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The recent measurements of ultra-peripheral
collisions

< Imyy
~ o>
——— Iy

—a—
<

Q

a
o]

VR % Im v
VAT 1| ERITE RS

EZTNEEENFIEZASIN, B, 2024FE8H14H-18H




Equwalent photon

e — —— — — _—  _— — — ———————————

® Equivalent Photon Approxmatlon
E’ » Photon Flux o< Z2

» Q2~0 (quasi real photon)

Fermi, Z. Phys. 29 (1924) 315
Williams, Phys. Rev. 45 (1934) 729
Weizsacker, Z. Phys. 88 (1934) 612

® Photon kinematics

maximum energy
E /A max“V(hC/ R)

typical pr (& virtuality)
PTmax ~ hc/R

Coherent strengths (rates)
scale as Z2: nuclei >> protons
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Photon-photon interactions
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® Observed Breit-Wheeler process in non-UPC

® Demonstrated the b dependent of photon pr

JL

k| moments [MeV ]

STAR, PRL 121 (2018) 132301
ATLAS, PRL 121 (2018) 212301
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N
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CMS PRL 127 (2021) 122001

7 + | | | | | | | | | | | Data PWE
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~ ATLAS
~ Pb+Pb 5.02 TeV, 1.94 nb™ p_>4 GeV

yy—uu (A<0.06, k| <150 MeV) +

0
0109, 70-20520-3050-400.10-505,20-605,20-705, 0606 20-9055 T3 ET2 ET1 ETp Upg
Centrality
smallerb {——— larger b

. Probe QGP medium with yy — [7[~

 Precise reference for probing QGP EM effects
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Experimental signature of linearly polarized photons
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Li, Zhou, and Zhou, PLB 795 (2019) 576 STAR, PRL 127 (2021) 052302
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o B —
5 . o & [FSTAR 045<M,<076Gev,P|<0.1Gev -
- == < + &2 || B2 - . B
= b ® > : ;! f’ ! 200: ¥ Au+AuUPC ¥ Au+Au 60-80% x 0.65 -
'ﬁf 2 L By %,1000:_—Fit: Cx(1+A,, oS 2A0+ A, COS 4A¢ ) 10 -
- = — 1] ]
o = - ! 7
! G 800/ s -
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&1 || & — —(cosdAg) Polarized yy — ete: ithout Polarization :

&1 L & — +(cos4A) - ——QED . ==+ STARLIght
- === SuperChic

b

0

B | | | | |
0 2 M=g,-0¢, T

® Different helicity amplitude combinations for linearly polarized photons lead to
a splitting of angular modulation

® Experimentally observe that photons are linearly polarized
« UPC: Aspp Observed with > 6o

» non-UPC: Asngy Observed with > 4¢
2Im ==t il
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CMS Experiment at the LHC, CERN
Data recorded: 2015-Dec-06 21:41:27.033612 GMT
Run / Event / LS: 263400 / 88515785 / 849 ' y7

ATLAS, PRL 131 (2023) 151802
CMS, PRL 131 (2023) 151803




Constrain a, = (g, — 2)/2

ATLAS, PRL 131 (2023) 151802

CMS, PRL 131 (2023) 151803

L R T T T — ] !
OPAL 1998 : I—I DELPHI ee—e@yy—tr)e
_+-:—
DELPHI 2004 : ATLAS . .
. 1 ! CMS, PbPb—Pb ‘(yy— Pb
| PoAPD =002 TeV |14 nb U+37 | ————— L —— (1Y =T, Taprong)
IL£+7T M1 T-SR —#:— ® Best-fit value ' 68% @ | ;{:
5 — 95% CL CMS Phase 2 Projection Preliminary
e- R + ; . N ]
M+e | u —— POPD—>Pb (7 T 30,00 PD' » 68% CL, 13 nb’
Combined e Based on rate-only-analysis, assuming 4% uncertainty
Expected . ||||i||||
| I | | | | | | | | | ' | | | | | | | | | I |
0.1 -0.05 0 0.05 0.1 -0.1 0 0.1
a, 4,

® Sensitivity to the BSM physics
- Model-dependent value of a,
» Comparable with DELPHI result
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ngher exc:ltatlon Of QED vacuum

etoctor L - Zhang, Zhang, and Shao arxiv: 2406 05618
® . S 700 o opoos<yi<osz<m_<2aceve | | |
T g {1 @ First observation of yy — dibaryon
= g = oo | Production in UPC

of T weezeevmcos 1 © Gontribution of Drell-Soding process

L - U o} s significantly lower than data
. 2 L . Consistent with yy — pp production
N — OO 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16(()G1€i//0).2
p. (GeVic

-
o
>

Yy — PP, Shao et al’”

—_

o
w
|

""""" vyAu — ppAuU, Zha et al”*
|
p® > 0.2 GeV/c, Il < 0.9 ] |

do/dM [ub/(GeV/c?)]
2,
I

10 E = :
A
| y (k) VN B p(p2)
q
y (k1) (p1) _-_______________________________-------.------------------------------_.:
= STAR Preliminary  ausAu UPC {5 =200 Gev
3| | | | ] .
1075 2.1 2.2 2.3 2.4 -
M5 (GeV/c®)

>}
SN |
— |
— |
\np
dux
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Photon-nuclear interactions

- - ‘ N — —_—— = == — _——— e = = S == -

e m—— = — — — = —— —

Photon-nuclear
Interactions v y
— — hadron _« — hadron
. ~ — anti — hadron T~ anti — hadron
P, fo IP, fom
. luonic structure
Coherent (nuclear keeps intact) J
A S ” ﬁ N
Incoherent (nuclear breaks up)
— T A A ——— — e ; Ai}
_ . ' sub-nucleon fluctuation
® Little “EIC :
7y FTUEREENFYEEARASIN 9
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ALICE, PRL 132 (2024) 222303 . — —

o
+ -2
3
N \
+

ALIGE, Pb-Pb UPG, |5, = 5.02 TeV

B
S |
8 10° & Iy |<08ﬂ T, KK <0.1 GeV/c | e
£ B ¢ Data
§ i I Best fit
O — — 7' system (k) K-
%x . Bl/A=0 M
O - f (1270 K'K (x 100 |
¥ vy = f( ) — (x 100) o -
| :
/ | . v — K
‘ -
I | L /| A | | \l ~ | [ A
1.1 1.2 1.3 1.4 )
M, (GeV/c?) | v(k2) < K

® Data favor the coherent ¢(1020) —» KK~ + direct K™K~ photoproduction, with
interference considered
+ The contribution of yy = KK~ is not estimated
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deJ,w / dy (mb)

Imaglng heavy nuclear W|th Coherent J/v,b

e . . — - e

ALICE, EPJC 81 (2021) 712
CMS, PRL 131 (2023) 262301 ® LHC experiments complement each over

LHCb, JHEP 06 (2023) 146 _ _
a wide range of y region

CMS PbPb 1.52 nb! (5.02 TeV) Pb _ 0,64 4 0.04 102 5
| | | | - R,;"=0.64 x£0.04 at x~10-° (y=
Pb + Pb — Pb + Pb + J/y AnAn g (y )
°I" —«— oms e -
—&s— ALICE 2019
— s ALICE 2021 P
—o— @ -mmT e
41~ —&— LHCb 2022 " _g & .- " =
e T AT
_D_ﬁ 3—»# e
“““““‘_.tj.i"' &___A g " T e
o P T | -
_D_,‘—ﬁ‘“} ______ LTA_SS CD_BGK
i -- LTA_WS CD_GBW
T STARLight CD_IIM
0 4 -3 _2 _ 0
Yy
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deJ/w / dy (mb)

ALICE, EPJC 81 (2021) 712

CMS, PRL 131 (2023) 262301
LHCb, JHEP 06 (2023) 146

CMS PbPb 1.52 nb™' (5.02 TeV)
Pb + Pb — Pb + Pb + J/y AnAn ...
o —«— cms -
—a— ALICE 2019
—e— ALICE2021 7 -7
4= —&— LHCb 2022 . _g @& -7 .
e —D— eI
""i:}"A—A—:— SN SENNUTTLL L
2 AT CD_BGK
2 CD_GBW
p: CD_IIM
0 1 0
~60‘V Iar e x
~60% large-x | dGpx_ A Ty
il EtTHEE

Imaglng heavy nuclear W|th Ceherent J/v,b

® LHC experiments complement each over

a wide range of y region
R;” = 0.64 = 0.04 at x~10-3 (y=0)

(a) photon emitter (b)
% (higher energy) U} target S
0 Jhp
D it % —————————————————————————
photon emitter
(lower energy)
M
— X = Jhy e+y
2Eb€am 2Ebeam
— y/A(a)l) Oy A= JIwA () T }//A(a)2) ' 6yA—>J/1//A’(a)2)
TR FYIRE AR
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Imaglng heavy nuclear W|th COherent J/v,b

e e —— ,_’————-___?..,_;_ — _—— —

CMS, PRL 131 (2023) 262301 CMS PbPb 1.52 nb™ (5.02 TeV)

ALICE JHEP 10 (2023) 119 I | 1T T 11 1 1T ‘_I‘J_.-I-“F | 111 | 11 1 | 11 1 | [
' T —
3 i
€ | _
— //
0O v o= ®-n-
L p SO i i Splitting Recombination
LO pQCD: S | @ _
{, 4
X/ ® CMS — LTA_SS — bBK_GG
| @
oM o< [xG()]2 4 S e
bcf 1072 & O ALICE --LTAWS - - bBK_A ] ~N,(linear) ’”(Ng) (nonlinear)
— [ A LHCb* (-4.5 <y <-3.5) CD_BGK CGC IPsat
o L Syst. exp. CD_GBW - - GG-hs ]
Syst. y flux CD_IIM - .= Impulse approx.]

0) 100 200 300 400 500 600 700 800
Pb
WS (GeV)

® Forward neutron tagging is employed to solve the “two-way” ambiguity
® Direct evidence of gluon saturation inside heavy nuclei?
WIV < 40 GeV: rapidly rising
40 < W7 < 800 GeV: nearly flat with a much slower rising
5T EEER FPEZEREIN 12

\nr

2m




Incoherent J/?,b productlon at LHC

T m— e —— e —_ = =

ALICE, PRL 132 (2024) 162302

P {. ALICE, Pb—Pb UP = 5.02 TeV
S ALICE, Pb-Pb s, = 5.02 TeV > L CE. Pb-POUPC {5y, =5.02Te
S r 0 DX ALICE incoherent JAp, lyl < 0.8
CD 30<m. <32 GeV/c? Jhp = utw o) f 2 '"*\ —— Uncorrelated stat. + syst.
| HH 1 é RO Correlated syst.
9 10%| lyl <0.8 UPC,L_=232=+7ub = AN =,
QI_ v2/NDF =1.13 —— data §D 1072 ;~ ~ S N T
O - —— coherent J/y S C N -
- _ B q -
% - — incoherent J/y © i & S SR
. | inc. JAp with nucleon diss. - O s =
- - Jhp from coh. ' decay - N AT
1 03 I . I \ "\, ~’0
- -+ J/p from inc. ¢' decay u . N .
| N Y \~':~ LS AN
- . —— model - &= MS-hs I S
[ N\ - m MS-p T~ e,
n -3 —s— MSSl LN e
i \ 1 O | N \' \ ~ L
n \\\\\ - --¢-- MSS ‘. '\' ~~ ]
N = *\\ | —e - GSZ-el+diss s,\\
2 |y T\ e GSZ-el 2 :
10 ! | L TN
. S 20F
| ! B \\\‘\\ \ 8 1.5 " g N
[ ] . . | e A oo
| L b l.l AN BN = SR B AN AR L 11 L 11 -8 05_9 Q 9 9 Q
0.0 0.2 0.4 06 0.8 1.0 1.2 1.4 1.6 1.8 2.0 ) A T T A
p (GeV/C) 0.2 0.4 0.6 0.8 1.0 1.2
T It (GeV?)

® The first measurement of [t| spectrum of incoherent J/i

» No model describes both the absolute yield and the shape of |t| spectrum
A reasonably good description of the [t| spectrum is achieved when models

incorporate sub-nucleon fluctuation
ZIm ETNEEENFEFARAEIN
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Incoherent J/?,b produetlen at RHIC

STAR, PRL 133 (2024) 503

STAR, PRC 110 (2024) 14911
AUHAU—J/p+AU"+AU", (S =200 GeV  STAR

® The |t| shapes of incoherent J/i are similar between bound and free nucleons

I I I I | I I T |
Incoherent suppression:

i (W o =19 GeV

s

incoh —

- -
---------
- - -

-
. ~
BRI o A w o, ~a
.h.
-~

"
-, LR
~,

e,
-

—x— STAR data lyl < 1, all neutron L N
—— H1 free proton scaled to UPC vy “Au %
= H1 free proton template fit: y/ndf = 1.4~ ™.
- ....-.. BeAGLE
- LTA weak

———— Sartre with fluctuation
------- CGC with fluctuation
------- CGC without fluctuation

| [
[ 1 1 | | | I [ 1 1 I | ] *

= 0.497> + 0.05 = 0.05.

(para ) (meas.) (lumi.)

107 1
p? [(GeV/c)]

X~ M /W
0.05 0.04 0.03 0.02 v N .01 STAR
1 .5 [ | [T | 11 | [ [ [ | [ |
_ i Coherent S.\, Incoherent S’
<ED B »x Data 4+ Data -
- | LTA shadowing LTA shadowing i
O /A CGC w. substructure O CGC w. substructure
8 ¢ CGC w/o substructure 1 CGC w/o substructure |
— 1 .
C . CGC
O -] i < kinematic limit |
2 i I 0 _
P, K //2:/ iz I
e i % s % ; EA _
o / .
% i O
0)) - i —
7 0.5 + :
> | + 5 _
O B ] i
> i
Z | _
O | | | | | | | | | | | | | | | | | EI | | | | | | |
15 20 25 30 35
W, (GeV)

® The incoherent suppression factor is less than that of the coherent production

 (Cannot conclude if sub-nucleon fl

2m

Y
3 -
[J

\nr

uctuation is present in the incoherent photoproduction
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STAR, Sci. Adv. 9 (2023) eabq3903

A+ o"iSion - A STAR Signal m*n- pairs W|th P<6O MeV STAR Signal m*r palrs vs. models
= 5‘ 4 — S S Au+ Au {5y = 200 GeV
212§ A
S e Model I: R =6.38 fm, a = 0.535 fm
Q1 .:5 *
T : p ALLLEX Model II: R=6.9 fm, a = 0.535 fm
e d %
50.8 \
£ 4 ]
%0-6:—1‘((1)) =1+ A cos(2¢) Syst. Uncert. N o .
= X AN
o ¥ AutAu: A = (29.1 0.4 +0.4)x107° " R s s -
O0.4—- UtU : A = (23.8 0.6 =0.4)x107 0 K— - ST T i s o
¥ p+Au : A = (—0.5| +]1.2 iO.9|)><1O'2 » | f*-?-l o 1
0 g n I 0 I N 0 0056 01 015 02  0.25
0 PT (GGV)
® Strong cos2A¢ modulations due to photon polarization
» “Double-slit” interference is critical to this observable
® Sensitive to nuclear geometry — strong interaction radius
* New techniques for multidimensional imaging of nuclel
I ETNEEERFMEZARAEIN 15
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Xlng et al., JHEP 10 (2020) 064
Zha et al., PRD 103 (2021) 033007




Spln mterference for photoprc)duced J/?,b

T m— —*—*—,————m_;_ e T = = — ——

Zha et al., PRD 103 (2021) 033007 Brandenburg et aI PRD 106 (2022) 074008

~ 05f
= - :
N - photoproduction + - 0.6
% 04 p- ot - /52200 GeV @ RHIC energy
9 - Au + Au 200 GeV —J/ + 4 @l :
- Yy —>€e te _ .
N = f coherent J/y with soft photon
- XnXn |y|<1 04
-\ = me=- coherent J/y
0.2 — AN L
- S
- N
0.1~ 0
- Q
: N
O v . aemeal
~ - \~-_-—____—1"“‘L
-0.1F
-0.2 <
- pTe>0.2 GeV/c Inel 1
[ | _— l ) I l L1 1 l L1 l | — | l L1 l | | l L1 1 l L1 1l l L1 1l
~0.3

002 004 006 008 01 012 0.14 016 0.18 0.2

P (GeV/c)

| 015 020
q.1[GeV]

® Negative modulation predicted for J/i

- Decay daughters are fermions — different angular momentum projection along z-axis
® Need to consider the effect of soft photon radiation
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~ Spin-interference for photoproduced J/3)

== = e e ——— e - T

1 r Y+ RW/Zr — Iy +Ru/Zr p;<0.2 GeV/e
0.7 + Au+Au 200 GeV STIZ\R Preliminary 2 | STAR Preliminary T -
2.95 <Myt <3.2 GeVic o %80 Ru+Ru&Zr+Zr UPC {55=200GeV E E
05| v+Au->Jh+Au g 0.6 2:95<M, <32 GeV/c’ _— I -
m - g — -
O 04— I - 7
o+ Data © b Ok Data T .
© — Diff+Int ‘1’ O - B& T f 7
0.1 | I Ettae, . SR B o S -]
-------------------- ey \ """ EPA(A, =0) Es e
-0.1 A - —0.4: 2 EPA (A2¢ = 0) + Sudakov _::_ _:
D|ff+lnt'+Rad 06: | © EPA (A, =0)+ Geant T .
0.3 - STARnght E EPA (A, =0) + Sudakov + Geant - -
- . = I | - B 1 L 1 1 l 1 | 1 1 l 1 1 1 1 l 1 1 1 1 I 1 |
0 0.06 0.1 0.2 08 0.05 0.1 0.15 0.2
pt (GeV/c) pe® (GeVic)

® Experimental challenges of photoproduced J/i

. yy = e" e~ background
« Soft photon radiation
- Bremsstrahlung & detector effects

® |Indication of negative spin interference of photoproduced J/i at low pr

M ETREENFEFAZTIX 17
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® Significant experimental progress of two-photon interactions

» Demonstrated the b-dependence of photon pt — baseline to probe QGP EM effects
» Experimental signal of linearly polarized photon — new technigues to image nuclear

» Observed yy — 77 in UPC and showed the sensitivity to BSM physics
» QObserved yy — pp production — higher excitation of QED vacuum

® Multidimensional imaging of nuclel with photon-nuclear interactions

» Direct experimental evidence of gluon saturation?
» Observed spin interference of photoproduced vector meson — strong interactions radius

» First measurement of the [t|-spectra of incoherent J/i) = sub-nucleon fluctuation
» Observed Drell-S6ding process?

SERFYELRAN 18
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® Si

gnificant experimental progress of two-photon interactions

» Demonstrated the b-dependence of photon pt — baseline to probe QGP EM effects
» Experimental signal of linearly polarized photon — new technigues to image nuclear

» Observed yy — 77 in UPC and showed the sensitivity to BSM physics
» QObserved yy — pp production — higher excitation of QED vacuum

® Multidimensional imaging of nuclel with photon-nuclear interactions

» Direct experimental evidence of gluon saturation?
» Observed spin interference of photoproduced vector meson — strong interactions radius

» First measurement of the [t|-spectra of incoherent J/i) = sub-nucleon fluctuation
» Observed Drell-S6ding process?
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Energy dependence of tyy = e e produetlon

STAR, arXiv:2407.14821

I IIII|IIII|IIII|IIII|IIII|IIIIJIIII|IIII|III

544 GeV

200 GeV

¢ 40-60%  [160-80%

M 60-80% 2 UPC

® 80-100% ---EPA-QED
04 <M,, <0.76 GeV/c’

Open: STAR, PRL 121, 132301 (2018)
STAR, PRL 127, 052302 (2021)
[ |

p;>0.2 GeV/e, n‘l<l, ly“I<1

10°

10°

IS\ (GeV)

® Clear energy and centrality (b) dependence of yy — e*e” production

10*

Consistent with EPA-QED baseline

T
>
c
+
>
c

—k
N

—

Skin Depth (fm)
© O
@) 00

o
N

O
N

99.7% Confidence

EPA: 1n1n

54.4 GeV HHIC

200 GeV UPC

200 GeV HHIC

54.4 GeV (HHIC) + 200 GeV (HHIC)
low energy e-scattering

L—II|III|III|III|III

45

5

5.5

6 6.5I I 1 1 7 1

Charge Radius (fm)

® Constrain the nuclear charge distribution with yy — e™e™ production
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STARLIGHT ]
LHC beam energy -

—— 0nOn

r ' ' L ' ' L
Pb _ Pb’ 5 ' _
—
Y | |
Y
Pb

I —— XnOn |
Q —— XnXn
Pb * i O 1 1 1 Ll | 1 [ T I | |
10 102 103

b (fm)

Klein and Steinberg, Ann. Rev. Nucl. Part. Sci. 70 (2020) 323

® Control the impact parameter via forward neutron multiplicity
* Dxnxn < Donxn < Donon

M ETHREEENFINIBEFZASIN 21
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CMS, PRL 127 (2021) 122001

A solution to the

2 CMS PbPb 5.02 Te

0 5 . 10 15 20
N ZDC

Single neutron peak

2m
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Plus

== = —_——— o — ———— e e . —_— = = = — —

“two-way ambiguity”

Guzey et al., EPJC 74 (2014) 2942

Experimental

measurements Photon flux
from theory

dqgﬁo—leA'J/ Y _ A7OnOn OnOn
o Ny ((@1) - Opps gy T Noyja (@2) * Cpu, s ()
d GOan ,
AA—-AA Ty OnXn OnXn
dy — N},/A (a)l) " OyAS TpA (w)) + N yIA (0)2) " OyA—JIyA (@)
dqg&(z)glAA’J/l// _ A XnXn XnXn
dy = Ny/A (a)l) 1 6yA—>J/l//A'(601) + N},/A (602) | 6yA—>J/l/fA'(a)2)

What we need!

J

Solve the “two-way ambiguity”

|

Probe gluons at x~10-5-10-4 in heavy nucleus!
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ALICE, JHEP 10 (2023) 119
ALICE, EPJC 81 (2021) 712
ALICE, PLB 798 (2019) 134926
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CMS, PRL 131 (2023) 262301
LHCb, JHEP 06 (2023) 146

e —

- Pb
Coherent J/ oductlcn VS. W},N

X
-1 1072 107 107 107
CMS Pbe 1 -52 nb (5.02 TeV) 3 103 [T T Illl T 1T 1 T T Illl T 1 .71 T Il Il u
| | I B N B B | | T T T 11 = - ® ALICE .
e o) - ¢  ALICE (PRL113 (2014) 232504) -
® CMS i L - Power-law fit to ALICE data Q‘ i
e = - O  H1 @ LI
1071 - O ALICE "/' T L v ZEUS éQ‘Q E:, - -
[ . e o O  LHCb pp (W+ solutions) QQ Q,@ -7
o) . A LHCDb" (-4.5<y<-3.5) < - O LHCb pp (W- solutions) Y/f, =T -
é X Syst. exp. . _
—~ - T Jlegyet v e s = == - ¥ |1 4q4 -  _a@eY  —---- CCT .
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