with HL-LHC Run 4
since 2030.
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Future Electron-lon Colliders
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Chinese Leadership in Heavy-lon Experiments
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Congratulations and thanks to everyone who contributed to this exciting scientific program!
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