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Two-photon QED in Particle Data Book
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Natural extension to Heavy Ions
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S. Klein, et al. Comput.Phys.Commun. 212 (2017) 258-268

arXiv:1005.3531, unpublished



Lowest-order QED calculation
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Initial Transverse Momentum Broadening

5

Zha, et al., arXiv: 1812.02820
M. Vidovic, et al., Phys.Rev. C47 (1993) 2308

S. Klein, et al. Comput.Phys.Commun. 212 (2017) 258-268

arXiv:1005.3531, unpublished

Is photon pt really driven by uncertainty principle 
and independent of position-momentum correlation? 

w/g≲kt<<w
Higher-order/virtuality cancels to 1/g2~=10-4
NLO QED coupling constant a=1/137



Initial Transverse Momentum Broadening
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we can afford many mistakes in the search. 
The main thing is to make them as fast as 
possible. 
– John Archibald Wheeler 
doi:10.1063/1.3120895

Zha, et al., arXiv: 1812.02820
M. Vidovic, et al., Phys.Rev. C47 (1993) 2308

S. Klein, et al. Comput.Phys.Commun. 212 (2017) 258-268

arXiv:1005.3531, unpublished

Is photon pt really driven by uncertainty principle 
and independent of position-momentum correlation? 

w/g≲kt<<w
Higher-order/virtuality cancels to 1/g2~=10-4
NLO QED coupling constant a=1/137

https://en.wikipedia.org/wiki/Digital_object_identifier
https://doi.org/10.1063/1.3120895
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Two gold (Au) ions (red) move in opposite direction at 99.995% of the speed of light (v, for velocity, = 
approximately c, the speed of light). As the ions pass one another without colliding, two photons (γ) from 
the electromagnetic cloud surrounding the ions can interact with each other to create a matter-antimatter 
pair: an electron (e-) and positron (e+).

Ultra-Peripheral Collisions



Well understood kinematics 
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photon pT is simply due to finite electric field 
projection in the longitudinal direction, 
It is classic EM field and not due to uncertainty 
principle of pT~=1/R

𝐸 field	has	a	z-component
B	field	is	in	x-y	plane	
è
ExB	has	pT	component	



Photon TMD in UPC
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CMS Abstract: “This observation demonstrates the transverse momentum 
and energy of photons emitted from relativistic ions have impact 
parameter dependence. These results constrain precision modeling of 
initial photon-induced interactions in ultra-peripheral collisions. They 
also provide a controllable baseline to search for possible final-state 
effects on lepton pairs resulting from the production of quark-gluon 
plasma in hadronic heavy ion collisions.”
https://news.rice.edu/2021/09/20/physicists-probe-light-smashups-to-guide-future-research-2/ 

https://news.rice.edu/2021/09/20/physicists-probe-light-smashups-to-guide-future-research-2/


Criteria of a Breit-Wheeler process
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Vidovic et al., PRC 1993

To qualify as a Breit-Wheeler process 
from Coulomb field: 

X.F. Wang et al., PRC 2023
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The kinematics of the Breit-Wheeler process are 
sensitive to the details of the nuclear charge distribution

Energy Dependence of Cross Section and 𝑝!"

X. W, J.D. Brandenburg, L. Ruan, F. Shao, Z. Xu, C. Yang, and W. Zha.    Phys. Rev. C 107, 044906 (2023)
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Application: Mapping the Magnetic Field

The kinematics of Breit-
Wheeler process

Magnetic field

Nuclear charge distribution

Biot-Savart Law

EPA

Woods-Saxon:

R. D. Woods and D. S. Saxon, Phys. Rev. 95, 577–578 (1954)

constrain

𝜌! 𝑟 =
𝜌"

1 + exp[(𝑟 − 𝑅)/𝑑]

R: charge radius, d: skin depth

Xiaofeng Wang@Scharff-Goldhaber Prize Ceremony 
08/15/23



Constraint on charge distribution with precision
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X.F. Wang, arXiv:2207.05595

Using LO QED to calculate Breit-Wheeler  
process to match data with least-chi2

UPC consistent with nominal nuclear geometry

Peripheral collisions systematically larger 



Spin Interference Enabled Nuclear Tomography
• Teaser: 

Polarized photon-gluon fusion reveals 
quantum wave interference of non-identical 
particles and shape of high-energy nuclei 
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STAR, arXiv:2204.01625



Three Ingredients 
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“Truth is Stranger than Fiction, 
but it is because Fiction is obligated 
to stick to possibilities; Truth isn’t.” 
– Mark Twain

IF I have said that this is what reality is without 
any experimental evidence, most people would 
have thought that I am crazy. 

• Linearly Polarized photoproduction of 
vector meson
• At a distance with two wavefunctions 

(180o rotation symmetry) 
• Entanglement between p± from r decay  

and interference between identical pion 
wavefunction  

查王妹，周剑等原创性的理论模型



Δ& in Au+Au and U+U Collisions 

May 3rd, 2022 Daniel Brandenburg 22
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|t| vs. &, which radius is ‘correct’? 

May 3rd, 2022 Daniel Brandenburg 35

Now instead of +/ and +1 lets look at |5| with a 2D approach

• Drastically different radius depending on ', still way too big
• Notice how much better the Woods-Saxon dip is resolved for ' = 6/2 -> experimentally 

able to remove photon momentum, which blurs diffraction pattern
• Can we extract the ‘true’ nuclear radius from |t| vs. 9 information?
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Different radius from different angle?
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Precision radius measurement with interference

π− 2
π− 0 2

π π   φ 
6.0

6.5

7.0

7.5

8.0

 R
ad

iu
s 

(fm
)

Au+Au (fm)0.04 ±=2.39bσ0.03, ±=6.620:R
U+U: (fm)0.12 ±=1.92bσ0.07, ±=7.370:R
  
  
  
  
  
  

:STAR −π+π → 0ρPhotonuclear A

1/2))φ ( 1 + (1/2)cos(22
bσ + 22

0R) = φR(

18

Azimuthal variation due to: 
• Photon linear polarization, 
• Spin transfer to VM 
• Photon finite kT 
• VM spin 1 decay to spin 0 pions 
• Interference along impact parameter 

These image blurring effects can be 
improved with the angular dependence 

STAR, arXiv:2204.01625



Extracted neutron skins and comparison to world data 

M. Centelles, X. Roca-Maza, X. Viñas, and M. Warda
Phys. Rev. Lett. 102, (2009) 122502

19
  

Neutron skin physics at RHIC. 

Accurate measurement of Δrnp of 208Pb from neutral 
weak form factor at JLab (PREX-II experiment):

Stiffer EoS than expected. 

The neutron skin in atomic nuclei, Δrnp, is 
proportional to the slope L of symmetry energy.

 Δrnp =

Can we get an independent estimate at RHIC?

[Reed et al., PRL 126 (2021) 17, 172503]
[Fattoyev et al., PRL 120 (2018) 17, 172702]

[PREX-II experiment,
 PRL 126 (2021) 17, 172502]

From 
GW170817

24

GIULIANO GIACALONE, July 22, 2022
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Entangled particles that never met
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ENTANGLED 
PAIR 2

Two pairs of entangled particles are emitted from different sources. One particle 
from each pair is brought together in a special way that entangles them. The two 
other particles (1 and 4 in the diagram) are then also entangled. In this way, two 
particles that have never been in contact can become entangled.

©Johan Jarnestad/The Royal Swedish Academy of Sciences
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Since p+ and p- are particle and 
antiparticle of each other,  their 
wavefunctions could ”annihilate”?Nobel Prize in Physics 2022
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Radius Measurements from RHIC to LHC?

QED fit data
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24

RMS of charge radius of Pb (LHC) best fit: 4.91fm 
Standard charge radius from low energy: 5.51fm  Tang and Zha, arXiv:2103.04605; 

Is  the charge radius 
consistent with  
low energy measurement? 

Is there significant Coulomb 
correction at LHC energy (20%)? 

Will all these affect measurement
of g-2 of tau?



Summary and Perspectives
• Precise QED calculations and 

matching experimental data with 
high statistics from initial photon 
collisions 
• Vector Meson Production with 

Quantum Entanglement provides 
very precise mass radius 
measurement 

• Both measurements provide a 
good constraint on quark and 
gluon distributions at high energy

• Possible systematical deviation in 
peripheral at RHIC and central 
collisions at LHC due to final-state 
B-field effect 
• Model: QED+final-state B-field to 

match data 
• RHIC data with more central 

collisions and high statistics (2023-
2025) 
• Derive Pb charge radius from LHC 

data

25
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Most Precision test in Central Pb+Pb at LHC
• Under what condition do these photons interact as real photons?
• Photon Wigner Function (PWF) 

formalism & LO-QED formalism agree very well
• How to understand the minor differences between them?

"𝜔 𝛾 ≲ 𝑘D ≲	 "1 𝑅 ≪ 𝜔,

2
𝛾
≲
𝜋
2
𝛼 ≲

2
𝜔𝑅

≪ 1

27
𝛼	 ≡ 1	 −	 ⁄Δ𝜙 𝜋

Δ𝜙

• Possible difference between data 
and QED due to final-state B-
field? 

ATLAS, arXiv:2206.12594; PRL 2018
𝛼
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Radius Measurements from RHIC to LHC?

QED fit data
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RMS of charge radius of Pb (LHC) best fit: 4.91fm 
Standard charge radius from low energy: 5.51fm  Tang and Zha, arXiv:2103.04605; 

Is  the charge radius 
consistent with  
low energy measurement? 

Is there significant Coulomb 
correction at LHC energy (20%)? 

Will all these affect measurement
of g-2 of tau?



Are there final-state QED effects?
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STAR Beam Use Request (2023-2025): 

https://drupal.star.bnl.gov/STAR/syste
m/files/BUR2020_final.pdf

Precision data with 
QED theory comparisons: 
Both on-going at LHC and RHIC

How about azimuthal anisotropy 
relative to reaction plane? 


