rence

By James Danj¢l Brandenburg

1. Mystery: Nuclear Radius A asuren ents
[ <Y / B\
2. Solved?: Imaging with ¢ g

-~ 3. The (Inverse) é)tler- W il ' € \ : L

- (STAR Collaboration) Phys. Rev. Lett. 127,/052302 (2021 »
STAR Col]laboratioﬁ, Sci. Adv. 9, eabq3903 (2023).
2023 Workshop on Particle - £
Correlations and FemtosgOE )

Catania, [taly
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https://www.science.org/doi/10.1126/sciadv.abq3903

1. The

Nuclear
Radius

Mystery
in A+A




on Gluons

—v ~—
* Photo-nuclear measurements have been used to study QCD matter
already for decades[1-3] 217605 Collsboraton. £ur Phye 5 C 3. 247267 (1008),
q [3] See refs 1-25 in [2]
% 1-z
w ri . Vv Vector Meson
N (‘heavy photon’)
b 1 i
) Momentum transfer (t)
modulated by |F(t)]?
p Y

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

nucleon (nuclear) target



UPCs: The Strongest Electromagnetic Fields

-

=

—

E

NOVEMBER IX, MMXXIII

)

=|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 = YNC/R 3GeV @ RHIC

High energy (small wavelength) photons
can be used to ‘image’ the nucleus

Daniel Brandenburg | The Ohio State University 4



Past

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

%S’t- [mb/(GeV/c)?]

—r
o
w
TTTTT

—
o
N
TTTT

10}

10!

102

Coherent Diffractive
Interactions:

= Photo-Nuclear Measurements

Photon interacts with the

entire nucleus

» Diffractive structure in p% ~ —t
* Transverse momentum related

to Fourier transform of nuclear

density distribution

do

]g‘—' """""""" |
o 'QMQ"'
S °
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)<]

NOVEMBER IX, MMXXIII

o(yp— Vp) = —

dr |,_,

|[F(2)|*dt,

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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Past Photo-Nuclear Measurements

QO
3 10° = ALIGE Pb-Pb UPC {5,y = 5.02 TeV
o -
o —}— Opposite-sign pairs
g 100 - . . :
0 5 o, —1— Like-sign pairs
c - .
e s 0.55 GeV/c? < m < 1.4 GeV/c?
2 e e y| < 0.8

- (H trptt ++++++++ ++ 1 + H .

R i +”+*+ N it

10 u bl
] iy wlhmm ; b
:lllllllllllllIlllllllllllll‘llllll‘ll|l|||l||l

00 01 02 03 04 05 06 07
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0.

8
p.

0.9
(GeV/c)

1.0

Other measurements at RHIC & LHC
include:

Photoproduction of J/i in Au+Au UPC at

VSNN = 200 GeV
PHENIX Phys.Lett.B679:321-329,2009

p° vector mesons in Pb-Pb UPC at /Syy =

5.02 TeV
ALICE, JHEPO6 (2020) 35

J/g in Pb+Pb UPC at \/Syy = 2.76 TeV
CMS, Phys. Lett. B 772 (2017) 489

... and many more

So what’s the problem?

Daniel Brandenburg | The Ohio State University 6



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[(GeVie)]; ALICE (Pb): |t| slope =426+ 6+ 15 (GeV /c)~?
Q o — Effective radius of 8.1 fm
©0%0 charged
1L Ooi 8 - (RPb ~ 6.62 fm)
B - o f f * ¢ ]
| —— e™fit XnXn _ @(I)(P @) 5 l ] e
ol e | $18 ERy " $ 1 Extracted nuclear radii are way too
- @ XnXn j
- O i
o tmtn | i | T large to be explainable
10°E .
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.
NOVEMBER X MMXXIII Daniel Brandenburg | The Ohio State University 7
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[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

NOVEMBER IX, MMXXIII Daniel Brandenburg | The Ohio State University 9



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

NOVEMBER IX. MMXXIII Daniel Brandenburg | The Ohio State University 1@



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

NOVEMBER X, MMXXIII Daniel jBl’llllkl(,‘llli)L,Li‘(% | The L)hl() State ‘L(lll’\'(,‘l’«\‘l’l}' 11

Gluons from nucleus



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

TAR Signal st~ 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 [ ¥ 1 AutAu: A = (29.1 x0.4 +0.4)x10 0 . . .

C04-mEU+U : A = (23.8 0.6 =0.4)x10" o p~ spin converted into orbital

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

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

H. Xing, C. Zhang, J. Zhou and Y. J. ZhOLTb(JHEﬂP ‘10@0210} 0

NOVEMBER IX, MMXXIII ANLE Bf’dl aemnpu J)(% Pﬂn}l@ ‘Oill() S[cﬂ[ @ “L,T(Ill'\'(“lﬁl‘l \Y 12


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

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

§TAR Signal w*n- pairs with P_< 60 MeV

1.4

T
'-li
N
J]

[ Ii\)
SR
1 K
£

o Intrinsic photon spin transferred

counts (norm. to unity)
o
0o

0.6-f(¢) =1 + A cos(2¢) Syst. Uncert. to 00
[ P¥SAutAu: A = (29.1 0.4 +0.4)x107° 0,0 . . :
04 B U+U : A = (23.8 0.6 +0.4)x102 o p- spin converted into orbital
C g pHAu t A = (-0.5| +1.2 iO.9|)><10_2 angular momentum between
7T I 0 T T plons
2 0 2 o Observable as anisotropy in T+
STAR Collaboration, Sci. Adv. 9, eabg3903 (2023). momentum

12809, & Zhang, J. Zhou and Y. J. Zhow, JEIERsLO(E02Q), PP 4he Ohio State University 13
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Trivial Spin-Momentum Alignment?

For a single diagram (pA)

VM
P1
Polarized 7T+ Photon fy
photon 7 é
k, =5 MeV
+1
N n'_

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

NOVEMBER IX, MMXXIII Daniel Brandenb Ul’g | The th() State “UIli\'(“fSil\\' 14



[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

NOVEMBER IX. MMXXIII Daniel Brandenburg | The Ohio State University 15



[maging the Nucleus with Polarized Photons

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

A E B
X 2
ot T
y \po 7A2
P A
Ay
| g |
| |

> U

NOVEMBER IX. MMXXIII Daniel Brandenburg | The Ohio State University 16



[maging the Nucleus with Polarized Photons

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

N E B
X 2
ot T
Y \/}T v
IP’EB Ay
Ay ng
’yAl P \
| g |
| } :IU |

Both possibilities occur simultaneously

NOVEMBER IX. MMXXIII Daniel Brandenburg | The Ohio State University 17



[nterference of two ampﬂit[udes

Polarized
photon

NOVEMBER IX, MMXXIII

Gluons from nucleus

1 T +1

Polarized

photon

Gluons from nucleus

Daniel Brandenburg | The Ohio State University
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[nterference of two ampﬂit[udes

Sounds like standard Quantum Amplitude P
interference - So What!
Polarized + + Polarized
photon -1 It~ photon
Y 1+ +1 Y
{— +1 T S
P [P
Gluons from nucleus Gluons from nucleus

NOVEMBER IX, MMXXIII Daniel Brandenb Ul’g | The tho State “L,,T(Ill'\'(“l"Sl‘l\\' 19



[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

NOVEMBER IX, MMXXIII Ddﬂlleﬂ Bfélﬁ'ﬂfdﬁllblﬁlfg | (th@ ‘Ohi@ SWLM@ Wfoli“\'l@l‘SM;\f 2@



Robust Theoretical Description

* 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.

NOVEMBER IX, MMXXIII [)ZM 11 (,‘\l jBf(lll(l en b l,lfg | /‘L‘Jl(,\ 1OJll‘U 5[ ate ‘Ui 1iversit \4 2 1



3. The C@ﬂ@ -
Wilezek

Process




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
: : v Daniel Brandenburg | The Ohio State University 23




[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

NOVEMBER X, MMXXIII [)ZM 1 (,‘\l th(llld cn b l,lfg | /L[V‘Jl(,\ IOJll"U 5[ ate ‘Ui 1iversit \ 2 4



[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

NOVEMBER IX, MMXXIII Daniel Brandenb Ul’g | The tho State “L,,T(Ill\'(“l"Sll\\' 25
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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!

NOVEMBER IX. MMXXIII Daniel Brandenburg | The Ohio State University 26



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).

NOVEMBER IX, MMXXIII Daniel Brandenburg | The Ohio State University 27



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).
NOVEMBER IX, MMXXIII [)(Mli(i‘ﬂ Bf’dlld\(,‘llb Ul’g | /I‘J’l@, th() Sli'ﬂ@ “UIli\'(“fSil\\' 28



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 F ,
2. Filter projects common state: 0.2k A
AL
. 1|1| Ilhl RRfl | {fufa

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).
NOVEMBER IX, MMXXIII Daniel Brandenburg | The Ohio State University 29




Entanglement Enabled Intensity Interference

ey

To
STAR

O e
A s

i S
Incoherent sources
@ gold

oold
o 20 femtometers o

NOVEMBER IX, MMXXIII Daniel Brandenburg | The Ohio State University 3@



Entanglement enabled Intensity Interferometry
from exclusive m¥m~ 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

< NsoNg|rtnr™ > = < NaoNplps >< palntn, A>

X < 7T+7T_,A\(|7T+, IL>|n7,2>+n",2> 77,1 > ) | Emanéﬂ@r
+ < NaNplps >< ppln*n™, B >

X < 7T+7T_,B‘(‘7T+71 >|T7,2 >+t 2> 1, 1> Entangler

(16)

Interference only occurs if final state particles are entangled!

NOVEMBER IX. MMXXIII Daniel Brandenburg | The Ohio State University 81



‘ntanglement Enabled Intensity Interferometry

“What’s so wonderful,” Cotler says, “is that
these contemporary experiments are still
pushing the boundaries of our understanding
of both quantum mechanics and measurement

and opening up new horizons for both theory
and experiment.”

— Jordan Cotler
SCIENTIFIC

AMERICAN. Scientists See Quantum
Interference between Different
Kinds of Particles for First Time

A newly discovered interaction related to quantum entanglement between dissimilar
particles opens a new window into the nuclei of atoms

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

NOVEMBER IX, MMXXIII Daniel Brandenburg | The Ohio State University 32



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\ |

353
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Neutron Skins at High-Energy

5z +«—— Uranium

0’3_ | ' '. :[ ' | ' ' ' ' | 232T'h | SU — 04‘4‘ i O 05 (Stat.)
m  experumen
i linear average 106 16 ISZSST%:Z e I -~ 1+0.08 (syst.) fm
~ of experiment 45Cd e Fas~C Bno _ g 7
0.217 A prediction Eq. (2) 5;T g =T
B . 116 =~ O¢ A . .
- @ FSUGold w, 000, -"8e LG 1 e Uranium neutron skin
- - o SLy4 4oz/r9/ T oy VA P o 5
= 0.1f y kw17 | RA IR AR appears surprisingly large:
N - Lo Fe By - Te ::'e — 3301 9271
wn T TR S T % 2. ueb 1 * Above trend and low-
ok -=" " L--a7 s aTe %y, 1  energy measurements?
A _ T 60 -
C -~ 2™ i ;;OC& i
0.11 wCa Ty e ¥, ’ 0" .
= 27 -
1 2I8 1 Igg I 1 1 1 1 I 1
0 0.1 0.2
I=(N-Z2)/A
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Which Radius is ‘correct ?

Now instead of p, and p,, lets look at |t| with a 2D approach

STAR: Au+Au |s,=200 GeV STAR: Au+Au |'s,=200 GeV
E ok ¥ Datal|¢| < n/24 E ok ¥ Data]|¢ - /2| < /24
& L e Model I, ¢=0 s [ e Model I, ¢=r/2
f_-f’ ; ‘&——— Woods-Saxon, < :#“’*s%g—— Woods-Saxon,
= : . = M
§1O-2:— A% R=790 fm, a=054 fm §10—2£_ %‘v&r% R=709 fm’ a=054 fm I Y
© N ©

Ga 10—35— \fr IEEI il lI il 10_35—
- N_ -1- ‘iﬁ*'l K

| | i |
0 0.005 0.01 0. 015 0. 02 0 0.005 0.01 0.015 0.02
P (= Itl) GeV? P (= Itl) GeV?

* Drastically different radius depending on ¢, still way too big
* Notice how much better the Woods-Saxon dip is resolved for ¢ = /2 -> experimentally
able to remove photon momentum, which blurs diffraction pattern

e Can we extract the ‘true’ nuclear radius from |t| vs. ¢ information?
STAR Collaboration, Sci. Adv. 9. eabq3903 (2023). Xing, H et.al. J. High Energ. Phys. 2020, 64 (2020)

NOVEMBER IX, MMXXIII Daniel Brandenburg | The Ohio State University 35



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

Analogy to
Interferometry in
Astro-Physics

Quantum
Interference
provides sub-
diffraction
limited imaging

@}. Event Horizon Telescope

M87 Supermassive
Black hole



@}. Event Horizon Telescope

Analogy to
Interferometry in
Astro-Physics

Access to details of

“ luon distribution

Quantum S:mcl neutron skin
Interference at high energy
provides sub-
diffraction

limited imaging Nuclear Gluon

distribution

NOVEMBER IX, MMXXIII Daniel Brandenburg | The Ohio State University 37



Neutron Skins at High-Energy

5z +«—— 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 ]
- -—

O - & _ m | ,Sn 521¢ " 7r ]
- A %~ 60, .. i 7
C Q—— " 2gV1 64 Ca -

= Ni 2
_ 28 1206 -

40 n 56 50
-0.1 |, Ca 38N Fe |59 B
| |20 2NN 267" 5700 7

1 1 1 I 1 1 1 1 I 1
0 0.1 0.2

NOVEMBER IX, MMXXIII

Daniel Brandenburg | The Ohio State University

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

33



Neutron Skins at High-Energy

5z +«—— Uranium

0’3_ | ' '. :[ ' | ' ' ' ' | 232T'h | SU — 04‘4‘ i O 05 (Stat.)
m  experumen
i linear average 106 16 ISZSST%:Z e I -~ 1+0.08 (syst.) fm
~ of experiment 45Cd e Fas~C Bno _ g 7
0.217 A prediction Eq. (2) 5;T g =T
B . 116 =~ O¢ A . .
- @ FSUGold w, 000, -"8e LG 1 e Uranium neutron skin
- - o SLy4 4oz/r9/ T oy VA P o 5
= 0.1f y kw17 | RA IR AR appears surprisingly large:
N - Lo Fe By - Te ::'e — 3301 9271
wn T TR S T % 2. ueb 1 * Above trend and low-
ok -=" " L--a7 s aTe %y, 1  energy measurements?
A _ T 60 -
C -~ 2™ i ;;OC& i
0.11 wCa Ty e ¥, ’ 0" .
= 27 -
1 2I8 1 Igg I 1 1 1 1 I 1
0 0.1 0.2
I=(N-Z2)/A
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Robust Theoretical Description
82—4]4)4)

o]
IIIII'

* First theoretical prediction for deformed 8

Uranium — 78E E
. £ 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 =
2 - ’ 6.6:— B Au+Au —— Au+Au 3
8.2F™
: 8
* 2D Tomography possible through € o qf
Interference effect 2 76
: : S 7.4f
* Also require very large U radius & i
* Assumes amplitude interference for 7k _
coherent process R S R R N)
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

_J": —_—

STAR: Photonuclear p° — m*n-

| B U+U: :R,=7.29%0.08 (fm)

0

NI |
NIA -

(I) JT

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

NOVEMBER IX, MMXXIII

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 /¢
are important

41


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

Au+Au (fm)

U+U (fm)

Charge Radius

Inclusive |t| slope (STAR 2017) [1]
Inclusive |t| slope (WSFF fit)*
Tomographic technique*

DESY [2]

Cornell [3]

Neutron Skin *
(Tomographic Technique)

6.38 (long: 6.58, short: 6.05)
7.95 £ 0.03
7.47 £+ 0.03
6.53 + 0.03 (stat.) £0.05 (syst.)
6.45 + 0.27
6.74 + 0.06

0.17 4+ 0.03(stat.) +0.08(syst.)
~ 20

6.81 (long: 8.01, short: 6.23)
7.98 + 0.03

7.29 + 0.06 (stat.) + 0.05 (syst.)
6.90 + 0.14

0.44 + 0.05 (stat.) +0.08 (syst.)
~ 470 (Note: for Pb = 0.3 )

Precision measurement of nuclear interaction radius at high-energy
Measured radius of Uranium shows evidence of significant neutron skin

[1] STAR Collaboration, L. Adamczyk, et al., Phys. Rev. C 96, 054904 (2017).

NOVEMBER [X, MMXXIII

[2] H. Alvensleben, et al., Phys. Rev. Lett. 24, 786 (1970).
[3] G. McClellan, et al., Phys. Rev. D 4, 2683 (1971).
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Au+Au (fm)

U+U (fm)

Charge Radius

Inclusive |t| slope (STAR 2017) [1]
Inclusive |t| slope (WSFF fit)*
Tomographic technique*

DESY [2]

Cornell [3]

Neutron Skin *
(Tomographic Technique)

6.38 (long: 6.58, short: 6.05)
7.95 £ 0.03
7.47 £+ 0.03
6.53 + 0.03 (stat.) £0.05 (syst.)
6.45 + 0.27
6.74 + 0.06

0.17 4+ 0.03(stat.) +0.08(syst.)
~ 20

6.81 (long: 8.01, short: 6.23)
7.98 + 0.03

7.29 + 0.06 (stat.) + 0.05 (syst.)
6.90 + 0.14

0.44 + 0.05 (stat.) +0.08 (syst.)
~ 470 (Note: for Pb = 0.3 )

Precision measurement of nuclear interaction radius at high-energy
Measured radius of Uranium shows evidence of significant neutron skin

[1] STAR Collaboration, L. Adamczyk, et al., Phys. Rev. C 96, 054904 (2017).

NOVEMBER [X, MMXXIII

[2] H. Alvensleben, et al., Phys. Rev. Lett. 24, 786 (1970).
[3] G. McClellan, et al., Phys. Rev. D 4, 2683 (1971).
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Neutron Skins at High-Energy

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

| linear average 106 116 d2 nl:z e I 1 MR—EDF
02 of ex.pe.riment 45Cd 124‘1“@:34'1:'8 Ay " e SAu = 0.17 fm

- A prediction Eq. (2) o 61 52/ . ‘0 1 N Bally, B., Giacalone, G. & Bender, M.

. SIS}YJE old iz o T SR et 1 ] Eur. Phys. J. A 59, 58 (2023).

57 — A A A gud” - .
0.1 s gad T A A -~ T 5] » Gold agrees well with
A 'y . - 8308
i . T o 2reBre oPb 1 state-of-the-art energy
" _ _ 12 mT o 52752 - . :
O~~~ A7 57 % | 55 nle 7 - density functional

- = -7 60N 48 - .

Ea- s S 20C8 1 calculations

= 28 Sn -

40 [ | 56 50 . .
00 e TN e Jico -| * Consistent with trend from
o 0'1 —_ 0'2 ' low energy measurements
I[=(N-Z)/A
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Neutron Skins at High-Energy

5z +«—— 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 ]
- -—

O - & _ m | ,Sn 521¢ " 7r ]
- A %~ 60, .. i 7
C Q—— " 2gV1 64 Ca -

= Ni 2
_ 28 1206 -

40 n 56 50
-0.1 |, Ca 38N Fe |59 B
| |20 2NN 267" 5700 7

1 1 1 I 1 1 1 1 I 1
0 0.1 0.2

NOVEMBER IX, MMXXIII

Daniel Brandenburg | The Ohio State University

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
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Robust Theoretical Description
82—4]4)4)

o]
IIIII'

* First theoretical prediction for deformed 8

Uranium — 78E E
. £ 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 =
2 - ’ 6.6:— B Au+Au —— Au+Au 3
8.2F™
: 8
* 2D Tomography possible through € o qf
Interference effect 2 76
: : S 7.4f
* Also require very large U radius & i
* Assumes amplitude interference for 7k _
coherent process R S R R N)
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
0.6f 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 XnOn + OnXn XnXn I
¢
Large b . Small b
NOVEMBER IX MMXXIII Daniel E. . N Ohio State U niversity L



U OldlUIZatlOll CllCCLS,

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

NOVEMBER IX, MMXXIII

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

43



___Access to Hadronic Light-by- Lﬂght

: ‘Filter’
— — \

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

NOVEMBER IX, MMXXIII [)ZM 11 (,‘\l jBf(lll(l en b l,lfg | /‘L‘Jl(,\ 1OJll‘U 5[ ate ‘Ui 1iversit \4
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ANYOVYCL LA PCUUTICHLAL HPUL 1O

ContriEution ?roﬁa%ronic Vacuum Polarization and Hadronic Light-by-Light

are the largest theoretical uncertainties for Standard Model muon g-2

£ A 5.00 Py
) —eo—i
Significance will likely decrease Fermilab 1+2+3
with an updated SM prediction (2023)
¢ 510 5
N Vv
*® —o—i
SM: e+e- HVP World Average
T.I. White Paper (2023)
(2020)

|

New results in tension
with White Paper (2020)

17.5 18.0 18.5

NOVEMBER IX, MMXXIII

L 2
SM: e+e- HVP
using only CMD-3
data below 1 GeV

190 195 200
a,x10" - 1165900

20.5 21.0

350

250

200

a(yy - rur,nn) [nb]

300F

150

LRI

* Markll e CELLO

fo(500)

£,(1270)

Crystal Bak

||||||

0.4 0.6 0.8
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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

NOVEMBER IX, MMXXIII

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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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~

NOVEMBER IX, MMXXIII Daniel Brandenburg | The Ohio State University 53



Entanglement Enabled Intensity Interferometry

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

1.2 11 1 1 1 | 1 1
G
. . 1.0
States must be identical to 0;
interfere, otherwise incoherent '
sum: 0.6
' 0.4 r e
: : : v vl
}DszB |RB) + D2AD1B |BR) } = |D1AD2B| + |D2AD1B| 0.0 ..’1I| (N - it il
-15 =10 -5 0 5 10 15

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)

L"L\' | 71

71 > 6_ 6_
|

f)/2 - (& < (&

ﬂ\ﬂ. 2

* 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!

NOVEMBER IX, MMXXIII Daniel Brandenburg | The Ohio State University




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)

E1200— . — | -+ —
Z - ¥ Au+AuUPC % Au+Au 60-80% x 0.65 ] (6 —|— e )
%: 1 000:_ —— Fit: Cx( 1 + A2A¢cos 2A + A4A¢cos 4A¢ ) +10 _:

=) — U -

o — o | _

O 800— o —

600

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 n Ab— b — n into orbital angular momentum
> o=~ 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
& =

§ %103 3 "'““““"'t{:ﬁ

S 10°f S e ’ VM
5 £ | P1

-g E § OOOOOOOOO 75

e £ S0t ” “00003] Phot |4

3IT 102] o | oton

o”‘d.doi”d.doé”d.doé‘; k ~ 5
-t [(GeV/c)]] 1 ~ M e V

10}

- Ooo \ .
n OOOOO? ; ]
I € WA é
i %%@ oo * ?T |
107 q’% %(} Pomeron
102E ‘ %“H kJ‘NSO
0.05 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]

~—_—

6 |

; LI T ‘ 1 T 1 ‘ LI 1 ‘ LI LI ; :
O ' a) 2.5<Q’<4.9GeV o 30 | H1
(_\g 1 g o5 - ep—eodp
ep—epp —
B — p+nr.aw | v 20 — BW fit
£ £ 5| [
B 2 s ]
3 s 10}
: 5 |
0 S e B
7\ L1 ‘ L1 1 ‘ \."\”‘\“.\“‘"”\”\"-\ L ‘ L1 | \7 0 1 - | ‘1 02 | 1 04l - J.1_ 06
025 05 075 1 1.25 1.5 ' ' '
m, [GeV]

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

- X

N: i o T+T-

< 5HI

> u [ ] m+m+,m-1t-

% 4 _— ) MC e+e-

S 3l

£ 2=t |

E 1 =7 _::. .................

% 0 _5::::::::::::: --------- e

-8 -1 L M B E - I --------- || -------- L
0.5 0.6 0.7 0.8 0.9 1 1,1
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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

X X
A A
DETECT\O\RE P, P>
v 1
s // » -
' 2% -
jl ‘\E\EEEI___" _________ N =
~ S 4
ELECTRON o 12 P
GUN
WALL BACKSTOP Py = |¢1/? P2 = |1 + ¢o|? :
P = |¢of? L A A
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