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UPC : The Strongest Electromagnetic Fields

=|n heavy-ion collisions:

Emax = =5 ~ 5x1016 — 108 V/cm

B, ..~ 10 —1016T
=>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

=

—

E
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Tylges of Processes in UPC
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.
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Tylges of Processes in UPC
Photon + photon Photon + target

A
1 Photon
Source <
/y]- > l_
Y
A
4 N
Vo —
[P
A,
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.
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vy = 771~ Process

* Sensitivity to the tau anomalous magnetic moment! Jr — 2

* BSM sensitivity §a; o< m7 ~ 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 Pb
{— 5.00 . Z € — +
% —o— 7-‘-
Significance will likely decrease Fermilab 1+2+3
with an updated SM prediction (2023)
4 510 A T 0
— L — T
SM: e+e- HVP World Average /y
T.l. White Paper (2023) I/
(2020) T
|
fons U+
. Uy

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

175 180 185 190 195 200 205  21.0
a,x10° -1165900

zZe
(Muon g-2 Collaboration) arXiv:2308.06230 Pb Pb

Daniel Brandenburg | The Ohio State University
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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)

I—I DELPHI, ee—e(yy—tr)e OPAL 1998 |
: 68% CL, Eur. Phys. J. C 35 (2004) 159 L3 1998 ®
DELPHI 2004 —=——@—— ATLAS
CMS, PbPb—Pb' (Y7, T30 PD' | Pb+Pb \5,,=5.02 TeV, 1.44 nb”
680/0 CL, 04 nb_1 M1 T'SR —#I— . Best-fit value
TR e — .
| CMS Phase 2 Projection Preliminary o.SR : °
! . . - + : .
— PbPb—>Pb"(yy—T Tyr0ng)Pb'  68% CL, 13 b’ - :
: Based on rate-only-analysis, assuming 4% uncertainty Combined ® .
- Expected ——.——
I I | | | 1 1 | L | L L L L | L L L L ] L L L L | L L L L | L
—0.1 0 0.1 -0.1 -0.05 0 0.05 0.1
a. a,
arXiv:2206.05192

Accepted to PRL as Editor’s suggestion
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arXiv:2204.13478 acc. by PRL
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Photon Polarization In UPC

_— E g ® Z:Beam Direction

&1 ,»‘\ 2
,"’ ‘\ 52
{ -7 ".I
( .‘\-I
et CeatiGiiEmES | Zhax
Al AZ

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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Ph@ﬁ[@)n P@/ﬁFIZ@/ﬁZOH In UPC € 7

~1400
(=) 1 (STAR Collaboration)
Ny STAR 0 45 <M, < 0.76 GeV, P 1< 0 1 GeV 7 Phys. Rev. Lett\ 127, 052302 (2021)
51 200_ o _| ’ + .
= " ¥ Au+AuUPC ¥ Au+Au60-80% x 0.65 . (@ —+e )
%: 1 000:_ — Fit: Cx( 1 + A2A¢cos 2A¢ + A4A¢cos 4A0) +t1o _:
= = U -
o] — o | i
© 800 o —
C ;
600

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

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

Polarized yy — e*e: Without Polarization : i
— - QED -.= STARLight . . :
- * Intrinsic photon spin converted

| - -I. SL'IpeIrCI‘]i(:l | | | | |
0 i N . into orbital angular momentum
2 0=¢_—¢,
. e 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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Signature ol Polarization

2
+1 L\’\,\. Jf[ +1
b " a L~ ) Y1
A +2 + +2 A
;Y\Q/JJ. ) I * g '\"/\ZZ
+1 * Leptons produced in singlet state +1
* Intrinsic photon spin converted into orbital
angular momentum

* Observable as anisotropy in et momentum
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Applications of yy = [T~

Sensitivity to spin states — novel 10

approach for constraining massive
s :"
dark phOtonS = PHENIX
g +1 N
2 00 )4 107 I
) /
8 e 2 o ng
Oa(\k\'\q ’\'/\
600 + 10_7_/ B el
: e \ . Belle-II //I
- *x STAR Au+Au UPC data A/ \ MMAPS sab7!
400— —yy —efe o B /
- —yA' s e'e 1078
I S Dark photon .-
. . . | - (2023-25)
: z o+ * +0 N\
Isabel Xu, Nicole Lewis, Xiaofeng Wang, 10752 g1 160
James Daniel Brandenburg, Lijuan Ruan M s |GeV]

arxiv:2211.02132

Relevant for LHC Axion search in Light-by-Light scattering
JDB, W. Zha, and Z. Xu, Eur. Phys. J. A57, 299 (2021)
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https://arxiv.org/abs/2211.02132

PAST

Jiscoveries— Novel Tests of

35M Physics

1/N\; [TeV™!]

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

Existing constraints from JHEP 12 (2017) 044

1()1 L

Y- y+inv.

oL
10" fete- -y +inv.

PrimEx

LHC
m LEP ' P

LEP

1073

CMS yy - (2019) 134826]
107" ¢ Beam-dump ATLAS ATLA (this paper)
102 107 10° 10! 10? 10°
m, [GeV]
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Pb

Pb

Dark Photon search with

Pb(*

1074

) Polarized Breit-Wheeler Process

KLOE

Pb(*) | o

N
%
/
/
/
/
/
/
4
/
7
7
/
/
J
/

107?°

HADES

PHENIX

./ STAR
-/ (2023-25)

\

1072

A/

10°

1071
MA/ [GeV]

Isabel Xu, Nicole Lewis, Xiaofeng Wang,

Dark photon

Daniel Brandenburg | The Ohio State University

James Daniel Brandenburg, Lijuan Ruan

arxiv:2211.o}%2


https://arxiv.org/abs/2211.02132

[maging the Nuclear Charge Distribution

vy — IT1” can be used to constrain nucleus 1 4F ] 200 GeV Au+Au UPC at STAR
charge distribution at RHIC energy [ [ 200 GeV Au+Au MB at STAR
STAR data compared to EPA-QED 19k ? 1200 geV AltI:A}l (UPC+MB) at STAR
E : Oow-1L. €-scattering
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) "5_ .
8 0.8
* Explore the effective charge = o 6:
distribution vs. energy and impact = p ~ ete =
parameter @« 0.4F I :
- 99.7% Confidence
Xiaofeng Wang, James Daniel Brandenburg, Lijuan Ruan, I ]
Fenglan Shao, Zhangbu Xu, Chi Yang, and Wangmei Zha 2_‘| EIPA' 1|n1 n | | |

Phys. Rev. C 107, 044906 (2023
« NEW work looking at(U+U2 O+0, and Pb+Pb 445 5 99 6 6.5 7
coming soon Charge Radius (fm)

FEBRUARY XII, MMXXIV Daniel Brandenburg | The Ohio State University 14



on GLUONS

—v ~—
* Photo-nuclear measurements have been used to study QCD matter
already for decades[1-3] 217605 Calaboraton. e Phyer 1 C3. 247261 (1698),
q [3] See refs 1-25 in [2]
% 1-z
w ri . Vv Vector Meson
N (‘heavy photon’)
b 1 1
) Momentum transfer (t)
modulated by |F(t)]?
P Y

Well known process for probing the hadronic structure of the photon and

nucleon (nuclear) target



Past

= Photo-Nuclear Measurements

» Many studies of yP = p° - w¥ ™ in the past

%S’t- [mb/(GeV/c)?]

—r
o
w
TTTTT

—
o
N
TTTT

10!

102

10}

IF I» IIIIIIIIIIII : . .
o 'QMQ"'
- @
210° ¢ hid S
S s
8 |
é i
5 0000000,
O
B102t 00044
O
e 0l L | I
oe’e, 0 0.001 0.002 0.003 |
A -t [(GeV/c)*]
0 ® ]
OOOOO *
n o |
- \ ¢ f ;
] f ]
e™® fit XnXn qué ) * T ]
B —— e™ fit in1n Q < Q (I) i
E ® XnXn % i i
O 1nin ‘ % % |
0.05 0.1 5
-t [(GeV/c)<]

FEBRUARY XII, MMXXIV

Daniel Brandenburg | The Ohio State University

Coherent Diffractive

Interactions:

* Photon interacts with the
entire nucleus

» Diffractive structure in p% ~ —t
* Transverse momentum related
to Fourier transform of nuclear

density distribution
do >
[GCRE
Lmin

o(yp— Vp) = -
=0

STAR Collaboration et al. Phys. Rev. Lett. 89, 272302 (2002).
STAR Collaboration et al. Phys. Rev. Lett. 102, 112301 (2009).
STAR Collaboration et al. Phys. Rev. C 96, 054904 (2017).

16



Past Photo-Nuclear Measurements

Other measurements at RHIC & LHC

2 10t include:
E’ o ALICE Pb-Pb UPC |5, = 5.02 TeV
o - Photoproduction of J/1 in Au+Au UPC at
o —}— Opposite-sign pairs J/Snn = 200 GeV
o 10 = i} . Like sign pairs PHENIX Phys.Lett.B679:321-329,2009
” = - — ]
E : ..'1'
] B e e 0.55 GeV/c2 < m < 1.4 GeV/c2 p° vector mesons in Pb-Pb UPC at +/Syy =
O 102 E_ ++++++.|.-|- |}’| <0.8 5.02 TeV

SR ++++"++++ thy ' ALICE, JHEPO6 (2020) 35

4 A +“+*+ H+*“ "

10kt +# * i f \ )/ in Pb+Pb UPC at \/Syy = 2.76 TeV
? ]l H H\f 1 ! } WD CMS, Phys. Lett. B 772 (2017) 489
:l 1 1 1 | 1 111 | 111 1 I 1 1 1 1 | I | I || | 1 1 U1 I | | [IRTIA]] I (| | SO What’s the prObIem?

09 1.0

00 01 02 03 04 05 06 0.7 038
p(GeV/c)
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Nuclear Radius, too bﬁg?

C\II_I T
— l e eea
1) S 009900 g,
S %1 0°r® .""ef_'
() o 1
3 -2
< 10 2 |
e} oy ]
3 0000 ]
£ Bl 07700000, |
B10%F Rierove
OB 1n2 o :
TIT 10°¢ : ]

....I....I....I..-
0 0.001 0.002 0.003 |

Photo-nuclear measurements have historically produced a
|t| slope that corresponds to a mysteriously large source!

STAR (2017): |t| slope =407.8 + 3(GeV /c)~?
— Effective radius of 8 fm

(RE1479¢% ~ 6,38 fm )

10 2]
g "t [(GeVic)']] ALICE (Pb) : |t| slope =426 + 6 + 15 (GeV /c)~?
o ® — Effective radius of 8.1 fm
0% charged
1L Ooi 8 - (RPb ~ 6.62 fm)
i - O | f t * ¢ ]
[ — e™fitXnXn @(I)(P o 5 l | .o
ol e | $18 ERy " $ 1 Extracted nuclear radii are way too
F ® XnXn ]
: <O .
o i | i | ét large to be explainable
102 .
0 0.05 0.1 STAR Collaboration, L. Adamczyk, et al., Phys. Rev. C 96, 054904 (2017).
-t [(GeV/c)z] J. Adam et al. (ALICE Collaboration), J. High Energy Phys. 1509 (2015) 095.
FEBRUARY XII, MMXXIV Daniel Brandenburg | The Ohio State University 18



Imaging the Nucleus with Polarized Photons

G ——————
What is NEW with transversely polarized photons?

. E - B
R 2

A
Ay A ng
¥ 1 P \
T ™

| g |

> U

FEBRUARY XIT, MMXXIV Daniel Brandenburg | The Ohio State University 19



Imaging the Nucleus with Polarized Photons

What is NEW with transversely polarized photons? —

C. Li, J. Zhou, Y. Zhou, Phys. Lett. B 795, 576 (2019) 7-‘-
C. Li, ). Zhou &Y. Zhou Phys. Rev. D 101, 034015 (2020).

Polarized T

photon -1

Y +1

NTT
P Recently realized that
Gluons from nucleus asymmetries in angle ¢

related to polarization

Access to initial photon polarization

FEBRUARY XIL MMXXIV Daniel Brandenburg | The Ohio State University 2@



Imaging the Nucleus with Polarized Photons

What is NEW with transversely polarized photons? —

C. Li, J. Zhou, Y. Zhou, Phys. Lett. B 795, 576 (2019)
C. Li, J. Zhou & Y. Zhou Phys. Rev. D 101, 034015 (2020).

Polarized 1T + /00
photon d 0
Y +1

o

o Intrinsic photon spin transferred to p°

P o p? spin converted into orbital angular
momentum between pions

o Observable as anisotropy in T
momentum

Access to initial photon polarization

FEBRUARY XII MMXXIV \Uzmit\l Bl’llll(l(,‘lllﬂ)L,u‘g | /Lllkf L)hl() 5[2’&“;‘ ‘Uili\'(,‘l’«\‘l’l\\' 21
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Observation of Strong Asymmetry in po STt~

TAR Signal ©*n~ pairs with PT < 60 MeV T
1.4
*

= ¥

SN y 0

£1.2 ¥ 0

>

e 1= ¢

S

\%O 8 T

%, o Intrinsic photon spin transferred
0.6 Syst. Uncert. 0 P P

S H ) top

o [ ¥ Au+tAu: A = (29.1 0.4 +0.4)x10 0 : .

COo4-EEU+U : A = (23.8 £0.6 +0.4)x107? o p~ spin converted into orbital

| s pAu : A = (-0 5| +1.2 0. 9|)><10‘2 angular momentum between
—T X 0 I o pions
2 0 2 o Observable as anisotropy in T+

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

'I'Lgﬁl Q%_Q f: xgh\?\r}g{ 1'1: Zhouand Y. J. ZhOLT{DEEHPB}dqgapJ%Q?JgOPﬁhk Ohio State University 22


https://www.science.org/doi/10.1126/sciadv.abq3903

Observation of Strong Asymmetry in p° - w¥m™

§TAR Signal n*n~ pairs with P_< 60 MeV

1.4

—k
N

—
I

o Intrinsic photon spin transferred

counts (norm. to unity)
o
0o

0.6-f(¢) =1 + A cos(2¢) Syst. Uncert. ‘0 00
"¥1AutAu: A = (29.1 +0.4 +0.4)x107° 0’0 : : :
04 B U+U : A = (23.8 40.6 +0.4)x102 o p~ spin converted into orbital
- @ ptAu 2 A = (-0.5 1.2 £0.9)x107° angular momentum between
—T X 0 I o pions
2 0 2 o Observable as anisotropy in T+
STAR Collaboration, Sci. Adv. 9, eabg3903 (2023). momentum

li_|Lt>1<m% gxgh\ja\qug\ Zhou and Y. J. Zho%)“}iﬁgﬂpb;!’qgag%q fcopéﬂn Ohio State University 23


https://www.science.org/doi/10.1126/sciadv.abq3903

Confirmation from ALICE
* Neutron emission categories test the impact

1.6 xnon parameter dependence

i 9 0.35-

- ALICE Pb-Pb UPC 5. 02 TeV — ..
1.4 Pb + Pb — va;b +p° ) L ALICE Preliminary

[ 0.3 Pb+ Pb — Pb + Pb + p° S NE— |
1.2 :

- 0.25— - ALICE data stat. (bar) + syst. (box)

)i — B STAR Au-Au UPC

: 0.2— B sTARU-UUPC

i — H. Xing et al. model
0.81 0.15— XnXn
0.6r 0 1:_

_ ~  0nOn XnOn + OnXn
04k 005E- ALICE {5, =5.02TeV, p_< 0.1 GeV/c, [y| < 0.8

i — + STAR sy, = 200 GeV, p_ < 0.06 GeV/c
0.2- 1 | 1 1 I | 1 | 1 O_ | |

- 0 T . OnOn XnOn + OnXn XnXn .
¢
La rge b T Small b
FEBRUARY XII, MMXXIV Daniel E._ ~ N (& Ohio State University L



Polarization effects: coherent diffractive J /i

* ALICE measurement of spin
density matrix elements of J /i 4

ALICE Preliminary

* Spin alignment found at Pb-Pb, |5, = 5.02 TeV

W
LU | LU

fO rwa rd ra pld Ity Helicity Frame ® 70-90% ]
Jy - prus p, < 0.3GeV/ic 1

25<y<4.0 e UPC .

2 —

. . p. <0.25GeV/c
* Consistent with transverse & arXiv:2304.10928

polarized J /Y N H$ ................................ k

Uncertainties: stat. (bars), syst. (boxes)

1

FEBRUARY X1, MMXXIY Daniel Brandenburg | The Ohio State U Afnan Shatat (ALICE) 25



Trivial Spin-Momentum Alignment?

For a single diagram (pA)

VM
P1

Polarized + Photon E Y
photon /71- é
k, =5 MeV

Pomeron
k, =50
MeV

Gluons from nucleus

VM inherits the spin from photon (no helicity flip)
Diffractive -> VM momentum dominantly from the Pomeron

— VM has no alighment between spin and momentum
FEBRUARY XIT, MMXXIV Daniel Brandenburg | The Ohio State University 26



[maging the Nucleus with Polarized Photons

G ———————
What is NEW with transversely polarized photons?

. E - B
R 2

A
Ay A ng
¥ 1 P \
T ™

| g |

> U
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Imaging the Nucleus with Polarized Photons

What is NEW with transversely polarized photons?

— —
4 E B
Xz
nt ™
p
IP’EB Ay
Ay
| . |
> L
FEBRUARY XIT, MMXXIV Daniel Brandenburg | The Ohio State University
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Imaging the Nucleus with Polarized Photons

What is NEW with transversely polarized photons?

A E B
X 2
ot T
y \po 7A2
P A
A, A ng
Y 1 P \
s T
| b |
» U

At Mid-rapidity: Both possibilities occur simultaneously

FEBRUARY XII MMXXIV [Dilﬁii(,“l Bi‘llll(l(,‘lllﬂ) l,li‘(‘% | /L[‘Jl@ Ohl() «Sléﬂl(;‘ ‘L‘(lli\'(,‘l’«\‘il\\' 29



[nterference of two ampﬂit[udes

Polarized
photon

FEBRUARY XII, MMXXIV

Gluons from nucleus

1 T +1

photon

Gluons from nucleus

Daniel Brandenburg | The Ohio State University

Polarized

30

2



[nterference of two ampﬂit[udes

Cool trick, but sounds like standard Quantum

Amplitude interference - So What!
Polarized + + Polarized
/[ A
photon d A photon
Y 1+ +1 Y
[P [P
Gluons from nucleus Gluons from nucleus
FEBRUARY XII MMXXIV Daniel Brandenburg | The Ohio State University 81
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Robust Theoretical D@S@Tﬁ@ﬁ@ﬂ?

* First theoretical prediction for deformed 8'2;" O des g
Uranium - " g E
. E 76F =
* Sensitivity to nuclear geometry! 9 74E 3
™\ g 72 E
N 7% 7E sTARdata ®  Model ) E
R 6.8 o U+U U+U,p,=0.28 =
ﬁz | 6.6:— B Au+Au Au+Au 3
8.2F™
: _8f
* 2D Tomography possible through € 74
Interference effect 8 7.6f
: , T 7.4f
* Also require very large U radius :
: : 7
* Assumes amplitude interference for .

co_herent Process _
H.Mantysaari, F. Salazar, B.Schenke, C. Shen and W. Zhao, in preparation.

FEBRUARY XIL MMXXIV Daniel Brandenburg | The Ohio State University 32



[nterference of Amplitudes, so what!?

A & Entang]ed ................. b A To

p°:tc < |b|
Only one “real” pair
Interference through
distinguishable T and ™ @
gold gold
£ Son | 20 femtometers | “Hem

FEBRUARY XIL MMXXIV Daniel Brandenburg | The Ohio State University 3 3



sity [nterferometrs

R Y
/// iy

YA
/ll/i u/}/// L /// //

Intensity interference: Credit: Albert Stebbins

'3)'/'}}/
=, N,

Fermilab
* Two photon measurement from incoherent source

* “image" encoded in transverse correlations

 Requires photons be indistinguishable
: Daniel Brandenburg | The Ohio State University 34




[ntensity Interferometry

* Incoherent Source
* Interference results from second-order coherence

* Quantum statistics determines bunching vs. anti-bunching
g(@(t) second-order correlation

1T > Credit: Tan Peng Kian

| |

0O0'0 0O 000 00 00O O O 0 00 O 0O O
| |

iooioo Q00 00 00 © © ©0 0 © 0 ©0 O
| |

1000} O 00O O 00 O 0O 0 00
| | t

Photon detections as function of time for a) antibunched, b) random, and c) bunched light

FEBRUARY XII MMXXIV [)ZM 11 (,‘\l jBf(lll(l en b l,lfg | /‘L‘Jl(,\ 1OJll‘U 5[ ate ‘Ui 1iversit \4 35



[ntensity Interferometry

* Results from higher order coherence
9) = (AlaAQB + AzaAw) W, w) 1

(9|o) = [Aral?|Agp|” + [Asa |’ A1p]?
+ AlOﬂAQﬂA;a TB + ATO& ;BAQQAlﬁ

Sources

<Aloz > 7é 0

Detecto rs\7

FEBRUARY XIT, MMXXIV Daniel Brandenburg | The Ohio State University 36
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[ntensity Interferometry

* Results from higher order coherence

Sources
) = (AlaAQB -+ AzaAlﬁ 1 5

(Blp) = [Aral’|A2s]” + [Azal*[A1p]?
+ A1aAgpAs, Al + A1 Asp A

<A1a T5>E # 0

Requires indistinguishable states!

FEBRUARY XIT, MMXXIV Daniel Brandenburg | The Ohio State University 37



The Cotler-Wilczek Process

Sources
1) = A1qAsp|wr, wo) + Aoy A1p|we, wr) 1 2

W1
(P|Y) = |A1aAzs|? + [A2aArgl’
Distinguishable states = NO Interference!

o Ny Detectors
arX1v:1502.02477

J. Cotler, F. Wilczek, and V. Borish, Annals of Physics 424, 168346 (2021).

FEBRUARY XII MMXXIV Daniel Brandenburg | The Ohio State University 38



The Cotler-Wilczek Process

) = A1qAgglwi, wa) + Aga Arglwa, wi) >ources
1. Entangler performs unitary transformation:
Ulw:) = cos(0)|w:) + sin(0)e™°|ws)
Ulws) = sin(@)e "0 |w;) + cos(0)|ws)
2. Filter projects common state:

wiws) — cos(8) sin(f)e "°|w;, wy )

wawr) — cos(B) sin(f)e "0 |w;, w ) wé W1 2\
Detectors

Interference Recovered! (Ai.Aj)E #0 a ,B

J. Cotler, F. Wilczek, and V. Borish, Annals of Physics 424, 168346 (2021).
FEBRUARY XII, MMXXIV Daniel Brandenburg | The Ohio State University 89



The Cotler-Wilczek Process

‘¢> — AlO(AQﬁ‘wly Cd2> + AQQA15|(U27 CAJ1> 1 Sources )

1. Entangler performs unitary transformation: 12

Ulwr) = cos(6)|wn) + sin(0)e™fws) s}
U W2> — Siﬂ(@)e_iw0|w1> -+ cos( )‘w2> 06T

0.4} ,
2. Filter projects common state: 0.2k A1
AHIHN
. 1|1| Ilhl"' rY

wiwsz) — cos(0) Sin(@)e_wo Wy, W1) SN 5 1() 15

wawr) — cos(B) sin(f)e "0 |w;, w ) w1 7w, - SS W1
Detectors

Interference Recovered! (Ai.Aj)e #

J. Cotler, F. Wilczek, and V. Borish, Annals of Physics 424, 168346 (2021).
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Entanglement Enabled Intensity Interference

ey

To
STAR

O e
A s

i S
Incoherent sources
@ gold

oold
o 20 femtometers o
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Access to Hadronic Light-by-ILight?

ir: 4
Hadronic LbyL ; Filter
nt inm”

/

AVAVAV] +2 -1
+1 S B
1 T~ ;n_

Interference with the hadronic light-by-light diagram
Leads to a unique signature -> odd spin configurations
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Access to Hadronic Light-by-ILight?

ir: 4
Hadronic LbyL ; Filter
nt inm”

/

AVAVAV] +2 -1
+1 S B
1 T~ ;n_

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

‘/| : [ T T T T T T T T T T T T 1 T T T T T T T -
< L. e 350:‘ o Markll ® CELLO e Crystal Bal Belle
Significance will likely decrease Fermilab 1+2+3 -
with an updated SM prediction (2023) 300 B f2(1270)
/“ 5.10 > [
- e 2 250+
SM: e+e- HVP World Average oy -
T.I. White Paper (2023) < I
(2020) E 200
| i
New results in tension T 150 R
with White Paper (2020) >e L
> [
S 100f
L 2 i
SM: e+e- HVP 50L
using only CMD-3 -
data below 1 GeV i L fo(500)
. . - E Ix R x
175 180 185 190 195 200 205  21.0 oct.= . L seeeRe e
6, x10° - 1165800 04 06 08 10 12 14

FEBRUARY XII, MMXXIV
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+1

+2

Phys. Rev. D 104, 094021 (2021)

e ‘Filter’

0.10".

O
o
o

<2cos4 ¢>

O
o
R

O
o
®

©
o
=

0.00"

total

RHIC

<2cos4 >

0.

00
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0.15

and EIC
0.03  Eic
0.02
0.01
0.00 —————===sz""
~0.01 total
-0.02 EELEEETE elliptic gluon
—0-03;'----- soft photon \ :
0.00 0.05 0.10 0.15 0.20

Elliptic Gluon Tomography (Tensor Pomeron)

Elliptic gluon distribution: correlation
between impact parameter and momentum

* Clear signature of elliptic gluon

distribution within nuclei.

 Complimentary measurements at RHIC

Daniel Brandenburg | The Ohio State University g1 [GeV]
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Analogy to
Interferometry in
Astro-Physics

Quantum
Interference
provides sub-
diffraction
limited imaging

@}. Event Horizon Telescope

M87 Supermassive
Black hole



A,

Analogy to
Interferometry in
Astro-Physics

: Access to details of
Quantum & gluon distributi?n
Interference and neutron skin

at high energy

provides sub-
diffraction

limited imaging o

distribution
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Neutron Skins across \Nuclei

10 cm

Recent theoretical approach from state-of-
the-art multi-reference energy density
functional (MR-EDF) calculations:

SAu =0.17 fm

In good agreement with our measurement

B. Bally, G. Giacalone, M. Bender https://arxiv.org/abs/2301.02420

FEBRUARY XII, MMXXIV

-0.1

B : ( 2
= experimen 4 1 90 i
| linear average 106 1160450 nn52 € I
B of experiment 454 124TeUé'8 o Do e _
. . -
. A prediction Eq. (2) 116 522708~ l §
n - ‘A R /
- 0 FSUGold %0, @50 ﬂ/,ﬂ B RN S T -
_ ~ A N\ _ =
o SLy4 DRI I ——
— c - A 238 —
-~ . A —_ 209 .
- Ype R [ X T s301 928U'
: 260 AR |- 126, 12 085, 4
. — - x _—"n GTC 5 &Te ]2 b
_ _ = e 52 Y52 i
- A -
— -~ & - n SOSH 52 © /r ]
- Ni 48~
- Q— 28 64 . 204 -
I 2NN 120 | _
40 56 50
— Ca 58, . Fe 59 -
| |20 51N 260 27Co i
| | | | I | | | I |
0 0.1 0.2
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https://arxiv.org/abs/2301.02420

The neutron skin of 2081P,

X ; ———— 208
| % ' 0.14}\__ e Py Pb
' ¥ 0_123_ Interior Baryon Density
= b PREX-II neutron skin
Z [ Extracted from PREX - 208
e Pw measurement for ““°Pb
Y 4 SPb = 0.283 i 0.071 fm
S r — p,data pch -
0.04[— - 2-parameter Fermi fit X
- Ren i Rw
0.025_ Weak skin/i/
03 T T T T T T T T T T T
- = experiment 124, 1309 1| il
[ linearaverage o 116 5OSH53T © 17
02k of experiment 45Cd 14, o8 D o B
“L A prediction Eq. (2) e, 52 0~ 73 l -
L. o FSUGold 90, O 50 %/ Q8 QAMAT '| -
. - o SLy4 5 4OZ£ il Om _ -7
” “‘i 0.1_— st ElzgF / AR - 2;)39}3. 29328U—-
: ) 26 L . e e —
| A 2 R AR T T T
: pae 3 B - O - 112 12 T
Currently some tension i Op4~~ ‘h‘ - 00 aTe e B
¥ o . 2 : 4 ~ - 3 48 .
between PREX-1l neutron skin - 8-~ ) o Ni N ]
v B g el ; - 28 Sn .
~ measurement and existing. - 0.0 [ca Ty Fe Yo ¥ 5
" neutron star EOS predictions * + R T T T TR T R
: _ g2 ‘ N : 0 0.1 0.2
I=(N-2)/A
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Neutron Skins at High-Energy

5z +«—— Uranium

03— T Sy = 0.44 + 0.05 (stat.)
- m  experiment 124, 130,20 bt +
| linear average 106 116, 50°N5, T€ ~ +0.08 (syst.) fm
of experiment 45Cd e Das S0 _
0.217 A prediction Eq. (2) 5;T g =T =
B . 116 —~ O A . .
- @ FSUGold w, 050" ~"89 ol& A 1 e Uranium neutron skin
s - o SLy4 40727 oA 2y VA - o
= 0.1 kw17 | RA IR AR appears surprisingly large?
N - ;:Fe By - Te ::'A — 3301 9271
» [ Dy Y e 2. ueb 1 * Above trend and low-
o~ B N 1 energy measurements?
- 2™ G ;;OC& -
L 28 Sn -
0.1 [ca Ty SgFe Yoo 0 —
- 27 -
1 2I8 1 I“ I 1 1 1 1 I 1
0 0.1 0.2
I=(N-Z2)/A
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Neutron Skins at High-Energy

5z +«—— Uranium

03— T T " Sy = 0.44 + 0.05 (stat.)
m  experiment 124, 13 902T h[T T
| linear average 106 16/ soong, Te I ~ 1+0.08 (SySt-) fm
02k of experiment 45Cd 24, Eﬁ nn - “
"L A prediction Eq. (2) 16 52 e "‘ N .
. o FSUGold w, 00-"ge QA 7T 4 ¢ Uranium neutron skin
— (o] SLy4 4ij/ - x/FA - . . | | ?
0.1 ) Trd w17 )RR L0 e appears surprisingly large-
I e g - ’% 26 128, 832%8%92 1+ Above trend and low-energy
- .o ~ -5 5 521€51€ &2 i 5
o -~ SR R 2Te 1 N measurements:
=gA ’,, ~ 60 48 . .
-t 2] 64, . 22 1 ¢ Theoretical approach based
Ni
_ 28 120$n - . . .
0.1F [¥ca Mg oFe ¥, 50 _ on CGC finds similar result as
- N A T phenomenological approach
0 0.1 0.2
I[=(N-Z)/A
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Before I came here I was confused about
“this subject. Having listened to your lecture |
[ am still confused. But on a higher level.

N oo
o F.
oy
y i
7 " ¢
. : -
, f |
A\ |

2
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Sub-Nucleonic Imaging
238y, B, = 0.5 238U, B, =0.5




[ncoherent Process, Not just a Background!

* Transverse momentum sets the
length scale

° { V4
See’ structures from whole 10 fm 1fm 0.1 fm
nucleus, to nucleons, to quarks )
>
)
0]
Io!
<,
% 10% :_ ——— B,=0.50, w. subnucleon
= E —— B,=0.28, w. subnucleon %
— 32=0.00, w. subnucleon “II
------- Bz=0'28’ W.0. subnucleon .
il 1 ol
02 ,. 107
It| [G_eV ] ~ Wenbin Zhao
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[ncoherent J/1 - Sub-Nucleonic Imaging

L 10 . ALICE, Pb—Pb UPC \s,, = 5.02 TeV
8 - ST, J/y photoproducti
B S y photoproduction, |y| < 0.8
o N $ Coherent: PLB 817 (2021) 136280
S = - GSZ-LTA
E 1 E \‘\'\ - b_BK
S N ¢ :\r/l]céoserent: arXiv:2305.06169
o B y\F --- -hs
ot % - MS-p
° W —— mss
W e MSS
107 . —- GSZeludiss
: L GSZ-el
IS ) A S LN ]
107 1072 10 1
t] (GeV?)
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Au+Au

— Jp+Au*+Au* STAR Preliminary

Incoherent Suppression: |

T

lIIIIll

SI = 0.41057 + 0.01 |
(scale) (data)

\/SiNN =200 GeV
—*— STAR data lyl <1, all neutron

—— H1 free proton data scaled to UPC y*Au'®’ _

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

Daniel Brandenburg | The Ohio State University
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Incoherent /Y - Sub-Nucleonic Imaging

L | ALICE, Pb-Pb UPC  {sy, = 5.02 TeV

RO
8 _;:"N,,h ALICE incoherent Jhp, lyl < 0.8
_g B —+—"~7,:7' . —— Uncorrelated stat. + syst.

ORI Correlated syst.
~ \ \’ .....
= Lob N\ | v
B 10° . "
o RN ;
o B he \\
© i NN
- &= MS-hs
10° | -= MSp
| —e - GSZ-el+diss
e GSZeel
|
% 2.0
a 15F . .
< ;oL Sub-nucleonic fluctuations
S 05% ¢ ¢ o .
E 0.0 I I I ] I I I | I 1 I | ! | 9, | ! 1
0.2 0.4 0.6 0.8 1.0
It (GeV?)
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—~

do/dp?dy ub/(GeV/c

102

10

Au+Au — J/p+Au*+Au”* STAR Preliminary

Incoherent Suppression: ]|

incoh +0.02 ]

Sy =041, +0.01 |
(scale) (data)

I
=
0
(@)
=3
@
®
S
=
-
N
€
ye
ﬁ
o
<3
c
3
=
®)
S
<
» -

) _
Pt 60% suppressed &,

s-=200cev  Wrtfree proton

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

lIIIIll

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

107" 1
p$ (GeV/c)
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___Access to Hadronic Light-by- Lﬂght

: ‘Filter’
— — \

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

/ ' 500 -
8 +—o—t
Significance will likely decrease Fermilab 1+2+3
with an updated SM prediction (2023’
Y N
¢ 5.10 )
N Vv
& —o—i
SM: e+e- HVP World Average
T.I. White Paper (2023)
(2020)
|
New results in tension
with White Paper (2020)
L 2
SM: e+e- HVP

17.5 18.0 18.5
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using only CMD-3
data below 1 GeV

190 195 200
a,x10" - 1165900

20.5 21.0

a(yy - rur,nn) [nb]
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200

300F
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|

fo(500)
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+1

+2

Phys. Rev. D 104, 094021 (2021)

e ‘Filter’

0.10".

O
o
o

<2cos4 ¢>

O
o
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O
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©
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total
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0.

00
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0.15

and EIC
0.03  Eic
0.02
0.01
0.00 —————===sz""
~0.01 total
-0.02 EELEEETE elliptic gluon
—0-03;'----- soft photon \ :
0.00 0.05 0.10 0.15 0.20

Elliptic Gluon Tomography (Tensor Pomeron)

Elliptic gluon distribution: correlation
between impact parameter and momentum

* Clear signature of elliptic gluon

distribution within nuclei.

 Complimentary measurements at RHIC

Daniel Brandenburg | The Ohio State University g1 [GeV]
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Neutron Skins at High-Energy

5'v +«—— Uranium

03— T Sy = 0.44 + 0.05 (stat.)
- m  experiment 124, 130,20 bt +
| linear average 106 116, 50°N5, T€ ~ +0.08 (syst.) fm
of experiment 45Cd e Das S0 _
0.217 A prediction Eq. (2) 5;T g =T =
B . 116 —~ O A . .
- @ FSUGold w, 050" ~"89 ol& A 1 e Uranium neutron skin
s - o SLy4 40727 oA 2y VA - o
= 0.1 kw17 | RA IR AR appears surprisingly large?
N - ;:Fe By - Te ::'A — 3301 9271
» [ Dy Y e 2. ueb 1 * Above trend and low-
o~ B N 1 energy measurements?
- 2™ G ;;OC& -
L 28 Sn -
0.1 [ca Ty SgFe Yoo 0 —
- 27 -
1 2I8 1 I“ I 1 1 1 1 I 1
0 0.1 0.2
I=(N-Z2)/A
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Applications & Broader
Beyond the Standard Model %

* Dark Photon search : (High School student, BNL summer
research program)

e Relevant for LHC Axion search in Light-by-Light scattering
IDB. W. 7h Dark photon
. , W. Zha, and Z. Xu, Eur. Phys. J. A57, 299 (2021)
- JDB, W. Li, et al., arXiv:2006.07365 (2020). A’

1074 3=

—
(=}
\ B

% KLOE | HADEs
- | y
B 1075 L 4
-05 800 PHENIX
[e]
o

10-°

600 €
1077

- % STAR Au+Au UPC data sl
400~ —yy —e'e

- —yA' —seé'e 10-8

B — Total \ N e

1 ! 1 |
0 E T A | [\
2 ¢ 10—190—2 ﬁ_l G V 100

In preparation, https://arxiv.org/abs/2211.02132 a|GeV]
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Robust Theoretical Description
82—4]4)4)

o]
IIIII'

* First theoretical prediction for deformed 8

Uranium _ 78 =
. £ 76f -
* Sensitivity to nuclear geometry! S 74p =
E 7.2 " —
i 11* 7E sTARdata ™ Model o E
‘ - 6.8 o U+U U+U, B, =0.28 E
2 | ’ 6.6:— B Au+Au —— Au+Au e
8.2F™
: 8
* 2D Tomography possible through € o qf
Interference effect 2 76k
: : S 7.4
* Also require very large U radius N
* Assumes amplitude interference for 7 _
coherent process R R Ry S ]
H.Mantysaari, F. Salazar, B.Schenke, C. Shen and W. Zhao, in preparation. O, -q)q
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[maging the Nucleus with Polarized Photons

6.5

6.0

STAR: Photonuclear p° - n*r-

| B U+U: :R,=7.29£0.08 (fm)
I |

0

NIa -

(I) T

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

FEBRIU

JARY XII, MMXXIV

Daniel Brandenburg | The Ohio State University

Interference pattern used for diffraction
tomography of gluon distribution —
analog to x-ray diffraction tomography

First high-energy measurements of gluon
distribution with sub-femtometer resolution

DS

Technique provides quantitative access to
gluon saturation effects
BUT measurements via other vector mesons
are needed for to validate QCD theoretical
predictions/interpretations

Future measurements with ¢» meson and J /9

are important

63


https://www.science.org/doi/10.1126/sciadv.abq3903

Neutron Skins at High-Energy

Gold Sygy, =0.17 + 0.03(stat.)
03— T — 10. 08(syst.) fm
m  experimen 90 7

| linear average 106 16, d2 nl:z e I o MR—EDF

B of experiment 45Cd 1o D48 O _ s S =0.17 fm
0.2 A dicti “Tel:l 7 — Au

- o Erseulétlﬁ? Eq. (2) o lslgsn 52/ - // O ¢ A Bally, B., Giacalone, G. & Bender, M.

[ o SLyd wlr o a T SR retRE L Eur. Phys. J. A 59, 58 (2023).

57 -~ A O A ™ ,/’ .
0.1r s gul e AR —~— T 2% ¢ Gold agrees well with
26€ ~ MRS - 808
I y -~ P -w T 2%, oPb 1 state-of-the-art energy
= _ _ 112 122T 96 327752 7] . .
OCA-——F ——% * | =" i€ O7r -|  density functional

: ] 4 _

C -~ 2 “Ni 1250081 41 calculations

= Sn —

40 [ | 56 50 . .
00 5Ca TN 2 o 1 ¢ Consistent with trend from
g 0'_1 — 0'2 ' low energy measurements
I=(N-Z)/A
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Neutron Skins at High-Energy

5'v +«—— Uranium

0.3 I 1 1 1 I 1 1 1 1 23 1
- = experiment 124, 130,90 ]
n . n P
| linear average 106 |:|116 SOSI:I 521 © |-
02 of experiment 45Cd 124, oo o _7  _
) S e =
| A prediction Eq. (2) 16 5220 B ~7 4 / v~ —
n ulie J /A
- o FSUGold 90, B 507 - Q8 QASAI [ -
- o SLy4 . w0 o ) YA -
| 2 N — - —
0.1 “ LoFe = AKX _ 2095 2383
i 26FC [ L it "L ‘:’5 _ 83201 92~ =
i AR - 1264, 12 -
T 1’ A - GTG 8Te 8§P b
_ _ U—=Ti3 1220 o6 52072 ]
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C Q—— " 2gV1 64 Ca -

= Ni 2
_ 28 1206 -
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-0.1 |, Ca 38N Fe |59 B
| |20 2NN 267" 5700 7
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0 0.1 0.2
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Sy =0.44 + 0.05 (stat.)
+0.08 (syst.) fm

* Uranium neutron skin
appears surprisingly large?

* Above trend and low-energy
measurements?

* Theoretical approach based
on CGC finds similar result as
phenomenological approach

65



Robust Theoretical Description
82—4]4)4)

o]
IIIII'

* First theoretical prediction for deformed 8

Uranium _ 78 =
. £ 76f -
 Sensitivity to nuclear geometry! S 74p =
E 7.2 " —
i 75 sTARGata Model . E
‘ - 6.8 o U+U U+U, B, =0.28 E
2 - ’ 6.6:— B Au+Au —— Au+Au 3
8.2F™
: 8
* 2D Tomography possible through € o qf
Interference effect 2 76k
- : S 7.4
* Also require very large U radius N
* Assumes amplitude interference for 7 _
coherent process R R Ry S ]
H.Mantysaari, F. Salazar, B.Schenke, C. Shen and W. Zhao, in preparation. O, -q)q
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Confirmation from ALICE (New at QM Sept 2023)
| Neutron emission categories test the impact |

1.6 xnon parameter dependence

; < 0.351

- ALICE Pb-Pb UPC 5. 02 TeV — ..
1.4F Pb + Pb — va;b L+ ) — ALICE Preliminary

' 0.3 Pb + Pb — Pb + Pb + p°
1.2 :

- 0.25— - ALICE data stat. (bar) + syst. (box) .

i — B STAR Au-Au UPC '

- 0.2— B sTARU-UUPC

i — H. Xing et al. model
0.81 0.15— XnXn
0.6 0 1:_

: ~  0OnOn XnOn + OnXn
0.4k 0,055 ALICE \S, =502 TeV, p_< 0.1 GeV/c, ly| < 0.8

Z - * STAR Sy = 200 GeV, p_< 0.06 GeV/c
0.2- | | 1 1 I | 1 | 1 O_ | |

- 0 T . OnOn Xn0On + OnXn XnXn I
¢
Large b . Small b
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o o

* New measurement’o
J/W at QM in Sept 2023

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

e Effect of Soft Photon radiation ©
(Rad) visible at higher p1

FEBRUARY XII, MMXXIV

0.7

0.5}

03|

0.1

Daniel Brandenburg | The Ohio State University

COILCICIT

- Au+Au 200 GeV STAR Preliminary
2.95 <M+, < 3.2 GeV/c?

Y+ Au ->Jhp + Au’

-+ Data
— Diff+Int

$

— Diff+Int+Rad

— STARLight

0.1 0.2
pt (GeV/c)

0.06
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g on Gluons

* Photo-nuclear measurements have been used to study QCD matter

[1] H1 Collaboration. J. High Energ. Phys. 2010, 32 (2010).
[2] ZEUS Collaboration. Eur. Phys. J. C2,247-267 (1998).

already for decades[1-3]
[3] See refs 1-25 in [2]

.v. v.v.v.v.v .v.v.v.v

p

Photon energies = 10 GeV: probe gluon distribution - Interaction through

Pomeron (two gluon state at lowest order)
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g on Gluons

* Photo-nuclear measurements have been used to study QCD matter

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

alread \ for decades [ 1 '3] [2] ZEUS Collaboration. Eur. Phys. J. C 2, 247-267 (1998).

[3] See refs 1-25 in [2]

The amplitude has three components:

1
TVP=VP(g:t) = / dz/er U (z, 1) 099 P(z, ;)| @Y (2, 1)
0

Photon Diffractive Vector
Dipole Meson

Photon quantum numbers J¥¢ = 177 : Can transform into a ‘heavy photon’
i.e. a vector meson (p°, @ ,J /) with J¥ = 1~
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Entanglement Enabled Intensity Interferometry

e
Hanbury Brown and Twiss effect is
a two (identical) particle
interference due to quantum
statistics

1-2 ] Ll ] || 1 1 1

of G

0.8
0.6
0.4

0.2

States must be identical to
interfere, otherwise incoherent
sum;

dﬂ"lhz.

-15 =10 =5 0

2
}DlADZB IRB) + Dy4D13 |BR) } = |D1aD23|* + |D2aD15/? 0.0

After entangling interference is

restored: ) 9 9 2 N
|D14|” |D2g|” + |D2a|” |D1|* + 2 Re D14aD2pD5,D7p

J. Cotler, F. Wilczek, and V. Borish, Annals of Physics 424, 168346 (2021).

.J}@ir
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The Breit- Wheeler Process

DECEMBER 15, 1934 PHYSICAL REVIEW VOLUME 46

Collision of Two Light Quanta

G. BreIT* AND JOHN A. WHEELER,** Department of Physics, New York University
(Received October 23, 1934)
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* Non-linear effect forbidden in classical electromagnetism

* At lowest order, two Feynman diagrams contribute and interfere
* Only tree level process still not observed observed after 80+ years!
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Photon Folarization In Ultra-Peripheral Collisions e

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

7NN » 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 e®
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 P@/@MZ@U@@ [n Ultra-Peripheral Collisions e

~1400
(=) 1 (STAR Collaboration)
Ny STAR 0 45 < |V| <0 76 GeV Pl<01 GeV 1 Phys. Rev. Lett\ 127, 052302 (2021)

1200(— — —
= 00: ¥ Au+AuUPC ¥ Au+Au 60-80% x 0.65 . ' (@+ —+e )
%: 1 000:_ — Fit: Cx( 1 + A2A¢cos 2A¢ + A4A¢cos 4A0) +t1o _:
= = U -

o] — o | i
© 800 o —
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400
* Polarization vector ¢: aligned

200 radially with the “emitting” source

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

Polarized yy — e*e:

o

----SuperChic | ] * Intrinsic photon spin converted
0 i N . into orbital angular momentum
2 0=0¢_ — 0,
.  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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Trivial Spin-Momentum Alignment?

— - T
& f =
§ %103 3 "'““““"'t{:ﬁ
3 &, | VM
5 £ | P1
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[ L -8102:7 O OOOOOO?, P h t ’y
3IT 102] o | oton

G goT 580 55w kJ_ ~ 5 MeV

10}

-t [(GeV/c)]]

- Oo o *

1* OOOO+ ¢ f E

- R T .

By oSN
0L L @(% %% Pomeron
_ O 1nin %‘ ‘ | T kJ_ ~ 50

1075 0.05 T MeV

-t [(Gg'\}/c)z]
VM inherits the spin from photon (no helicity flip)
Diffractive -> VM momentum dominantly from the Pomeron

— VM has no alighment between spin and momentum
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g on Gluons

* Photo-nuclear measurements have been used to study QCD matter

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

alrea dy for decades [ 1‘3] [2] ZEUS Collaboration. Eur. Phys. J. C 2, 247-267 (1998).

[3] See refs 1-25 in [2]
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Measurements from H1, ZEUS etc. explored proton via diffractive p® and
¢ production
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Past Photo-Nuclear Measurements

e STAR has studied yP - p° - 7~ (and direct ¥~ production) in the
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Line shape results from
amplitude level interference:
p° - ™ + Drell S6ding
(directttn ) +w >t~

/Mar my T(mgr)
—mZ_ +im,0(mes) 2

3
mp

STAR Collaboration et al. Phys. Rev. Lett. 89, 272302 (2002).
STAR Collaboration et al. Phys. Rev. Lett. 102, 112301 (2009).
STAR Collaboration et al. Phys. Rev. C 96, 054904 (2017).
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[ will take just this one experiment, which has been
designed to contain all of the mystery of quantum
mechanics, .. Any other situation in quantum
mechanics, it turns out, can always be explained by
saying, You remember the case ol the experiment

with the two holes? It's the same thing.
-Richard Feynman
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