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Evolution of relativistic heavy-ion collision system

figure credit: Jean Francois Paquet i ;
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(Virtual) photons/dileptons productions HHICs

“Thermal sources”

q &

Direct photon:
photons not from hadron decay

q Y ¢ v LS Y o T o P°
\\‘\N\N ~~\""
l | 0
! l |
)::: AW
g q a po 'l SOTE n_.'o s~~ po po "o \‘s. =

y: could be either photon or virtual photon (important to direct virtual photon measurement)
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Polarized (quasi-real) photons in UPCs

figure credit; L o
: “Collisions w/o colliding”

e . ACAUTION

R,,{ ._’JVCC Ty TTTTTTTTTTmT .i Strongt_
!l\ A b>R,+Rp W\V H‘ealgne IC

A

Global polarization study guide us to study our previous

observables in spin and polarization dimensions
ZAF#, EFFPRL200s5, PLB2005
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Chronometer and thermometer

Yield and Slope of EM probes: sensitive to system evolution and temperature

Schematic view of dielectyon Schematic view of divect P(no-(:ovx
wvariant mass spectyum P- spectrum
(9%
—~ A
g A '\\l\u"“’x_ vw-éQ
5 Thermal < Vekvontt
(o) Hadronic phase §§'
Yye -2 wilbpiwn
Preme .
%ubm% o Prowpt
—r Tl =Yan
»
m,, (GeV/c?) -
P=Clev/ed
Lme CwmisSsion & Eour(] em!ssion Lc\ke CwmiSsion & Eow-[] emissian

Temperature: one of the most important properties of the HOT and dense medium
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Spin-induced OAM Effect

STAR, PRL 127, 052302 (2021)

1400_ T T T T [ T T T T ]
-STAR 045<M,<076GeV,P|<0.1Gev -
120007 & AUtAUUPC % Au+Au 60%-80% x 0.65 E
= 1000:_— Fit: Cx( 1+ A2A¢cos 2A¢ + A4A¢cos 4A0) t1c _:
N B % 4 I ]
E 800_— —# = ., 2 -
~ ] -
B . ’
'.UE) 600_ 3 X D o <
= d o
8  400f T4 -
20091 ¥ . -
r Polarized yy — e*e™: Without Polarization : ]
o —-QED == STARLight E
[, ----SuperChic | L

T
0 2 Mp=0,-0, T

WAL R RS

LT, B =17:15-17:30

* Quasi-real photons are linearly polarized, confirmed by observation
of cos(4A¢) angular modulation in Breit-Wheeler process

Ultraperipheral Peripheral
Measured QED SC SL Measured QED
C. Li,J. Zhou, Y.- J. Zhou, PLB 795, 576 (2019) |A4M| (%) 16.8+25 165 19 O 27+6 34.5
C. Li, J. Zhou, Y.- J. Zhou, PRD 101, 034015 (2020) |A2A¢| (%) 2024 0 5 5 6+6 0

E. J. Williams Phys. Rev. 45, 729 (1934)

> :
K. F. Weizsacker, Z. Physik, 612 (1934) Vv (P) MeV) 38.1+0.9 37.6 354 359 509+2.5 485

n\
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Chinese group contributed to many
sub-systems, especially at STAR

RHIC

: *\é’q STAR TOF MTD HFT iTPC
CCNU v v

FDU v v v

IMP v
SDU v
THU V




Fundamental QGP properties

Temperature
Life time
Evolution

Collectivity



Access the QCD phase diagram with temperature

STAR, Nature Communications 16 (2025) 9098

o Quark Gluon Plasma
3 A Dilepton Emission
e Early Universe L e 3
O =
e A o -
o 2Z 1| Phase Transition
- ©
T Hoosss ;
R _ QGP Phase
~_
A
54 G
_\ - t~8 fm/c .f%/ 6$&G Mee
----- - g )
i “/K\ ’é
% ‘:(o
d Mes % "‘% : Color
FadrariGas oy % o, Superconductor
0 ‘~’,.Nuc|ei Neutron Stars

Baryon Chemical Potential

* A (IMR): above T, , emitted from partonic phase
* B (LMR): close oraboveT,.?

2026/7/15 FTENEFLEZRINES LS T BAEALIRERXLSEF RKES, 2026572135198, J N



Dilepton Emission

Thermal dileptons in LMR

STAR, Nature Communications 16 (2025) 9098

% i R — e Transition
15 VS = 54.4 GeV (0-80%) \
c\?) — Cocktail Sum N\
= =rn’-syee&ee a QGP Phase
e WM = i i o L‘;
T i fitting function: (a*xBW+b*M3/2 )xe N
% —-n'=yee Mee
) & | = d—ee&nee
=2 7 e H \l Jiy—yee&ee
,\"‘ \;"\T\ Roeoteders ts —--cT-ee
RN AN SRR T |--oveses
ool I s s s
0 0.5 1 1.5 2 25 0 0.5 1 1.5 2 2.5 .
Mee (GeV/c?) M, (GeV/c?) * Excess dielectron spectra of 27 and 54.4 GeV Au+Au
® [ = STARAU+AU54.4 GeV (0-80%) collisions and NA6o In+In collisions are similar
> E —e— STARAU+AU 27 GeV (0-80%)
= ik, T RSt DA ORVIELL [0 E0) * Tis similar despite significant differences in collision energy
& —— Tyur fit (54.4 GeV, x?/ndf = 0.22) and system size
= — T, s fit (27 GeV, y2ndf = 0.28)
2. E e sme= Tym fit (54.4 GeV, y2/ndf = 2.07)
S 10° P h ml*@—* * Tymr around the pseudo critical temperature T, (156 MeV)
= = 7 —
> — ”
9 == g
% E . — Scaled from p+p (p — ')
S Hafe _ 27 GeV: 165 + 20 (stat.) + 21 (syst.) MeV
Z 10| ---Scaledfrome"+e (p —» ')
E il 015 I I 1 | ; 1 1 1 1 1|5 1 1 1 1 5 1 I 1 | 215 I 1 1 I 54.4 Gev: 178 i 15 (stat_) i 13 (Syst.) Mev
NA6o: EPIC (2009) 59: 607623 Mu (GeV/C?)
HotQCD: PLB 795 (2019) 15-21
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Dilepton Emission

Thermal dileptons in IMR

STAR, Nature Communications 16 (2025) 9098

% 1— F —&- STAR Au+Au
O VS =544 GeV | VS = 27 GeV (0-20%)
NO | = . L — Cocktail Sum
51 02 _E é = n">yeel&ee
C 2 XN Tz : : -M/T
7 B S escatitis fitting function: M3/2xe
% —’E\/" jgk . A —-n'—>yee
a4 g\_ _%:/ \‘a =~ p—eelnee
% t\ "% s & Ht dng—yeesee
——§ : \‘;\*‘T\ ﬂm g 3 ‘ == 44 —--cT—ee
106 =) LMWMHIT [ e e b \.ﬂmwm.mhﬁlﬂm ﬂ’. 0|
0 255,.30)5 3 {0 105 jile 135w 200050 i3 . . . .
GeVic?) M, (GeV/c?) * Thermal dielectrons is the major source in IMR
% [ = STARAU+AU54.4 GeV (0-80%) _ _ _
> E —e— STARAU+Au 27 GeV (0-80%)  Tin27and 54.4 GeV are consistent with each other
= . —— NA60In+In17.3 GeV (dN /dn> 30)
o 10°= ch
= — Tuun fit (54.4 GeV, y¢/ndf = 0.22) * T>T,: emission dominantly from QGP
SN — T fit (27 GeV, y2/ndf = 0.28)
£. E A s . A w=== Ty fit (54.4 GeV, y2/ndf = 2.07)
o = 3 k¢ = === Tyg fit (27 GeV, x2/ndf=0.32) . .
RN L N * * QGPis hotter at RHIC than that in NA60 (205+/-12 MeV)
= - 5 —,Eﬂfmﬁ . = —
§ g_ I:;. v Y v rv '~.:::::: ~~~~~
= = 4 === Scaled from p+p (p — 'T) v .
S 3 27 GeV: 274 + 65 (stat.) + 10 (syst.) MeV
=i = = ; ---:- Scaled from e*+e (p — 7' 7 74+ 65( ) * (syst.)
E i 015 TN SR | T TS| S TR TR R TR (A N WY ST PR TR TR TR (Y S N (| 54_4 Gev: 287 i 70 (stat_) i 34 (syst_) Mev

1 15
NA6o: EPJC (2009) 59: 607623 M. (GeV/c?)
HotQCD: PLB 795 (2019) 15-21
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T (MeV)

Dilepton Emission

Temperature v.s. Ug

]
3
54.4 GeV + 27 GeV + 196 GeV + 14.6 GeV +isobar E Phase Transition
-l
350 E_ IMR LMR _E Timrat 200 GeV > T cand Tep: QP Phase
- U H STAR (AutAu) 1 ¢ QGP radiation? —~
300 X T > ¥ STAR (RuRu + ZrZr) = o o Mee
- N 3 ¢ non-equilibrium contribution?
250 ¢ () & NA60 (In+In) -
- ® HADES (Au+Au) S
200 X - T .
C e *‘: _‘+ STAR Preliminary 1 'LMR-*
150 i ¥ -
- i ¢ ClosetoT,and T,
100 ) - . : : .
E o T.LacD " e i ¢ Dielectrons dominantly emitted around phase transition
50 | =
[ 0T,,SH T, GCE T, SCE ]
0 1 1 1 1 Lyl 1 1 1 L1 11 II 1 1 1 L1 1 l- T
2 3 .
STAR, Nature Communications 16 (2025) 9098 e H Ig her than TLMRI Tch and Tpc
NA6o: EPJC (2009) 59 607—623
HADES: Nature Physics 15, 1040-1045 (2019) * Dielectrons dominantly emitted from QGP phase

Tch SH: P. Braun-Munzinger et al. Nature 561, 321-330 (2018)
Tch GCE/SCE: STAR PRC 96, 044904 (2017) €
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Direct photon productions at RHIC

2 [ 143004 (stat) = 0.04 (sys.)
== 1?] - STAR, Au+Au, 1.0<pT< 3.0GeV/c
=10 — A(N_/dn*® Fit to STAR Data ( =10) - " :
agee : * dN_,, /dn scaling over centralities and energies
" STAR Preliminar
| S i (200GeV to 14.6 GeV)
E o 27 GeV ‘ YYO
- LG o i * Indicating similar emission source and properties
101 + 146GeV
= ¢
= | .
C ?
s ALICE, Postb, 10<p, <50Gevie | ° Can be linked to the search of CEP:
102 —=— 2.76 TeV
- 502 TeV
B PHENIX, Au+Au, 10<p <50GeV/c
10-35— —— 200 GeV
- —F— 624 GeV “A puzzle in a puzzle”
= — 39 GeV
—4_ TR |||| Cll+Cll 20|OG|eV| [ ||
19 102 * Tension observed between STAR and PHENIX from QMz4
chh/dT] * Need to solve/confirm this tension firstly
. * (Can we measure direct photon v, at STAR?
NS & P :

LT, B9 a7:15-17:30
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Dielectron and thermal dielectron v,

| | o % IR
« MUSIC model, Xlangyu-Wu et al, arX|v: 25.11 .O§773 #LF, W 17:15-17:30
» Transport (FDU), from private communication with Kaijia Sun
: 35 Centrality: 0-80% pr:04-10GeVic Thermal dielectron v, py:1.0-2.0GeVic E py:20-3.0GeVic
F Ru+RW/Zr+Zr \5q = 200 GeV [ STAR Preliminary ' ~ Thermal v,
0.25F pe>0.2GeVie, Il < 1,1yl <1 - - MUSIC Model
B [ C Transport (FDU)
0.2 - -
~ 0.15F L
= X i 1 - ' .I
- I | - !
0.1 - — I
- - - I
C [ C |
0.05F ~ N
I z - X
G_ W B
_005:||||||||||||||||||||:IIIIIIIIIIIIIIIIIIII:I IIIIIIIIIIIIIIIIII
' 0.2 04 0.6 0.8 1 0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
M.. (GeV/c?) M.. (GeV/c?) M.. (GeV/c?)

None-zero thermal dielectron v,
Theoretical calculations should simultaneously describe direct photons and dileptons

2026/7/15 YENEFAHRDESEF T BERSAREAKRSEFRFL, 2026557135190, J N 14



Fundamental QED process and nuclear tomography

Charge distribution
Mass distribution
Spin interference effect
Excited states



Linearly polarized photons in UPCs

Spin Interference

Polarized + +
photon -1 T\
Y +1 + 1

€_> +1 NTT 1T 7

Polarized
photon

+1e=¢

+0

P P
Gluons from nucleus Gluons from nucleus
E
Rz
1 ) _
1 1+ . : T
Quantum interference elffects _are.sen.s.ltlve to: ¢ i /2T,
* Nuclear geometry (gluon distribution) (et = )/2 e .=
* Impact parameter (spatial distribution) Ay T e P
. ] - ] . 1 -0
* Final-state azimuthal modulation similar to the EA - W o, ¢
Breit-Wheeler process
| d |
202607115 YENRFRSENEILF T BLALRAREARLSEF RES, 202647135198, M
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Quantum Interference Enabled Nuclear Tomography

= ScienceAdvances

Y/L/ AL ANDTIA ‘\fl.‘ss'cq b | v = “ !
Quantum interference enabled
nuclear tomography

counts (arb. norm.)

Modulating aging and fat

Improving tissue repair accumulation with oleic acid

* Momentum space -> polarization space

* Max interference parallel to polarization, min perpendicular

* Interference & Diffraction pattern YA - p° >t
STAR, Science Advances 9, eabq3903 (2023)
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Spin-induced OAM Effect

A STAR Signal n*rt- pairs with P <60 MeV B STAR Signal - pairs

Eﬁ' =0.4- b — Au+Au \s,=200 GeV
1.2‘“‘% '

o b, FE prAu 5y, =200 GeV

* Ty BB (5, =193 GeV
0.2 |
i

counts (norm. to unity)
o
I T 1 I?I T T

0.6/ (6) = 1 + A cos(20) Syst. Uncert. 01
[P AutAu: A = (29.1 0.4 £0.4)x107
O4-8@U+U : A = (23.8 £0.6 +0.4)x107? OF
CmEp+AU ;A = (-0.5 $1.2 £0.9)x107 _
_ T I 0
e 5 0 5 T
0
* Observation of cos 2A¢ modulation * The interference pattern depends on the nuclear radius

 Different amplitudes for AA and UU Not observed in p+Au

STAR, Science Advances 9, eabq3903 (2023)
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Entanglement Enabled Spin Interference (EESI)

Double Slit Experiment at Fermi Scale

Interference

“Slit” distance >>p° lifetime, joint w*+m~ interference
* Measured * and = from same p°, but no interference in p+Au

* Quantum entanglement

Y.-G. Ma, NST 34:16 (2023)
W. - M. Zhaq, et al., PRD 103, 033007 (2021)

2026/7/15 YENEELHRNEILF T RLEALRRARLESF RFL, 200657135198, /M 19



Study Nuclear Structure via p° Photoproduction

0 +o—
1974 238 . A — — T T
@ Extracted neutron skin: 14 P
STAR R (fm) 6.53 £ 0.03 £ 0.05 7.29 + 0.06 + 0.05 \
STAR (cos  29.2 + 0.4 (statistical) + 0.4  23.7 + 0.6 (statistical) + 0.4 S,8u =0.44*0.05%0.08 fm
2¢) (%) (systematic) (systematic)
03— T3 S,97;as =0.17 2 0.03 £0.08 fm
- = experiment il
i linear average (¢ s
02 of experiment 45Cd i
L A prediction Eq. (2) =
- o FSUGold 9% - B STAR Signal n*n pairs vs. models
~ [ o SLy4 a i 2 [ S Au+Au s, =200 GeV
g 0.1 87 N0.4H g
) N 92" - @ [H e e Model I: R = 6.38 fm, a = 0.535 fm
- . L 5y
@ | _ i “ L w Y N B %y Modelll: A=6.91m, a=0.535 fm
0 il = 7.0 N Sy 0.2 by ;
G i . R) = [R% + 202 (1 + (1/2)cos(24))] X
:’ . Sn : 6.5 1% Au+ Au :R,=6.62+0.03, 6, =2.39 +0.04 (fm) ‘*‘? _:":_—T—_‘ _\
_0.1__ :gCa -igN' ;ZFe AZ:CO 50 __ . mU+U:I:R°=7.37¢?.o7, cb=1.?2¢0.12 (fm) s, SR —{«\‘g‘v——*————*——:’!-‘—“-‘#-"—‘*;‘#:;
S S S S S E— - = 0 5 ¢ 0 005 of 015 02 025
0 0.1 02 P. (GeV)
I=(N-Z)/A
I n I 1" M . . . .
Larger radius (*neutron skin”) of U: Extracting the “true” mass radius considering EESI effect

Indication of the nuclear deformation?

M. Centelles, et al., PRL 102, 122502 (2009)
Q. Shoy, et al., Phys. Lett. B 2015 STAR Sci

1= cience Adv. 9, eabg3903 (202
H. De Vries, et al., At. Data Nucl. Data Tables 1987 ! 9 43903 (2023)
2026/7/15 TENEFAHRNESAF T BEE

pi}
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Spin Interference of J /1 Photoproduction in UPCs

(@ Detector (b) Detector
SO ot y A RN ] / II) > e + e —
% jﬁm 5 Compared to p°:
D, o4 Interference ) - = ° M H H
- : uch longer life time (>>b) <~ Jo -~ _ '\‘/'_
Interference ' ) i i TI: p T[ e + e
CTI CT (P9 ~ 1.3 fm /@mmm//—@\\ * Larger Mass
Gold lon (A2) Gold lon (A1) Gold lon (A2) Gold lon (A1) DeCay to Fermion
Impact parameter, b > ¢t Impact parameter, b << ¢z Tp() ~ 1 . 3 fm/c T]/l/) = 2 1 60 fm/c
STAR Vs = 200 GeV
1 LA+AS VM + A"+ A" ' "I "Model
*Data —— CGC (J/y): Model-1
0.8 1 * v+Au- Jy (—e’e) T —— CGC (Jiy): Model-II
v+ Aus p? (on') — — STARIight (J/y)
0.6 [ =# v+ Ru&zZr — Jy (—e'e) T

S 0.4
0.2} +¢
0.2
015 45 90 160 200 0 30 90 160 200
Pr (MeVic) Pr (MeVio) STAR, PRL 136, 242302 (2026)
Observed spin interference and its p; dependence
ETIE CMS LI Different modulation for p® and J /3

¥ &ML STARER
'ﬁ% )_L,E > )ﬁ + 11:00-11:15 TENEFLHHENES2F T ALAXRAREAREEFRFL, 2026557135198, J N /ﬁ; l-h}:]: , )15] 2% 17:15-17:30




EESI in tt T~ Final State

YA - p° >t

/
+2 -1 —
%\é____g_, yy > ntm
Ak
é o1 (a) 700 <M__ <900 MeV/c? é o sE. (@) Pair p, <100 MeV/e [, c05(149)>
< Ultraperipheral Au+Au < Ultraperipheral Au+Au
£ 008 V5:n=200 GeV E M4 5 =200Gev 4 |+ <2cos(3A¢)>
72]

. . 0-3
§ s STAR Preliminary | S
V 0.0 Vo2

(17| SN BRI BRI EPEPEEr BT B . M PP BRI B
0 0.05 0.1 0.15 02 0.25 03 06 08 1 12 14 16 18 2

pr™ (GeV/e M.._ (GeV/c?)

Non-zero A;,4 and Az, around the p® mass
 Evidence for spin interference between photonuclear and hadronic light-by-light production of ¥~

* Indication of the contribution from f,(1270) , possible way to study exotics

22
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EESI in Excited States

YA- p' >ntn ntm”

—— Fitto Data

= - — p(1450)
= E—
= N 1700
o Au+Au, | /Syy = 200 GeV * )
2 oL p(2150)
S ; STAR Preliminary ~ ______ p(1450)p(1700) if.
Q:»— - NN\ e p(1450)p(2150) if.
ooq NN\ N e p(1700)p(2150) if.
; el —— Data
£ = , || Syst. Errors
% - 20 N
& B 2
)
~ 10

TE

[ [ |~ : :I RETINTI

3.5 4
M(r*n-ntn) [GeV/c?]

Lots of excited states above ground state rho have been observed
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p(1450)

p(1450) DECAY MODES

Mode
ry
)
)
Ty
T's
Te
Iy

a1 (1260)7
hy (1170) 7
(1300)7
pp
PTT)S we
ete”
np
a2(1320) 7
KK
KtK~
KT(*(892) +c.c.

<

Fraction (T'; /T)

EESI in Excited States

IG(JP9)=17(1"")

Scale Factor/
Conf. Level

seen
seen

seen

906

o

seen
seen

not seen
seen

seen
possibly seen
seen

seen

not seen

not seen

not seen

not seen

P(MeV/c)
720
719
669
512
177
239
89

-1

732
31
55
541
541
229
726
630

398
92
177

Mode Decay chain

JPC

p(1450) — a1(1260)7

\—> a1(1260) — pm

\—> p— xtm~
2 p(1450) — hq(1170)7

|—> h1(1170) — pm
\—> p— i
3 p(1450) — p(ﬂ'ﬂ')S—wave
\—> p— atr™
4 p(1450) — 7w (1300) 7

|—> m(1300) — pm
\—> p = mhn”

=g [ 3af
1T 517~ 40"
17~ =0 +0~
B e P
I s 10
1=~ =0 40"
=5
17— =0 40"
1=— =0~ +0~

0-F 17~ +
== i~ 4 0—/

5 p(1450) — pp

1™ > 17" 4+177

v" Polarization of quasi-real photon -> spin of vector meson

(s-channel helicity conservation at small momentum transfer)

D. Zhang, Z. Xu, CY, arXiv: 2606.05691

v’ 1->1+0 spin “keeps”

v’ 1->0+0 spin “transfers to” orbital angular momentum

24



Probing Quantum Numbers and Decay Branching Ratios

arXiv: 2606.05691 Toy MC simulation

(@) a:(1260) &

e
A [T =
-l PR
S PR
@ 0.2 '%:
el L
N |
Y

(b) h(1170) &

—4— true-p

- T —4— selected pair
- - —— cross pair
al iy A —&— recoil pair
_‘ ﬂ - — A?bs

Aobs = B Ar1300)x + (1 — B) AOther

7

\

Relative decay
branch ratio

D

S

Known/measured any two observables,
then.the third one can be extracted

7~

\

Final state angular

modulation w.r.t
initial state spin

Y 4

4 o

'
0.1
s (GeV/c)

0 005 _

2026/7/15

M I T T T
0.15

005 01 015
pr (GeV/c)

B =

0.2

Intermediate
state quantum
number

(2 COS(2A¢)>7r(1300)7r — (2 cos(2A¢))other

TEYEFLAHRNES ST BE

g4

I

=

AREXESEFRFLR, 20265F-7A13F198, 7 M

(2c08(2A0)) exp — (2¢08(2A0)) other - Zhang, Z. Xu, CY, arXiv: 2606.05691
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Summary

Photon as probes

Hot QCD in HHIC

Temperature, VM in-medium modification, collectivity, potential magnetic effect

Cold QCD and QED in UPC

Fundamental QED process, EESI, nuclear/nucleon structure, hadron spectroscopy

Lots of current and future opportunities at RHIC, LHC and NICA
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Facing challenges: Direct Photon Puzzle as an example

Iy

% Large yield: produced in early stage, highT
—/\—— Large v,: produced in late stage, low T

\

Helmholtz Alliance
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Direct-Photon Flow Puzzle
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EMMI Rapid Reaction Task Force

February 24-28, 2014, GSI, Darmstadt, Germany
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Became even more complicated

>

Theoretical calculation can not explain
the spectra and v, simultaneously

ExtreMe Matter Institute EMMI

EMMI Rapid Reaction Task Force

Direct-Photon Puzzle

Heidelberg University, Germany July 24 — 27, 2023
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o

Nuclotron based lon Collider fAcility (NICA)
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The mega-science project -- NICA, is approaching its full commissioning:
* Already running in the fixed-target mode — Baryonic Matter @ Nuclotron (BM@N)
 Start of operation in fixed-target and collider mode from end of 2025 — Multipurpose Detector (MPD)

* Operating on polarized deuterons later - Spin Physics Detector (SPD)
2026/7/15 TENEFIGZEDELSLAEF T RLEASRIREARESEF RF L, 2026557135190, J M 29



Multi-Purpose Detector (MPD)

Main subsystems at Stage-l: TPC+TOF+ECal+FHCal+FFD
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Heavy ion collisions
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