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Outline:

»Background
» Photon-photon interactions in UPCs
»Photon-nuclear interactions in UPCs

»Summary

Focus on theory side, for experimental side, Wangmei’s talk



Relativistic heavy ion is extremely bright!

% ® Treated as a flux of quasi-photons _- y
E. Fermi, 1924 ‘ \ .
Weizascker--Williams 1934 | "
% O Photon wave length > R, i.e. k<30MeV, enhanced by Z?

Two type interactions:

Time evolution of EM field > photon-photon collisions

Deng-Huang, 2012 . .
» photon-nuclear interactions



Photon-photon interactions



BSM & strong field QED

» Strong field QED Coulomb correction, vacuum birefringence, light by light scattering....

t .

E

Zo. ~0.6 for Au and Pb,
significant effect?

»BSM physics axion search, tau anomalous magnetic moment, dark photons...

Pb — s — Pb
v.s. pp collisions, & E K4TF F4Z. v
a <
0
- -
Pb Ze

Knapen-Lin-Lou-Melia, 2017
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Lepton pair production via photon fusion

» Dip structure at very low gt

» Mean transverse momentum of pair increases

Photon Photon for more central collisions

New wave of theory and experiment activities!



The beauty of experimental data

Sl];,l R, 2018 | | | | | |
\_“ litv: 60-80° - yy—ee (Zha et al)
<. Centrae 1>t[3; 262; 8\2 //0 -- yy—ee (Zha et al) with EM
et p,~0.2 Levic 1 . yy—ee (STARlight)
S0 - m°I<1, [y*|<1 -
i R @@, STAR
= TS o T ey .
3 100} R
= (a) T (b) s
= 04076GeV/c . I‘ ....... 0‘7612GeV/c Sl T
=_ . o A '+A . 0 0002 0.004 20.006 0.008
NQ- :: u u e 2
) %p O UHU 193 GeV Py (GeViey)
-~ b eN T T T T —]
Z 1087
= . .
(c) S Lol e @ |
1. 2-2.6 GeV/c e 1
10—4 L 30 1 L 1 1 1
0 0.002 __0.004  0.006 05 1 1.5 2 ) 2.5
p2 ((GeV/c)) M., (GeV/c%)
800 CcCMS , 2021 PbPb 5.02 TeV (1.5 nb™)
700 «0n0ON —
o «0OnXn ]
6001 . «XnXn
3 2 3
-Emsooz - Xn (XZZ) ]
= L L * ly 1<24
£ 400 # + i =
e p'>3.5 GeV, n'l <2.4
Z"s00f- * 4% 8<m,, <60 GeV ]
= 200f ey E
r *"':c:
100 ot 4
5 e
0 :_ 1 1 1 1 1 | _:X1 06
0 1 2 3 4 5 6

——
ATLAS 2018 [ 40 - 80 % |
N —— Pb+Pb data -
§+ ——>80% data ]
1 6x10‘|3 | | Pt?Pb 5.0 : $+ STAR“ght + :
| cms = data overlay -
15_— . B *’ _
51" ... STARIight - :
Y . - 1"3mm.ommom
% 3F e e S SCCE ) — 005 — 0-1 .
A ¢ ¥ )
12 T
S S ly, | <2.4
%“% ------- p>35GeV "l < 2.4 %j
E 8<m . <60 GeV
% 1 bnon bny,, bn)(n |7n7,7 17,,)(,7 )(,, X %

Mysterious dip in more central collisions
can not be reproduced using the WW approximation.
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The boosted Coulomb potential

Side view
Head on view

Li-JZ-Zhou, 2019



The cos4p modulation in di-lepton production

\yb

Li-JZ-Zhou, 2019

Linear polarization of photons: induce cos4¢ modulation in di-lepton production.



-Cos(4¢)_e

Verified by STAR experiment

0.2} Au+Au 200GeV

0.1}

-------- tagged UPC S
Rl g— - UPC
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Li-JZ-Zhou, 2020

Tagged UPC 16.8%+2.5% 16.5%
60%-80% 27%+6% 34.5%
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counts /(rn/20)

STAR collaboration, PRL, 2021
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Dipoin production in e"e™ collider, data-driven method

cross section in helicity amplitude form with linealy polarized photon:

d 1 RF, B, FEZEE, PRL, 2025
o

d2py, d2pg, dyrdys | 1672Q)8
X 62(qL — kit — ko )x1xo

1 ) ) ) 5 Reduce to collinear factorization after
—
X {‘5 (M- + M) f(Xlﬂku)f(X%kn)‘ integrating over ky 21, > (M., % + |My_|)ff
—  cos(2¢1)Re[M M} _] f(Xzakgl)hf(Xl,ki) Contribute to cos(2¢) azim. Assym.,

— cos(2¢9)Re[ M, M* _]f(x 12 )h (x 12 ) induced by linearly polarized photon,
: ’ e D T S ol Involve the relative phase between

+ o cos2gL - @Ml +cos2gy + M. M. and M,

x hf<xl,k%l)hf(>cz,k§l)}

fdzklld2kgl

—— Contribute to cos(4¢) azim. Assym.
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Phenomenological impact
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LHC &b
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Numerical results:

Pb+Pb 5.02TeV
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Linearly polarized photons: new experimental tool

» Hadron spectrum: determine the quantum » BSM: search for dark photons in UPCs
numbers of X(6900) from photon-photon fusion in UPCs

A% (ky, b) O‘\“m\‘ _
i |Ck_>_ €

|
X
W ()

Af?,i (kZI 0)

SCNU team: Niu-Wang-Wang-Yang, 2022 Xu-Lewis-Wang-Brandenburg-Ruan, 2022
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ete XEN EXCEFERER I T BN A

Linearly Polarized Photon Fusion as a Precision Probe of the Tau Lepton Dipole
Moments at Lepton Colliders

Ding Yu Shao, 23 * Hao Xiang,! Fang Xu,"' T Bin Yan,*® ¥ and Cheng Zhang® 8
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Photon-nuclear reactions



on Gluons

 Photo-nuclear measurements have been used to stud}; QCD

[1] H1 Collaboration. J. HIgh Energ. Phys. 2010, 32 (2010).

mattel’ already ]COI’ decadeS[l—B] [2] ZEUS Collaboration. Eur. Phys. J. C 2, 247-267 (1998).

[3] Seerefs 1-25in[2]

q
% 1-
:Y/Wi{( ri . Vv Vector Meson
N (‘heavy
qd N photon’)
b) Momentum transfer (t)

modulated by |F(t)]?

P Y

Well known process for probing the hadronic structure of the photon
and matter distribution of nucleon (nuclear) target



Optlcal Ana|ogy

/ Y (\‘lj?ctc,r(,51 Se)SOn)
| > W, >or
_____ ; ‘
z = d ,‘
Pb .
A Light |
Intensity

do/dt

Coherent/Elastic

0 04 0, 03 04 Ang|=e

» Reconstruct the size R of the obstacle and the optical “blackness” of the obstacle from the diffractive pattern.



Diffractive vector meson production

Motivations: T
A 2 2
»  Studying the saturation effect ol f d“b N .
a4~ 3 [2bN
» Transverse spatial imaging of gluons PR Ttot f
Y
€ Small x formalism: ~/<\/ j;:.: o°

dipole model, CGC, Glauber model...

Q¢

S

AN,) =i f d2b, eBrhx f f dz f}"’_’q"(r_._,z, e@){vm,b }fr"*%*(n,z, )]

Ryskin, 93; Brodsky, Frankfurt, Gunion, Mueller, Strikman, 94; Klein, Nystrand,1999; Munier, Stasto, Mueller, 2001,
Kowalski, Teaney, 2003; Lappi, Mantysaari, 2011; Rezaeian, Siddikov, Klundert, Venugopalan, 2013; Guzey,
Strikman, Zhalov, 2014, Lansberg, Massacrier, Szymanowski, Wagner, 2019; Mantysaari, Salazar, Schenke, 2022;

and many more...

19
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Test different saturation models

» One example:

—
5

ALICE Pb+Pb — Pb+Pb+J/y \s,, =5.02 TeV

[ ALICE coherent J/y

- Impulse approximation
------ STARLIGHT

—— EPS09 LO (GKZ)
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Young’s double-slit experiment:

Wavefront

Screen

“I will take just this one experiment, which has been designed
to contain all of the mystery of quantummechanics”.

21



Double-slit effect in UPCs

ST

Klein-Nystrand, 1999

€ Remark: two different photons

HBESRRIPREATRNE
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The first theoretical formulation

» Full cross section in CGC effective theory:
do L 2N 21 1210 £2 Ve 7. \(.V 7 / 2
— = Ak K 0% (kL + A - O b
dQQJ_deQbJ_ (27{')4 /d J‘d J‘d J-5 ( L+ AL ql)(EJ_ J_)(EJ_ J_) d L

)P WL [T (b)) Ain (Y, AL ALY, A F(Y, kL )F(Y, KL + (A B)]
e ERD g v A VAR (Y, ) F(Y ELF(Y, ki)]

n -eigL.(Ai_AleAco(_Yj AJ_)AZ:O(_Y? Al)F(—Y, kL).F(—Y, kl)]

[P BT (v, A )AL (Y, A F(Y k) F(-Y.K))

e R=AD) YA VAR (Y, A F(=Y k) F(YE) } (2.14)

Xing-Zhang-ZJ-Zhou, 2020

23



oV diffractive pattern

Diffractive VM production in UPC

1000 £

c:j-\

> 100
[0)

O

—~
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&
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S5

—— Theory

® RHIC 4/ s =200GeV

L 1 L 1 1 1 1 1 L 1 1 L
0.00 0.01 0.02

~t(GeV?)

L 1 1 L 1 L 1]
0.03 0.04

Xing-Zhang-ZJ-Zhou 2020

» Double slit interference effect
» Smearing caused by finite photon kt

Diffractive VM production in eA

Incoherent/Breakup

do/dt

Coherent/Elastic

t4 to t3 t4

1t

» One slit interference

24



Cos2¢ in p® production

@ Interference between two p waves

(+1| = 1) ~ cos2¢ @%

B STAR Signal w*n- pairs vs. Models

%O 4- : \\ —T-— Au+Au v =200 GeV
BTN Model |- R=6.38 fm. a=0.535 fm
(@)

&l Modelill: R=6.9 fm, a=0.535 fm

Theory curve |l taken from
Xing-Zhang-ZJ-Zhou, 2020

Data points taken from
STAR collaboration, Sci.Adv. 2023
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ALICE measurement of Cos2¢ asymmetry

o
w
3}

ALICE Preliminary
Pb + Pb — Pb + Pb + p°

o
w

- ALICE Pb—Pb UPC data stat. (bar), syst. (box)

cos(2¢) amplitude

H. Xing et al.

ALICE ysy, =5.02 TeV, p_<0.1 GeV/c, |y| < 0.8
STAR ys,, = 200 GeV, p.<0.06 GeV/c

[TTT |||||IIII|]I||||1II|III[‘IIII
II|I|IIII|IIII|IIII|I]II|IIII‘IIII

|
XnOn + OnXn XnXn

SDU-SCNUA4A: Hongxi Xing, Cheng Zhang, Jian Zhou, Ya-Jin Zhou JHEP 10 (2020) 064

BNLZH: &1 Heikki Mantysaari, Farid Salazar, Bjérn Schenke, Chun Shen, Wenbin Zhao Phys.Rev.C 109 (2024) 2, 024908



Spin Interference between y4 and yy

Au

e Interference

between yA4 and
Yy may also be
present.

/
/
! \Q
~

* This interference is
expected to
produce a cos(Ag)
and cos(3A¢)

=
_|_
}_\

! \
\ /

Au

27
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Cos4¢ in dipion production |

» Elliptic gluon distribution:

Non-trivial correlation between bt and kt € STAR measurement:

_ — Corrected U+U 193 GeV

| —+ Corrected Au+Au 200 GeV

1.5—
| === QED Au+Au UPCs

- == STARLight

1[— === UPCGen 0.45 <M, < 0.76 GeV

+1 STAR Preliminary

A,
=
s »
%5 05—
] B
fv’ B

+2

elliptic Wigner gluon

0.45 <M, <0.76 GeV/c?
P, > 0.2GeV/c &Inl<1.0
|

|

o

(5]
Illllilll

Ly oo by v v by o by v by v by oy

J | |

1 1 1 1 1 1 1
0 0.02 0.08 0.1 0.12 0.14 0.16 0.18

Pair p_(GeVi/c)

11 ' |
0.06

1 1
0.04

Hatta-Xiao-Yuan, 2016

ZJ, 2016

Boussarie-Hatta-Xiao-Yuan, 2018
Mantysaari-Mueller-Salazar-Schenke,2020
Mantysaari-Roy-Salazar-Schenke,2021

0.2
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The dawn of EIC era
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The origin of
proton mass

30



Proton mass

Kinematic & potential energies + Trace anomaly

31



How to measure trace anomaly

» Twist-4 operator: <Pf‘F'U’V W|P>

® Threshold J/psi production Kharzeev,Satz,Syamtomov, 1998

V

\/\/\/b\]/ —
e -
J‘—f—\/f %\\J'—&
o I

® Threshold J/psi production in pA UPCS Yoshitaka-Yang 2018, Yoshitaka-Rajan-Yang, 2019

® Extractions: Xu-Xie-Wang-Chen, 2020 ® |ntense debates:
Wang-Bu-Zeng, 2022 Hatta, Ji, Ma, Sun, Tong, Yuan.....
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Proton spin decomposition

Jaffe, Manohar 1990
Ji, 1997
Chen et.al. 2008

=
—
i‘
—
—
—
N
NS
-
N
S
—
N

Quark and gluon
iInternal motion

Quark spin

33



Gluon OAM

y 1!
> Ji’'s sum rule J, = 5/ dv x [Hy(x,&) + E,(x,&)] Ji, 1097
0

€ SSA in exlcusive J/psi production in polarized pA UPCs

Koempel-Kroll-Metz-ZJ, 2012
Lansberg-Massacrier-Szymanowski-Wagner, 2018

& [pTAu—e’epAu s =200GeV |y|<1

04E STAR preliminary
0.3 YP—Jiyp
J/9(py) - —e— (p.") = 0.48 GeVic
el 0.2 stat. uncert.
5 —— Lansberg et al.
= = 0.1
@ .‘ -
@, O L
.4 S 0 .__. ....................................................................
N 77 -
’ -0.1—
\ E | | | | | | |
0275 10 15 20 25 30

1 1 1 1 1 1 1 1 11 1 1 11 1 1 1 1 1 35 1 1 11 0
f= A2 W, (GeV)



Small x asymptotic behavior of gluon OAM

® Never can reach x=0 at any experiment, how to extrapolate down to x=0

B Small x evolution equation for E (x)

(s

OyEk,) =

-

E(K)) = %€ (kL)

k=K%

4o Fra(k)E(kL)

Hatta, ZJ, 2022

Conclusion: E4(x) rises as rapidly as the normal unpolarized gluon distribution!

x-0.3
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Gluon Tomography via diffractive di-jet

» 5D imaging of gluon tomography of proton

Braun-lvanov, 2005

Hatta-Xiao-Yuan, 2016
Hagiwara-Hatta-Pasechnik-Tasevsky-Terayaev, 2017
Boer-Setyadi, 2021

Hatta-Xiao-Yuan-ZJ, 2021
lancu-Mueller-Triantafyllopoulos-Wei, 2023
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Complementary to EIC&EicC

* Virtual photon
* Circularly polarized photons

* (Semi)-Inclusive process

More EIC&EicC physics: Hongxi’s lecture

38



UPCHIIERH IR K E FRans

> ERJUPCHIIEY

AP\ FERITAR, SEEXE, £FEIHELE, LUFERAF..

2

STAR, ALICE, ATLAS, CMS

2

> UPCHIE

I&oH;

¥

>ERANE: Snowmass UPC B/, YIIEFIRIRIEETS

EFO07: Ultra-Peripheral Collisions in Heavy-lon

Physics - .
7 | | R E T ARG RE RSB R
Jaroslav Adam?, Carlos Bertulani'?, James D. Brandenburg?, Frank Geurts’, Victor P.
Goncalves®, Yoshitaka Hatta’, Yongsun Kim!3, Spencer R. Klein*, Cong Li*, Wei Li’, SESC, itz [ER), ErEE
Michael Murray®, Joakim Nystrand®, Mariusz Przybycien!”, John P. Ralston®, Christophe
Royon®, Lijuan Ruan?, Bjoern Schenke?, Janet Seger'?, Peter Steinberg?, Daniel Tapia YIIRSHR, 2023, 72(7): 072503. doi: 10.7498/aps.72.20230074

Takaki®, Zebo Tang'!, Zhoudunming Tu?, Ralf Ulrich'*, Ramona Vogt', Bowen Xiao®,

Zhangbu Xu?*, Shuai Yang’, Wangmei Zha'', Jian Zhou>", and Ya-jin Zhou? _ ] _ _ ] ] o
Coherent photons induced high energy reactions in ultraperipheral heavy ion collisions
Pu Shi, Xiao Bo-Wen, Zhou Jian, Zhou Ya-Jin

Acta Phys. Sin., 2023, 72(7): 072503. doi: 10.7498/aps.72.20230074



UPCTRAZINZRS
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? ~—  UPC physics 2023

26 May - 28 May 2023
Fudan University

UPC 2023: International workshop on the physics of Ultra Peripheral

Collisions

indico.ihep.ac.cn/event/18418

11-15 Dec 2023
Playa del Carmen

F_BERUPCEIN

UPC2025: The second international workshop on the physics of Ultra

Peripheral Collisions

EH: PERZERARENFIES RFEMEZR

2024%4812H-15H
https://indico.pnp.ustc.edu.cn/e/upc2024 2025689 E13H

Saariselka, Finland
Eurone/Helsinki B{X
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Summary:
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