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• Basic pure EM and Diffractive processes in 
Heavy-ion collisions 

• charge radii of 197Au/238U at RHIC 

• mass radii at RHIC

• Projective Imaging of nuclear geometry at EIC 

• What defines COHERENT Diffractive? 

• Summary



Two-photon QED in Particle Data Book
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Two cutoffs: 
<E
Q>0



Natural extension to Heavy Ions
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S. Klein, et al. Comput.Phys.Commun. 212 (2017) 258-268

arXiv:1005.3531, unpublished



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arXiv:1005.3531, unpublished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? 

/≲kt<<
Higher-order/virtuality cancels to 1/2~=10-4

NLO QED coupling constant =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 
➔

ExB has pT component 
10—20MeV in pT

Acting on the nucleus as a whole



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/ 
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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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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

𝜌𝐴 𝑟 =
𝜌0

1 + exp[(𝑟 − 𝑅)/𝑑]

R: charge radius, d: skin depth

Xiaofeng Wang@Scharff-Goldhaber Prize Ceremony 
08/15/23
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Imaging the nucleus with high-energy photons

ALICE, JHEP06 (2020) 35

Klein and Mantysaari, Nature Reviews Physics 1 (2019) 662 

Long history with some puzzling mysteries (20+ years): 
Diffractive |t| pattern qualitatively resembles what it should be 
Extracted radius is way too large (+1fm) 
Cross sections are used for comparison to theory 

STAR, PRC 96 (2017) 54904

Photon energy is 
50-100GeV in the 
target frame



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  from  decay  
and interference between identical pion 
wavefunction  



Different type of entanglement and interference

Top left: Observing interference 
pattern in the classical Young’s 
double-slit experiment [71]; 

Bottom left: Detecting two photon 
coincidence in the HBT Intensity 
Interference [72, 73]; 

Top right: Detecting two photons with 
difference wavelengths from 
sources 1 and 2 at detectors A and 
B in the Entangled Enhanced 
Intensity Interference [48]; 

Bottom right: Detecting one pair of 
π
±
 in the Entangled Enhanced 

Nuclear Tomography [69]. Plots 
are adapted from the references

15

Brandenburg, Klein, XZB, Yang, Zha, Zhou, 
Prog.Part.Nucl.Phys. 143 (2025) 104174
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| t |  v s .  &,  w h ic h  r a d iu s  is  ‘c o r r e c t’?  

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?

17
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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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Extracting deformation in 238U

22

Effects of nuclear structure and quantum interference on diffractive vector meson 

production in ultra-peripheral nuclear collisions

Heikki Mäntysaari, Farid Salazar, Björn Schenke, Chun Shen, Wenbin Zhao
Phys.Rev.C 109 (2024) 2, 024908; e-Print: 2310.15300 [nucl-th]

https://arxiv.org/search/nucl-th?searchtype=author&query=M%C3%A4ntysaari,+H
https://arxiv.org/search/nucl-th?searchtype=author&query=Salazar,+F
https://arxiv.org/search/nucl-th?searchtype=author&query=Schenke,+B
https://arxiv.org/search/nucl-th?searchtype=author&query=Shen,+C
https://arxiv.org/search/nucl-th?searchtype=author&query=Zhao,+W
https://arxiv.org/abs/2310.15300
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Heavier vector meson (J/𝜓)

24

Diff+Int predictions : Mäntysaari et al. Phys.Rev.C 109 

(2024) 2, 024908

Ashik Sheikh, APS GHP, March 2025

Accepted by PRL



Next Big thing in 
USA  – The 
Electron-Ion 
Collider (EIC)C) 25
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Nuclear size grows with saturation



Projective Nuclear Tomography through 
exclusive vector meson production in e+A

• Exclusive coherent vector meson 
production on |t| distribution 
sensitive to the geometry 
(gluon) distribution at high 
energy (low-x)

• One of the must-do 
measurements at EIC

• However, two issues: 
|t| resolution is too bad
incoherent background too high

27

Electron Ion Collider: The Next QCD Frontier : Understanding the glue that binds 

us all, Eur.Phys.J.A 52 (2016) 9, 268
Science Requirements and Detector Concepts for the Electron-Ion Collider : EIC 

Yellow Report, Nucl.Phys.A 1026 (2022) 122447

https://inspirehep.net/literature/1206324
https://inspirehep.net/literature/1206324
https://inspirehep.net/literature/1206324
https://inspirehep.net/literature/1206324
https://inspirehep.net/literature/1851258
https://inspirehep.net/literature/1851258
https://inspirehep.net/literature/1851258
https://inspirehep.net/literature/1851258
https://inspirehep.net/literature/1851258
https://inspirehep.net/literature/1851258


Projective Nuclear Tomography through 
exclusive vector meson production in e+A

• Exclusive coherent vector meson 
production on |t| distribution 
sensitive to the geometry 
(gluon) distribution at high 
energy (low-x)

• One of the must-do 
measurements at EIC

• However, two issues: 
|t| resolution is too bad
incoherent background too high

28
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Extracting t : e + A→ e↑+ A↑+ V

T. Ullrich, (2020).

To access t : need complete final state

Cannot measure pA→

Know 4-momenta of e, A, e→, and V

Di! erent methods to do this

M ethod E: gives true t = (pV + pe→↓ pe)2

Cons: Subtract large incoming/ outgoing momenta to get longitudinal

component of t → small error/ inaccuracy has large e! ect on t

M ethod A: ignores longitudinal momenta t = [pT (e→) + pT (V )]
2

Cons: underest imates true t , valid only for small t and small Q2

M ethod L: improvement to Method E, corrects pA→and uses true
invariant mass to compensate the smearing tcorr = |pA ↓ pcorr

A→ |2

Cons: only applies to coherent events

M aci Kesler (KSU) Early Science Workshop April 25, 2025 4 / 8
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Match our simulation to the EIC detector 
resolution

• Tune the |t| resolution to match 
the EIC detector simulation 
resolution: 

(25—50MeV)2

31

Maci Kesler, et al., e-Print: 2502.15596

https://arxiv.org/abs/2502.15596


In 2D

32

Form factor is isotropic in 2D since pomeron is spin 0 Detector resolution smears the x component

𝑓 𝑡𝑥 + 𝑡𝑦 = 𝑓 𝑡𝑦 +
𝑑𝑓(𝑡𝑦)

𝑑𝑡𝑥
dtx+ 

𝑑2𝑓(𝑡𝑦)

𝑑2𝑡𝑥
(dtx)

2

𝑑𝑓(𝑡𝑦)

𝑑𝑡𝑥
=0;    =𝑓 𝑡𝑦 |tx=0+ 

𝑑2𝑓(𝑡𝑦)

𝑑2𝑡𝑥
(dtx)2= 𝑓 𝑡𝑦 + 𝑓 𝑡𝑦 (dtx /ty)2

Maci Kesler, et al., e-Print: 2502.15596

https://arxiv.org/abs/2502.15596


Selection on specific projection

• Selection of a wedge along the y 
component avoids the detector 
resolution 

33

Maci Kesler, et al., e-Print: 2502.15596

https://arxiv.org/abs/2502.15596


Projective Nuclear Tomography through 
exclusive vector meson production in e+A

• Exclusive coherent vector meson 
production on |t| distribution 
sensitive to the geometry 
(gluon) distribution at high 
energy (low-x)

• One of the must-do 
measurements at EIC

• However, two issues: 
|t| resolution is too bad
incoherent background too high

34



What defines coherent diffractive?

35



Preserve spin transfer instead of exclusiveness

36
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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

• What defines coherent diffractive may 
be important for EIC and an interesting 
question by itself

• Projective nuclear imaging is 
important to measure nuclear 
geometry at EIC

38



Pb Mass radius at LHC

39

ALICE, Phys.Lett.B 858 (2024) 139017

ALICE also observed the rho entanglement effect, 
should be able to extract Pb radius with high precision (<1%)



What was used to measure nuclear radii in 1970s?

40



What was used to measure nuclear radii in 1970s?

41
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