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UPCs : The Strongest Electromagnetic Fields

-

=

=>|n heavy-ion collisions:

Emax = =5 ~ 5x1016 — 10® V/cm

|| Bpax ~ 10— 106 T

=Strongest EM fields in the Universe
=>But very short lifetime — not constant

Must be treated in terms of photon quanta

80 GeV @ LHC
Eymax = YC/R 3GeV @ RHIC



Types of Processes in UPCs
Photon + photon

Photon + target

Pb Pb™ Photon
Source <
Y
N
[P
Pb Pb® Gluons from nucleus (target)
1. Explore non-linear QED 1. ‘Image’ nuclear gluon distributions
2. Discoveries -> now tools 2. Test gluon saturation predictions
3. Test for Physics Beyond Standard Model 3. Investigate sub-nucleonic fluctuations
4. 4.



Types of Processes in UPCs

Photon + photon Photon + target

Ay Photon
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Gluons from nucleus (target)

‘Image’ nuclear gluon distributions
Test gluon saturation predictions
Investigate sub-nucleonic fluctuations

Explore non-linear QED
Discoveries -> now tools
Test for Physics Beyond Standard Model
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vy = 771~ Process

» Sensitivity to the tau anomalous magnetic moment!
 BSM sensitivity Sa; o« m; ~ 280x more sensitive than u

Three channels available: ey, p+track, p+3 tracks
Use yy — utu~ to help reduce systematic uncertainty

from photon flux Pb
. 5.00
+—o—
Significance will likely decrease Fermilab 1+2+3
with an updated SM prediction (2023)
510 Tl
G —
-~ e
SM: e+e- HVP World Average
T.l. White Paper (2023)

(2020)

&
SM: e+e- HVP
using only CMD-3
data below 1 GeV

17.5 18.0 18.5 19.0 19.5 20.0 20.5 21.0

a,x10° -1165900

(Muon g-2 Collaboration) arXiv:2308.06230 Pb
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https://arxiv.org/abs/2308.06230

CMS Experiment at the LHC, CERN
Data recorded: 2015-Dec-06 21:41:27.033612 GMT
Run/ Event / LS: 263400 / 88515785 / 849




Anomalous Magnetic Moment of tau

Matthew Nickel (CMS)

Peter Steinberg (ATLAS)

DELPHI, ee—e(yy—tr)e
68% CL, Eur. Phys. J. C 35 (2004) 159

*) ™)
CMS, PbPb—Pb (Y=, Taprong) PP

68% CL, 0.4 nb’

OPAL 1998
L3 1998 .
e ———
DELPHI 2004 : ATLAS
Pb+Pb \s,=5.02 TeV, 1.44 nb"

0.1
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Accepted to PRL as Editor's suggestion

M1 T'SR —#:— . Best_fit Va'ue
CMS Phase 2 Projection Preliminary . —— 95%CL
! . " M - + .
- PbPb—Pb' (177 Tg,0ng PD'  68% CL, 13 nb”
: Based on rate-only-analysis, assuming 4% uncertainty Combined —=—
| Expected — ———
I | | | | | I | | 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1
0 0.1 -0.1 -0.05 0 0.05 0.1
a, a,
arXiv:2206.05192

arXiv:2204.13478 acc. by PRL
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Photon Pol/arization In Ultra-Peripheral Collisions e

_E g ) 2 :Beam Direction
SRRy (eT+e™)
;/" v \é2
| ’ >\ )
& & T
i % G):____-_____—__ L& ====t= :-----® v v 6
$ » < pa

/NN » Polarization vector ¢: aligned
- radially with the “emitting” source

» Intrinsic photon spin converted into
| | orbital angular momentum

For decades it was believed the polarization info  * Observable as anisotropy in eT
was lost due to random event-by-event orientation! =~ Mmomentum

C. Li, J. Zhou, Y. Zhou, Phys. Lett. B 795, 576 (2019) S. Bragin, et. al., Phys. Rev. Lett. 119 (2017), 250403
C. Li, J. Zhou & Y. Zhou Phys. Rev. D 101, 034015 (2020). R. P. Mignani, et al., Mon. Not. Roy. Astron. Soc. 465 (2017), 492
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Photon Polarlzatlan In Ultra -Peripheral Collisions e

"‘1 400 1 (STAR Collaboration)

Q STAR 0 45 < |V| <0 76 GeV Pl<01 GeV 1 Phys. Rev. Le{ 127, 052302 (2021)

E£1200— . — , + —
= " ¥ Au+AuUPC ¥ Au+Au60-80% x 0.65 . (@ —+e )
%; 1000 Fit: Cx( 1 + A2A¢cos 2Ad + A4A¢cos 4A¢ ) +10 -

=) — 1] _

o] — Y | i

o 800_— b ;r —]

-y
Tmmpy
----------
------

* Polarization vector ¢: aligned
radially with the “emitting” source

Without Polarization :
— - QED -»=s STARLight -

Polarized yy — e*e™:

o

----SuperChic | ] * Intrinsic photon spin converted
L ) :
0 z Mo=0_ -0, 7 into orbital angular momentum
. * Observable as anisotropy in e*
Experimental access to photon Py
. .. momentum
polarization demonstrated
C. Li, J. Zhou, Y. Zhou, Phys. Lett. B 795, 576 (2019) S. Bragin, et. al., Phys. Rev. Lett. 119 (2017), 250403
C. Li, J. Zhou & Y. Zhou Phys. Rev. D 101, 034015 (2020). R. P. Mignani, et al., Mon. Not. Roy. Astron. Soc. 465 (2017), 492
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Applications of yy — [71~

Sensitivity to spin states — novel
approach for constraining massive ?/
dark photons

PHENIX | | /

couts/(/20)
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600 + 10—7<
e e \
*x STAR Au+Au UPC data AI
400— —yy — ete’
- —yA —e'e Dark photon 107
— Total d P oto e ! stAR
1 1 I 1 | 1 I
0 JEE o n

I\ -/ (2023-25)
Isabel Xu, Nicole Lewis, Xiaofeng Wang, 10752 '
James Daniel Brandenburg, Lijuan Ruan

107!
MA/ [GGV]
arxiv:2211.02132

Relevant for LHC Axion search in Light-by-Light scattering
JDB, W. Zha, and Z. Xu, Eur. Phys. J. A 57, 299 (2021)

10°



https://arxiv.org/abs/2211.02132
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I will take just this one experiment, which has been designed to
contain all of the mystery of quantum mechanics, to put you up
against the paradoxes and mysteries and peculiarities of nature one
hundred per cent. Any other situation in quantum mechanics, it
turns out, can always be explained by saying, 'You remember the
case of the experiment with the two holes? It's the same thing'.
-Richard Feynman

X

A
DETECT(\)\F\’E P, Pio
41
-
R . . >
72 P,
WALL BACKSTOP P, = |12 Pi> = |¢1 + o2
P> = |¢2|?
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Imaging the Nucleus with Polarized Photons

What is NEW with transversely polarized photons?

R E B
Rz
Y A2
Aq A IEDE?
Y ' p \
| ; |




Imaging the Nucleus with Polarized Photons

What is NEW with transversely polarized photons?
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Imaging the Nucleus with Polarized Photons

What is NEW with transversely polarized photons?

R E B
X 2
ot T
4\ O A,
Y o ) A,
Aq A IEDE?
Y ' p \
| g |
| } :IU |

Both possibilities occur simultaneously



Observation of Interference in p° -t~ —

STAR Signal ©*x~ pairs with PT <60 MeV

I

B Y

% Ay
‘Y\*‘ : _-' - li‘Y" | _*_ t 1,

—
I [ Ii\)

O A T

i
i
1

i

counts (norm. to unity)
o
0o

*—fz-----f- S ure "#"'f"‘i:" t ¥=

0.6 f(¢) =1 + A cos(29) Syst. Uncert.
¥ AutAu: A = (29.1 +0.4 +0.4)x107?
04 U+U : A = (23.8 +0.6 +0.4)x107?
[ g p+Au i A= (—0.5| +1.2 iO.9|)><10_2
T T
e 2 0 2
¢

STAR Collaboration, Sci. Adv. 9. eabq3903 (2023).
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Intrinsic photon spin transferred

to p°

p? spin converted into orbital
angular momentum between
pions

Observable as anisotropy in T+
momentum

H. Xing, C. Zhang, J. Zhou and Y. J. Zhou, JHEP 10(2020), 064.
JDB | Ohio State University
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https://www.science.org/doi/10.1126/sciadv.abq3903

Observation of Interference in p° - wtn™

STAR Signal ©*x~ pairs with PT <60 MeV
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0.6 f(¢) =1 + A cos(29) Syst. Uncert.
¥ AutAu: A = (29.1 +0.4 +0.4)x107?
04 U+U : A = (23.8 +0.6 +0.4)x107?
[ g p+Au i A= (—0.5| +1.2 iO.9|)><10_2
T T
e 2 0 2
¢

STAR Collaboration, Sci. Adv. 9, eabg3903 (2023).
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Tt

Intrinsic photon spin transferred
to p°

p? spin converted into orbital
angular momentum between
pions

Observable as anisotropy in T+
momentum

H. Xing, C. Zhang, J. Zhou and Y. J. Zhou, JHEP 10(2020), 064.
JDB | Ohio State University
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https://www.science.org/doi/10.1126/sciadv.abq3903

Interference of Amplitudes, so what!?

E A ‘ ------------------- Entangled ................. ‘ A TO E
: : : STAR -
- Interference-......... N :
E "'-...‘l::::‘.‘.,.\l.l.-.-.-.-.-.-- :
p°:tc < |b|
i T Only one “real” pair :
. Interference through .
distinguishable m* and T~ @
. gold gold =
EII..ip.I}IIm.IIII?E)lf?{r:‘t;(l){r:‘?f?f?llIIIIII..-...I.].IQI;]-..I.E

September 8, 2023 JDB | Ohio State University 18



Analogy to
Interferometry in
Astro-Physics

Quantum
Interference
provides sub-
diffraction
limited imaging

@}. Event Horizon Telescope

M87 Supermassive
Black hole



@}3 Event Horizon Telescope
Analogy to

Interferometry in
Astro-Physics

. Access to details of
luon distribution
Quantum ﬂ\» gluon cisiribune
| and neutron skin
Interference

provides sub ot high energy

diffraction
limited imaging

Nuclear Gluon
distribution

September 8, 2023 JDB | Ohio State University 20



Neutron Skins at High-Energy

Siy, = 0.17 + 0.03(stat.)

03— 10. 08(syst.) fm

- = experiment

I linear average
02 |~ of experiment 45Cd SMR ~EDF = 0.17 fm

- A prediction Eq. (2) Bally, B., Giacalone, G. & Bender, M.

i g EE;JEOM < Eur. Phys. J. A 59, 58 (2023).

57 > R— .
0.1 s et ART ~-+— T 2] » Gold agrees well with
261 € T MRS = S
- . S e HPb 1 state-of-the-art energy
- -2 _ 1> 1220 o N . .
O~ I It ale 07 density functional

= - : 48 . .

g s sy 2 1 calculations

_ I Sn 7 . .
01 ca T Fe P ? 7 * Consistent with trend from

0 ' ' ' ' Oll ' ' ' ' OI.2 ' low energy measurements
I=(N-Z)/A

September 8, 2023 JDB | Ohio State University 21


https://doi.org/10.1140/epja/s10050-023-00955-3

Neutron Skins at High-Energy

<« Uranium

03— 1 T T T ] Sy = 0.44 + 0.05 (stat.)
m  experiment “Th
124, 130,20
i linear average 106 16 d508n52 e I 1 1+0.08 (syst.) fm
0 2__ ~ of experiment 45Cd 4 Eﬁ nn?/n’/ N
L A prediction Eq. (2) e, 2 RS ' =
Sn DO O ¢ 74 : :
. o FSUGold w, 00l -"ge QL 7T 4« Uranium neutron skin
- o SLy4 w0 o 2y VA - o
0.1}~ . aFd e A RA 2-oomp Ty appears surprisingly
= 26Fi | - AR - - ’% 126T 128T 83208Pb9 - Iarge?
i A - A'A | le,/’ 122T e e i
et g g saTe ngr -+ Above trend and low-
ar S iy 2 Ca 1 energy measurements?
-0 1-— 40Ca N 56Fe 59 B SOSn __
| i B 1 2I8N1 1 "’ 1 427(:0' 1 1 1 1 I 1 ]
0 0.1 0.2
[=(N-Z)/A
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Robust Theoretical Descrlptlon

* First theoretical prediction for o 170 +_
deformed Uranium = O E
= 7op E
» Sensitivity to nuclear geometry! g 74 3
g 72F 5
i 1; 7E sTARdata " Model E
W 6.8 o U+U U+U, B_ = 0.28 3
2 ‘ J ‘ 66:— m  Au+Au AutAu” 3
8.2
. 8F
« 2D Tomography possible through E g
Interference effect @ 76t
: . SE:
* Also require very large U radius s ;‘2‘
* Assumes amplitude interference for 7¢
N ! 2 )
coherent process 6.8 e

H. I\/Iantysaari F. Salazar, B.Schenke, C. Shen and W. Zhao, in
preparad

&F 8, 2023 JDB | Ohio State University



Entanglement enabled Intensity Interferometry
from exclusive 7*7~ measurements in UPC's as an
inverse Cotler-Wilczek process

Haowu Duan, Raju Venugopalan, Zhoudunming Tu, Zhangbu Xu, James Daniel Brandenburg, In preparation

Cotler-Wilczek Process: use entanglement ‘filter’ to convert

different wavelengths of light to a common state— interference
Annals of Physics Volume 424, 168346 (2021)

2

Entanglement Enabled Intensity Interferometry Frank
September 8, 2023 JDB | Ohio State University Wi.ilczeck



https://doi.org/10.1016/j.aop.2020.168346

Entanglement enabled Intensity Interferometry

from exclusive 777~ measurements in UPC’s as an
inverse Cotler-Wilczek process

Haowu Duan, Raju Venugopalan, Zhoudunming Tu, Zhangbu Xu, James Daniel Brandenburg, In preparation

Inverse Cotler-Wilczek Process: ‘Filter' p° state comes first.
Entanglement of daughter pions enables interference

< NyNplrtn™ > = < NyNglpa >< palrtn™, A >
X < 7T+7T_,A|(|7T+, 1> |7, 2>+ 2> |7 ,1> )
+ < NuNplpp >< pp|rn~,B >
X <7T+7T_,B\(\7T+,1> 77,2 > 7,2 > \77_,1>).

(16)
Interference only occurs if final state particles are entangled!

Frank
Wilczeclk

September 8, 2023 JDB | Ohio State University



Access to Hadronic Light-by-Light

: ‘Filter’

AVAVAV +9 5—1,

Interference with the hadronic light-by-light diagram
Leads to a unique signature -> odd spin configurations




Novel Experimental input for muon g-2

Contribution from Hadronic Vacuum Polarization and Hadronic Light-by-Light
are the largest theoretical uncertainties for Standard Model muon g-2

5.00 Fi 350 _

r——

Significance will likely decrease Fermilab 1+2+3 -

with an updated SM prediction (2023) 300 B

* —e — 2 250

SM: e+e- HVP World Average oy L

T.l. White Paper (2023) < i
(2020) E 200

Nl(?"‘l results in tension ? 1 50 :_
with White Paper (2020) > L
\>’. L

© 100f

= e i

SM: e+e- HVP 50

using only CMD-3 -

data below 1 GeV i

17.5 18.0 18.5 19.0 19.5 20.0 20.5 21.0 Ot
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a,x 10 -1165900
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Elliptic Gluon Tomography (Tensor Pomeron)

7;f e ‘Filter’ Elliptic gluon distribution: correlation

7 .
. between impact parameter and momentum
1 fB * Clear signature of elliptic gluon
» h distribution within nuclei.
.  Complimentary measurements at RHIC
Phys. Rev. D 104, 094021 (2021) and EIC
0.10¢ total RHIC 0_035
008 elliptic gluon ] 0 025 EIC
A (=== QED | A B
S 006! S 0.01?
> ' % '
8 ' 8 0.00 — ===z
S 'S 001"
v v total
-0.02 ERERTRES elliptic gluon
_0-03?———— soft photon

0.00 0.05 0.10 0.15 0.20




Confirmation from ALICE

Neutron emission categories test the impact

1.6

1.4

0.8

0.6

0.4

0.0l
—TT

Xn0n

ALICE Pb-Pb UPC ys,, = 5.02 TeV
Pb + Pb — Pb + Pb + p’

September s, 2023

S 0.35
0.3
0.25
0.2
0.15
0.1

0.05

JDBI _ ___

parameter dependence

II|I‘IIII|III||||II||II||II|I’IIII

HH ALICE data stat. (bar) + syst. (box)

ALICE Preliminary

Pb + Pb — Pb + P + p°

—— STAR Au-Au UPC
—— STAR U-U UPC

H. Xing et al. model

OnOn

4
1

XNOn + OnXn

ALICE ys,, =5.02 TeV, p, <0.1GeVic, ly[<0.8
STAR ysy =200 GeV, p_<0.06 GeV/c

XnXn

I OnOn XnoOn + OnXn XnXn .

L

arge b

= ____ _niversity

Smallb




Polarization effects: coherent diffractive J /¢

* New STAR measurement of

I/

e Consistent within error with
Diffraction + Interference
(Diff+Int) effect at low p

. Effect of Soft Photon radiation ©
(Rad) visible at higher p;

* New results on soft photon

radiation (Sudakov effect)

from ATLAS (See Peter
Steinberg's talk)

0.7

0.5 |
0.3 |
0.1}
0.1}

-0.3 t l
0 0.06

. Au+Au 200 GeV

Y+ Au ->Jhp + Au’

-+ Data
— Diff+Int

STAR Preliminary

2.95 < M+, < 3.2 GeV/c®

$

— Diff+Int+Rad
— STARLight

0.1

pt (GeV/c)

0.2



Constraints on Soft Photon Radiation

* New STAR measurement of
J/Y

e Consistent within error with —
Diffraction + Interference
(Diff+Int) effect at low p

o Effect of Soft Photon radiation
(Rad) visible at higherp;  » P

—h
o
o))

LA LA NN BLELEL BRI LR B
ATLAS
Pb+Pb |s,, = 5.02 TeV
yy—e*e, L=1.72nb"
XnXn i
fogg = 0-13 = 0.01 E
e Data2018 ]
- = = = STARIight+Pythia8

........ Dissociative (SC4+Py8) 3
s Total

10<m, <20 GeV,ly_|<0.8]

-
o
S

Events / bin width
S,

B 10°
ko

* New results on soft photon

radiation (Sudakov effect)
from ATLAS (See Peter wt

Steinberg's talk)

III:-,-J.IIIIIII IIII—
0 0.02 0.04 0.06

IIII IIIII
0.08 0.1 0.120.14
a(=1-1Ad/x)

Pb Pb 1




Polarization effects: coherent diffractive J /¢

: ar
. ALIC!E measurement of spin [ ALIGE Prefiminary
density matrix elements of J /¢ [ Pb-Pb, |5, =5.02 TeV
. . 3+ 70-90%
« 'Standard’ spin alignment at : J“‘*"C'W A i 90; -
.. » 'y < u'u p. <03 GeVic
forward rapidity N ean e
* Not related to interference o p, <0.25GeV/c
effects i arXiv:2304.10928
1;.. .............................. WP Ittt eetsttatetttatittes
: L
 Consistent with transverse »
polarized J /Y 0l
[ Afnan Shatat (ALICE)
: Unceramtes: stat. (bars), syst. (boxes)
-1
September 8, 2023 JDB | Ohio State University 32



Coherent / /1y Production away from Mid-Rapidity

» Rapidity dependence is key to distinguishing physics
JHEP 06 (2023) 146

Y

G-
[}
L CMS

_PbPb 1.52 np‘1 (5.02 TeV)

—8— LHCb 2018data

Pb + Pb — Pb + Pb + JAp

CMS
ALICE 2019
ALICE 2021
LHCb 2022

6_

—

dthp / dy (mb)

AnAn .|

— CD_BGK ] e
- - CD_GBW
------- CD_IIM i

SO NN WA RN UTO S
Q@ OO OO OO OL.O: et &' Ot

I LI I 1 I I I

CMS: [arXiv: 2303.16984]

1 1 1 I I 1 1 1 1
LHCDb 2015data
—&— ALICE data
—¥— CMS data
=== STARIight
LO pQCD (GKSZ):
N LTA
== 1 EPS09
I nPDF unce.
NLO pQCD (FEGLP):
—— FPPS21
nPDF unce.

Scale variation

|
LHCb
PbPb /snyn = 5.02 TeV

Coherent .J/v production
Luminosity unc. : 4.4%

Colour-dipole:
-~ bCGC+BG (GMMNS)
-~ bCGC+GLC (GMMNS)
-~ IP-SAT+BG (GMMNS)
== JP-SAT+GLC (GMMNS)
—-a—[s fluct. +BG (MSL)
- No fluct. +BG (MSL)
----- Is fluct. +GLC (MSL)

No fluct. +GLC (MSL)

T T B - GBW+BT (KKNP)

' 0 1 2

JiaZhao Lin (CMS)

September s, 2023

-1 0

| =
3 4 -+~ GBW+POW (KKNP)
-~ KST+BT (KKNP)

- GG-hs+BG (CCK)

Xiaolin Wang (LHCB)
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Photon Energy Ambiguity

(a) photon emitter
\ (higher energy)
————————— W > >
A JIY _J/
C % 0—’ OR 0_?
t t ‘
o arget W) SR ')

photon emitter
(lower energy)

Utilize rapidity dependence & neutron emission to resolve ambiguity

Explore process in terms of W,,,, — x-dependence
New insights into the gluon distribution and dynamics

September 8, 2023 JDB | Ohio State University 34



Photon Energy Ambiguity

What is measured What we want
onon
Sy = N9¥"(y) - o /() + N (~y) - & /(=)
Dominant b ranges of dy AR va=liva
different neutron classes: d o O
e OnOn:b>40f AA-AATT Y Oan Oan
nvmn. m d =N, ) - UyA—>]/1pA’(}’) + N (=) - O-yA—>]/1/)A’( )
e OnXn:b~20fm y
e XnXn:b<15fm do X,
AASATA Y
dy ;%X”(}’) O-yA—>]/1,l)A'(y) + N ann( —y) O-)/A—>]/1/)A'( y)

Utilize rapidity dependence & neutron emission to resolve ambiguity
Explore process in terms of W,
New insights into the gluon distribution and dynamics



Photon Energy Ambiguity

What 1s measured What we want
arXiv:2303.16984 onon
5. CMS PbPb 1.52 nb™' (5.02 TeV) do
I ‘ ' ‘ : AA-AA]YY L onon onon
S POTPO PO PO EIY e 000 dy = Nyja" V) - Opassyppar @) + Nyja " (=9) - Oy assy ppar (=)
g |
g b WX OnXn
> ¢ /,—" AA-AA ] /Y . onxn . onxn,__ . _
S| R L 5 C U dy = N, /A (y)-o YA-J /A (y) + N, /A (—=y) Oya—j/pA (=y)
'8—’10—1 | ”’l :;.l,’"/’:' ------------ (S‘I:]Zb,n OHE)I(n )%(nDt -
............ |_-|a-Aa_ss ; dO_Xan’ :
T St ] AASAAJ/Y _ nXnxn L
i ” - - - y dy - Ny/A (y) "Oyasg /A’ (y) + Ny/A (_y) "Oyasg/pa’ (_y)

Utilize rapidity dependence & neutron emission to resolve ambiguity
Explore process in terms of W,
New insights into the gluon distribution and dynamics



Photon Energy (Bjorken-x) Dependence

g 10°

)

o

=
LHCB ©
JHEP 06 (2023) 146

10°

CMS
arXiv:2303.16984
10

ALICE
arXiv:2305.19060

September s, 2023

Bjorken-x
1072 107° 107 107°

¢ ALICE, Pb-Pb s, = 5.02 TeV (arXiv:2305.19060)

¢ CMS, Pb—Pb |5, = 5.02 TeV (arXiv:2303.16984)

i Guzey et al., using ALICE Pb—Pb |s,,, = 2.76 TeV (PLB 726 (2013) 290-295)

A Contreras, using ALICE Pb—Pb |s,,, = 2.76 TeV (PRC 96 (2017) 015203) _ -
- - Impulse approximation -7
--- STARlIight .7
— EPSOQ9LO T =

-
-

.=
-

I.III|

—————
- .-
- -
-

==

-
.-
.-
-

- T
| =

20 30 4050 102 2102 10°
Wy, (GEV)

JDB | Ohio State University

JiaZhao Lin (CMS)

Jl Simone Ragoni (ALICE)

Xiaolin Wang (LHCB)

The impulse approximation
assumes that the nuclear

_| scattering is given by the

superposition of the
scattering
on the individual nucleons
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Photon Energy (Bjorken-x) Dependence

Bjorken-x
) 1072 107° 107 107°
> [ ¢ ALICE, Pb-Pb |5, =5.02 TeV | | = : :
1.8~ ¢ cwms, Pb-Pb |s,, = 5.02 TeV (arXiv:2303.16984) =l JiaZhao Lin (CMS)
’ 6:—  Guzey et al., using ALICE Pb-Pb s, = 2.76 TeV (PLB 726 (2013) 290-295) =
T A Contreras, using ALICE Pb—Pb |s,, = 2.76 TeV (PRC 96 (2017) 015203) 7 . .
LHCB 1.4 - - Impulse app?of:mation o ) ----LTA =) Simone Ragon' (ALICE)
JHEP 06 (2023) 146 [ -.- STARIight ----GG-HS E—
.25 —EpsogLo ~-- b-BK-A gl Xiaolin Wang (LHCB)
1= — As much as 50%
CMS 0.8 —| suppression at
arXiv:2303.16984.6" i [ : -~ low-x
— Bl 1) S 5 ]
0.4 do do .EE %Ilm‘[b—;
- S = g -
02 Yaata s 1 No single model
ALICE 0 : | | | | | | 1| I ] | | ] | | [ | : . g
arXiv:2305.19060 20 30 4050 102 2x107 10> describes data,

more to learn!
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Sub-Nucleonic Imaging
238y, B, = 0.5 238U, B, =0.5




Incoherent Process, Not just a Background!

* Transverse momentum sets the
length scale

A0 LA AL ALY AR LA AL A A KA AR LA AL AL A At )
° ) )
See' structures from whole 10 fm 1fm 0.1 fm

10*F

— —— B.=0.50, w. subnucleon

_— [32=0-28, w. subnucleon
w3 =0.00, w. subnucleon *
Bg=0.28, w.0. subnucleon

lll
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Incoherent / /1) — Sub-Nucleonic Imaging

Au+Au — J/ +Au*+Au* STAR Prelimina
T 10 ALICE, Pb-Pb UPC | 2 TeV ] " |ncoherent Subt ry
S - , F0— Syy =9.02 Te i Incoherent Suppression: -
q) — \'~.~' 1=
Q) i \i';_b_ J/y photoproduction, |y| < 0.8 i Smcg; =0. 41?(?42 + 0.01
O i \"\\\ $ Coherent: PLB 817 (2021) 136280 —k——k— (scale) (data)
£ S e GSZ-LTA e
= 1= NS —— b-BK N’G 102 | -
LS) - \\_ ¢ Incoherent: arXiv:2305.06169 S - u
o) - Y - n
o B —“?_ --- MS-hs [0)) L ]
o N ~= MS-p S -
° | \ —— MSSHi S - -
R =
s e Z T Incoherent J/P production Vs
- N © 2
- . e GSZ-el
B i NQ_|_ 10 pT
i % n
8 - \s,, =200 GeV
. —%— STAR data lyl < 1, all neutron
' . | —— H1 free proton data scaled to UPC y*Au'®’ i
- ) 1 1 I R A | | ‘l ’l' 1 ] ‘h I T I I | | | x'r \|\|\‘J. | T T O H1 free prOton template flt lendf = 16
10—3 10—2 10—1 -I 1 | | | | L1 II| | | | | L1 II| |
-1
t| (GeV?) 10 1

Adam Matvia (ALICE) P (GeVicy
Ashik Ikbal (STAR)
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Incoherent / /1) — Sub-Nucleonic Imaging

1072

do, p/dltl (mb GeV?)

1073

8 20
S 15
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= 00

September s, 2023

ALICE, Pb-Pb UPC  {sy, = 5.02 TeV
“"m. ALICE incoherent JAy, Iyl < 0.8
,,,,, % —+— Uncorrelated stat. + syst.
ORI Correlated syst.
\ —+—“, -----
LN v
BN
T TN :
C N
- . \
B . ~
- &= MS-hs
— =% MS-p
. —e - GSZ-el+diss
i o - GSZ-el
|
| Sub-nucleonic fluctuations
R . N 8
1 1 I 1 1 I 1 1 1 I 1 1 .I I 1 1
0.2 0.4 0.6 0.8 1.0
It (GeV?)

Adam Matvia (ALICE)

§ 102
(\310
=
)
2
S~
O
=
>
©
SV o
g
B
g

1

Au+Au — Jhp+Au +Au*

STAR Prellmmary

Incoherent Suppression: |

Sioo = 0.41y,: + 0.01

(scale) (data)

s-=200cev  Wrtfree proton

—%— STAR data lyl <1, all neutron
—— H1 free proton data scaled to UPC y*Au'®’ _

H1 free proton template fit: x?/ndf = 1.6

JDB | Ohio State University Méntysaari et. al, Phys. Rev. D 106 (2022) 7, 074019)
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Ashik Ikbal (STAR)
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What carries the Baryon Number?

Valence quark Baryon junction [1, 2]

N

N\ p
\ )
@ \ /

) \
\ £
//J \
/ \

/ \

/ / \\

y
,//

Conventional picture

[1]: Artru, X. String Model with Baryons: Topology, Classical Motion. Nucl. Phys. B 85, 442—-460 (1975).
[2]: Rossi, G. C. & Veneziano, G. A Possible Description of Baryon Dynamics in Dual and Gauge Theories. Nucl. Phys.
B 123, 507-545 (1977)
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Net-Baryon in Photonuclear Collisions

A D LI I L

—————
— PYTHIA 8 y+p

(Tgsgr’zs) PYTHIA 6.4 y+p
e e e e e e e e e e e HERWIG p+p
Theory 0 J+J
_unction) X e J+P |
STAR Preliminary * ‘ Y + Au

Au+Au 70-80%

Au+Au 60-70%

Au+Au 50-60%

STAR Au+Au 40-50%
Au+Au 30-40%

Au+Au 20-30%

Au+Au 10-20%

Au+Au 5-10%

Au+Au 0-5%

el e —r— P 1 1 1 1 P [ ——

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.

Rapidity slope parameter (ag) Figure from J. D. Brandenburg,
N. Lewis, P. Tribedy, Z. Xu,
arXiv:2205.05685 (2022)

—y -y
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QGP-like signatures in UPC?

Shengli Huang

Sruthy Jyothi Das

(ATLAS)

STAR 1 1 I 1 1 I 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I I_

( ) 0.12ATLAS 3DGlauber + MUSIC + UrQMD—

& 1.08 — V{2} v4{2} Vo{2} va{2} .

§ [ Au+Au | = 200 GeV (year 2019)  STAR Preliminary L e UPC b P ]

= .06 y+Au events, 5 <N’ < 15 0.1t Yo+ (\/ N —

s - 02<p"'9<2oeewc ------- i === ---p+Pb s —5;02T1V'

Z 1.04 02<paSS°<ZOGeV/c n p+Pb . o % as upEER AR ""f

€ 1.02 n Vo(p+Pb) > v, (r* +Pby

e L N }/*+Pb i
Ql eI

I 1 e A b NI - ]

>_ » = -

= B g Wt (B wonldom]

0.981= — Fourier fit — o © —

- --1+v,, coslAp B -

-\ &S e 1+ v22 COS2A¢ ~ -

0.96- -1+ V,, Cos3A¢ - i

- N - 1+v,, cos4A¢p — ! |

094_ [ P | P (R IR T T N O 20 40 60 80 1 OO 1 20 1 40 1 60

_1 0 1 2 3 4 N
A ch

 First STAR study of flow in yA
* ATLAS: Flow even in UPCs -> hierarchy with pA

September s, 2023
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First measurement of Photonuclear K¥K~ production

NI ALICE Preliminary & ouwf | - | | ]
s T Pb—Pb UPC, |[Sy, = 5.02 TeV S100F kK, 0.05 < |y<*| < 0.5 :
o 10°E V<08 p. . <0.1GeVic 8 i STAR Preliminary
= = ! = 4in3L —*e€'e,ly | <1 =4
e o 107 E E
£ B —e— ALICE data = g :
S r B Best fit = sl Au+Au UPC ys,, = 200 GeV
-g\ 2 - O 102 3 —— -
o 10°E — — 7' system B S - e
© H Emmm B /A |=0 = g EE—E—
c\_no Eem KK “ % (1020)1 — ) 10 = = -
—_ -yy—>f2(1270)—>K+K (x 100) E == .
| ; K'K(e'e) _é_ -
10 16 P < 0.1 GeV/c ‘#7 —g
107 ¢ pf‘ei’ > 0.2 GeV/c, <) < 1 s
1 1.1 1.2 1.3 1.4 102 —— ' ' ' ' ' '
M,.. (GeV/c?) 2 138 44 95 16 17 48 19 2
M (GeV/c?)

Alexander Xin Wu (STAR)

Bylinkin (ALICE)
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First measurements of Photonuclear 1" 77~ production

Alexander

 STAR and ALICE: Data suggest multiple resonances

David Tlusty (STAR) 4000

Bylinkin (ALICE)

— ALICE Preliminary Pb+Pb—Pb+x'wz'n + Pb,|sy,=5.02 TeV
. > = V. . |1<05
4rt M in 4-track events | e p(1450): N|BW(p)|* 2 3500F- L 2Indf =20/ 21
o - [ Uncorr. Syst. — Total
3 e e p(1700): N_|BW(p,) |2 © 3000 — Total Uno. — ALICE p(1450)
Z|2 10 E rawsigna _eeee 00|, _ 2 ™ E - = ALICE p(1700)
€ E 9 p(2150): N,|BW(p )| E 2500F-  nterference
A B O e of N1N2F{e[BW*(p1)e'¢BW(p2) 5, 2000
- . . . ) = -
®.- — Fit Function 2 1500
= ¢ U
= ® —&— Data 1000
- ® - 0<p,<0.15GeV/c, dM = 0.05 GeV/c?, lyl <1 500
B d " S UPC Au+Au, 1 /Sy = 200 GeV 0
s ¢ 5 12 14 16 18 2 22 24
10" £ ; Mo (GEV/C?)
= + Ve
- L P N [ e [ LI BLELEL AL L [rrrr T [Trr T[T T[T
- R P, N G TN ALICE Prellmlnary Pb + Pb—> Pb +TTTT + Pb ﬁ 5. 02 TeV
n . ALICE p(1700)
102 _T ; .......... Theory p(1700)
- , e : ALICE p(1450)
| | 1| | | 1o | 1 |5 | | || 2| | | | 2 5 3 '3 -~5 4 : Theory p(1450)
) ) M(J’E+J'E_J'E+.J'E_) [GeV/CZ] Two resonance scenario One resonance scenario
L e ALICE fit
i ¢ Theory p(1570)
° . . v by by b b b v by b b by
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Recent Discoveries in Ultra-peripheral collisions:

2023: Entanglement

2017: Light-by-Light 2021: Breit-Wheeler Enabled Interference

Pb Pb® ScienceAdvances
AVAAAS 2 Whatis this page? Jl % Embedbadge |l t Share
Y :}\/?/L‘\,. > e Tomography of ultrarelativistic nuclei with polarized photon-
I gluon collisions
v & A Overview of attention for article published in Sci dvances, January 2023
Y ‘ | 4 Scientists See Quantum
y . Y2 ~ € Interference between Different
Kinds of Particles for First Time
Y A newly discovered interaction related to quantum entanglement between dissimilar
OUTPUTS FROM PHYSICAL REVIEW LETTERS particles opens a new window into the nuclei of atoms
Pb Pb(*)

Open Access | Published: 14 August 2017 | 2

Evidence for light-by-light scattering in heavy-ion
collisions with the ATLAS detector at the LHC SELELZ e

ATLAS Collaboration

407

Nature Physics 13, 852-858 (2017) | Cite this article

41k Accesses | 185 Citations | 521 Altmetric \ Metrics 516
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UPC — Active and growing

Coherent J/$\psi$ photoproduction and polarization in peripheral Pb-Pb collisions with ALICE Afnan Shatat @

Ballroom D, Hilton of the Americas

Probing small-$x$ nuclear gluonic structure via coherent charmonium photoproduction in ultraperipheral PbPb collisio @
Jiazhao Lin

Exclusive $J/\psi$ Photoproduction and Entanglement-Enabled Spin Interference in Ultra-Peripheral Collisions at STAR @
Ashik Ikbal Sheikh

First global study of super dense gluonic matter with UPCs by ALICE Simone Ragoni

Ballroom A, Hilton of the Americas 09:10 - 09:30

Looking for QGP signatures in ultraperipheral PbPb collisions Sruthy Jyothi Das

Ballroom A, Hilton of the Americas 09:30 - 09:50

Quarkonia production in ultra-peripheral PbPb collisions at LHCb Xiaolin Wang @

Ballroom A, Hilton of the Americas 09:50 - 10:10

Petja Paakkinen @

llluminating the impact-parameter dependence of UPC dijet photoproduction
Ballroom A, Hilton of the Americas 10:10 - 10:30

Measurement of dilepton and diphoton production from photon fusion processes in UPC in Pb+Pb collisions with the A @
Peter Alan Steinberg

Measurements of azimuthal anisotropies in $/{16}$0+$/7{16}$0 and $\gamma$+Au collisions from STAR @
Shengli Huang

September s, 2023

14:50 - 15:10 g

169. Exploring light hadrons in UPCs with ALICE
& Alexander Bylinkin (ITep)
©9/5/23, 5:30 PM

UPC Physics Poster Session

0
443. Measurements of baryon-antibaryon and meson-antimeson pairs from QED vacuum
excitation in Au+Au ultra-peripheral collisions at /sy = 200 GeV from STAR
& Xin Wu (University of Science.
©9/5/23, 5:30 PM

T B ostr ession
695. Observation of .. *.. ~.. 7. ~ photoproduction in ultraperipheral heavy-ion collisions at

/3NN = 200 GeV at the STAR detector
2 Dr David Tlusty (Creighton Universit
©9/5/23, 5:30 PM

T [ ostr session

612. Observation of the -y-y — -+ production in PbPb collisions with the CMS experiment
2 Matthew Nickel (The niversity of ka
©9/5/23,5:30 PM

(T B2 Poster session
( ! Jeussnuci

677. Photoproduction of e*e ™ in peripheral isobar collisions
A shuo Lin
©9/5/23,5:30 PM

PR

764. Physics prospects of central exclusive production in pp collisions with ALICE Run 3 data

& Minjung Kim (University of Califorr "‘
©9/5/23,5:30 PM

[T [ Poster Session

469. Results on Breit-Wheeler Process in Heavy-lon Collisions and its Application to Nuclear
Charge Radius Measurements

A Xiaofeng Wang (shandong University

©9/5/23,5:30 PM

o

e'e

172. Studying the nucleus via angular correlations in UPCs with ALICE
2 Andrea Giovanni Riffero (University and INFN
©9/5/23,5:30 PM

M Poster Session

Thank yowl
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Bmin distribution in UPCs
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H.Mantysaari, B.Schenke, C. Shen and W. Zhao, Phys. Lett. B 833 (2022), 137348.
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) o M Chun Yuen
Net-Baryon in Photonuclear collisions Teang (STAR)

If jJunction hypothesis is true:
* Quasi-real y - qq
* Interact with a junction in target Au nucleus

 Enhanced creation of mid-rapidity baryons
 Junction interaction time > quark interaction time
* More baryons are stopped in junction picture

- Regge theory: dN/dy « e *8%Y where

6y = Ypeam — Y In the direction of the target

* agis related to Regge intercept of junctions (J. D.

Brandenburg, N. Lewis, P. Tribedy, Z. Xu, arXiv:2205.05685
(2022)).

Figure from J. D. Brandenburg,
N. Lewis, P. Tribedy, Z. Xu,
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Imaging the Nuclear Charge Distribution

vy = Tl can be used to constrain nucleus 1 4F [ 200 GeV Au+Au UPC at STAR
charge distribution at RHIC energy [ ] 200 GeV z:lw[:u MB at STAR “TA
STAR data compared to EPA-QED 19k ? 12(?0 givsca‘:;r.‘:l;UPC"'MB) at STAR
E : W= - 1
Low energy scattering: R=6.38 fm, d=0.535 fm = 1
R. C. Barrett and D. F. Jackson, Nuclear Sizes and Structure (Oxford - B
University Press, 1977) ey [
o 0.8
Q i
: < 0.6F
* Explore the effective charge < [ yy—ete =
distribution vs. energy and 0.4F 99.7% Confidence
|mpact parameter | ) 0.2:_ EPA: 1nin
Xiaofeng Wang, James Daniel Brandenburg, Lijuan Ruan, T T T e

Fenglan Shao, Zhangbu Xu, Chi Yang, and Wangmei Zha 4 45 5 55 6 65 7

Phys. Rev. C 107, 044906 (2023) Charge Radius (fm)
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RTTEITL OATLAS
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¢ B - EXPERIMENT
I ' - - F RSN Run: 287931
BB B W W e ) Event: 461251458

TTTYIVISH 2015-12-13 09:51:07 CEST

\.l_!‘l 8] o i a' w

Light A
Scattering =
I(DzbO+|F;t>) 5.02TeV \

September s, 2023 JDB | Ohio State University 53




Light-by-Light Scattering (Lbyl)

* Maxwell's equations are Pb Pp®
manifestly linear -> Superposition
principle \Cl// Y 5
 LbyL is a purely quantum process l *
g~ a2 Y _Lk -
em

* signals the transition into a non-
linear regime of QED




aervz2303.16984
~) CMS PbPb 1.52 nb” (5.02 TeV)

IIIIIIIIIllllIIIIIIIIIIIIIII||_.I_—I’I'II|II

* Rapid grows reflect increased in
gluon density

flg * Amplitude of interaction is

= proportional to gluon density

fo)

o

=

S * Slow growth may suggest the

t i —LTASS —bBK GG periphery of the nucleus has not
o O ALICE* (40<y<-35)  ~- LTAWS -- bBKA 1 become fully “black”

i O ALICE* (lyl <0.15) CD_BGK CGC IPsat i

o A LHCb* (-4.5 < y <-3.5) CD_GBW -~ GG-hs -

Syst. exp. CD_IIM -~ Impulse approx. | .
! Syst. y flux

| Dom oo
N RN AR RN NS NE N NN N N

0 50 100 150 200 250 300 350 400 _
Pb energy increase
W'y (GeV) - >
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Light-by-Light

* Observations by

scattering

*) (*)
Pb + Pb Pb "+ Pb at \js =5.02 TeV
e ATLAS: JHEP 03 (2021) 243 ) = TV AR VoNN
. mm SuperChic (v3), Eur. Phys. J. C79 (2019) 39 ——e—+—
* CMS Phys. Lett. B797(2019)134826 | . M. Klusek-Gawenda et al, Phys. Rev. C93 (2016) 044907 stat total
PbPb 390 ub™ (5.02 TeV)
G 16 — —8— Data
S F CMS ATLAS,L =22 nb"
S - - ,L.=2.2nb — +17 +
S 14f vk vy =y (M9 JHEP 03 202"1]t 243 * 10T
= F CEP (gg — y y) + other bkg (2021)
» 12 : QED y y — e*e” (MC) 1
c C = 3
g CMS, L;,=0.39 pb; . 914 36 + 24 (o)
1] Phys. Lett. B 797 (2019) 134826
6 Average . 115+ 15+ 11
L= 2.6 nb
4
(#) Scaled to fiducial region
2
0 T i | et | | | | | | | | |
0 0.02 0.04 0. 06 0.08 20 40 60 80 100 120 140 160 180
Dlphoton A
meas [nb]
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65 gl T UEERE IBRON I | L L L | I L L | T 1 1 1 —&— LHCD 2018data

. 60 Liich o
| 55 F PbPb /sy = 5.02 TeV —— CMS data
— 50 Coherent .J/ production we m= STARIight
Q 9.V Luminosity unc. : 4.4% LO pQCD (GKSZ):
= 4.5 L TA
i == 1 EPS09
Y2 4 . O I nPDF unce.
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2 o i
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@ 1.5 -, - IP-SAT+GLC (GMMNS)
T 10l L_Hva 2015: [JHEPO7(2022)117 VW f? 3 eI fluct. +BG (MSL)
' ALICE: [Phys.Lett.B798(2019)134926] - f "% AT I§°ﬁﬂg§t'+”£%(xfs%
0.5 - CMS: [arXiv: 2303.16984] \m_; "N - Nofluct. +GLC (MSL)
0.0 g [ R I | I I . | I L1 1 1 I | I I . | I | | * gl -=- GBW+BT (KKNP)
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1/N\; [TeV™!]

PAST Discoveries—Novel Tests of BSM Physics

>Discoveries become tools to study new physics
Axion search in Light-by-Light

Scattering
Existing constraints from JHEP 12 (2017) 044

10"} E
LHC

Y - y+inv. (Pp)
100%*e‘4y+hm E

PrimEx
CMS yy - B 797 (2019) 134826]
107" ¢ Beam-dump ATLAS =YY (this paper)

10° 102 1077 10° 10! 102 103

m, [GeV]
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Dark Photon search with

) Polarized Breit-Wheeler Process
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107?°
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PHENIX
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1072

1071
MA/ [GBV]

Isabel Xu, Nicole Lewis, Xiaofeng Wang,
James Daniel Brandenburg, Lijuan Ruan

arxiv:2211.02482



https://arxiv.org/abs/2211.02132
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