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UPCs : The Strongest Electromagnetic Fields
▻In heavy-ion collisions:
𝐸!"# =

$%&
'!

≈ 5×10() − 10(* V/cm
𝐵!"# ∼ 10(+ − 10() T
▻Strongest EM fields in the Universe
▻But very short lifetime – not constant𝑏

𝑣 ≈ 𝑐

𝑣 ≈ 𝑐

𝐸

𝐵

Must be treated in terms of photon quanta

𝐸&,-./ ≈ 𝛾ℏ𝑐/𝑅
80 GeV @ LHC
3 GeV   @ RHIC
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Photon + target

1. Explore non-linear QED
2. Discoveries -> now tools 
3. Test for Physics Beyond Standard Model 
4. …

1. ‘Image’ nuclear gluon distributions
2. Test gluon saturation predictions
3. Investigate sub-nucleonic fluctuations
4. …
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Photon + target

1. Explore non-linear QED
2. Discoveries -> now tools 
3. Test for Physics Beyond Standard Model 
4. …

1. ‘Image’ nuclear gluon distributions
2. Test gluon saturation predictions
3. Investigate sub-nucleonic fluctuations
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Photon Polarization In Ultra-Peripheral Collisions
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:Beam Direction

S. Bragin, et. al., Phys. Rev. Lett. 119 (2017), 250403 
R. P. Mignani, et al., Mon. Not. Roy. Astron. Soc. 465 (2017), 492

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

For decades it was believed the polarization info 
was lost due to random event-by-event orientation!

• Polarization vector 𝜉: aligned 
radially with the “emitting” source
• Intrinsic photon spin converted 

into orbital angular momentum 
• Observable as anisotropy in 𝑒± 

momentum
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• Polarization vector 𝜉: aligned 
radially with the “emitting” source
• Intrinsic photon spin converted 

into orbital angular momentum 
• Observable as anisotropy in 𝑒± 

momentum
S. Bragin, et. al., Phys. Rev. Lett. 119 (2017), 250403 
R. P. Mignani, et al., Mon. Not. Roy. Astron. Soc. 465 (2017), 492

C. Li, J. Zhou, Y. Zhou, Phys. Lett. B 795, 576 (2019)
C. Li, J. Zhou & Y. Zhou Phys. Rev. D 101, 034015 (2020).
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Without Polarization :
STARLight

STAR   < 0.1 GeV < 0.76 GeV, Pee0.45 < M

eφ − eeφ = φ∆

Experimental access to photon 
polarization demonstrated

(STAR Collaboration)
Phys. Rev. Lett. 127, 052302 (2021)



Applications of 𝛾𝛾 → 𝑙!𝑙"
Sensitivity to spin states → novel 

approach for constraining massive 
dark photons
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𝛾

𝐴!

𝑒"

𝑒#

Dark photon

Isabel Xu, Nicole Lewis, Xiaofeng Wang, 
James Daniel Brandenburg, Lijuan Ruan 
arxiv:2211.02132 Relevant for LHC Axion search in Light-by-Light scattering 

JDB, W. Zha, and Z. Xu, Eur. Phys. J. A 57, 299 (2021)

https://arxiv.org/abs/2211.02132
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Imaging the Nucleus with Polarized Photons
What is NEW with transversely polarized photons?

Access to initial photon polarization

We can use the same experimental 
observable as the Breit-Wheeler 
process to access photon polarization

Polarized 
photon

+0

+1

𝜋!

𝜋"

Gluons from nucleus

γ

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

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

Both possibilities occur simultaneously
October 2nd, 2023 13JDB | Ohio State University



Observation of Interference in 𝜌# → 𝜋!𝜋"
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:STAR  < 60 MeV
T

 pairs with P−π+πSignal A

) φ) = 1 + A cos(2φf(
-210×0.4±0.4 ±29.1 : A = 
-210×0.4±0.6 ±23.8 : A = 
-210×0.9±1.2 ±-0.5 : A = 

Au+Au
U+U
Au+p

Syst. Uncert. o Intrinsic photon spin transferred 
to 𝜌%

o 𝜌% spin converted into orbital 
angular momentum between 
pions

o Observable as anisotropy in 𝜋± 
momentum
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STAR Collaboration, Sci. Adv. 9, eabq3903 (2023). 
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H. Xing, C. Zhang, J. Zhou and Y. J. Zhou, JHEP 10(2020), 064.

https://www.science.org/doi/10.1126/sciadv.abq3903
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𝜋! 𝜋"
𝜉

𝜌#

o Intrinsic photon spin transferred 
to 𝜌%

o 𝜌% spin converted into orbital 
angular momentum between 
pions

o Observable as anisotropy in 𝜋± 
momentum

H. Xing, C. Zhang, J. Zhou and Y. J. Zhou, JHEP 10(2020), 064.

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


Interference of two amplitudes
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Interference of Amplitudes, so what!?
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𝝆𝟎: 𝝉𝒄 ≪ 𝒃
Only one “real” pair
Interference through 

distinguishable 𝝅# and 𝝅"



Entanglement enabled Intensity Interferometry
from exclusive 𝜋!𝜋" measurements in UPC’s as an
inverse Cotler-Wilczek process

Traditionally in Quantum Mechanics only indistinguishable 
states interfere

Cotler-Wilczek Process: use entanglement ‘filter’ to interfere 
different wavelengths of light

October 2nd, 2023 JDB | Ohio State University 18

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

In principle, D+� and D�+ doesn’t know anything about the nucleus. Because
|⇡+i⌦ |⇡�i is distinguishable from |⇡�i⌦ |⇡+i, we also don’t see any interferences.
But if we compute amplitude of ⇡+⇡� production, we will get,

A⇢!⇡+⇡� = DAD+� +DAD�+ +DBD+� +DBD�+ (14)

Therefore, the cross section will contain the interference term. This is not true if
we prepare the following state,

|�⇡+⇡�i = (DA
+� +DB

+�)|⇡+⇡�i+ (DA
�+ +DB

�+)|⇡�⇡+i (15)

I suspect this state should be a mixed state by construction. Maybe show that
when include multiple channels of ⇡+⇡� production, the result is a mixed state
instead of pure. The interference term will probably vanish through ensemble
average. Because there is no intrinsic connection between |⇡+⇡�i and |⇡�⇡+i. We
can extract interference term if the ⇡+⇡� comes from the same source. This is like
the filter used by Cotler-Wilczek process, except the order is reversed.

Raju comment below

I would phrase things slightly di↵erently. Consider the exclusive process in an
UPC where two detectors at positions 1 and 2 measure either a ⇡+ or a ⇡� with
a branching ratio of 99.9%. (The decay to pairs of muons or electrons is 0.5 10�6.)
So, one can write the amplitude for the process as

< NANB|⇡+⇡� > = < NANB|⇢A >< ⇢A|⇡+⇡�, A >

⇥ < ⇡+⇡�, A|
⇣
|⇡+, 1 > |⇡�, 2 > +|⇡+, 2 > |⇡�, 1 >

⌘

+ < NANB|⇢B >< ⇢B|⇡+⇡�, B >

⇥ < ⇡+⇡�, B|
⇣
|⇡+, 1 > |⇡�, 2 > +|⇡+, 2 > |⇡�, 1 >

⌘
.

(16)

Now, the physics of photon-pomeron fusion is encoded in

F =< NANB|⇢A >⌘< NANB|⇢B > , (17)

where F is a nontrivial function including the nonperturbative QCD dynamics of
this process. One could consider a detailed dipole model a la Jian Zhou et al for
instance. Note further that in principle the two matrix elements can be di↵erent if
the ⇢-meson is produced at di↵erent locations in nucleus A or B. We can develop
this in more detail.

We can also define without loss of generality

 =< ⇢A|⇡+⇡�, A >⌘< ⇢B|⇡+⇡�, B > . (18)

(This is what Haowu calledDA andDB in Eq. 12 - but this distinction is unnecesary
since the amplitudes should be identical I believe.)

5

Analogy to 
Interferometry in 
Astro-Physics

Quantum 
Interference 
provides sub-
diffraction 
limited imaging M87 Supermassive 

Black hole
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Analogy to 
Interferometry in 
Astro-Physics

Quantum 
Interference 
provides sub-
diffraction 
limited imaging

Access to details of 
gluon distribution 
and neutron skin 
at high energy

Nuclear Gluon 
distribution 
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Interference Reveals Event Configurations

• Case I : Photon & Pomeron are (anti-) parallel

• Case II : Photon & Pomeron are perpendicular
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ℙ γ

𝜙 ≈ 0, 𝜋𝜋! 𝜋"
𝜉

𝜌#

ℙ

γ

𝜙 ≈ ±𝜋/2𝜋! 𝜋"
𝜉

𝜌#



Motivation for 2D Analysis :𝑃% vs 𝑃&
• Photon polarization is aligned with 𝑏	(exactly for point source)
• Two source interference takes place in x-axis (impact parameter direction)

October 2nd, 2023 21
Phys. Rev. D 103, 033007 (2021), https://arxiv.org/abs/2006.12099

• Interference pattern disappears in 𝑃2 direction

• Due to polarization of the 𝜌%, daughter pions 
aligned with photon polarization.
• Express 𝜌% transverse momentum in 2D:

• 𝑃! = 𝑝"×cos𝜙
• 𝑃# = 𝑝"×sin𝜙

JDB | Ohio State University

https://arxiv.org/abs/2006.12099


2D “Imaging” : Clear difference in 𝑃# vs. 𝑃2

• Express 𝜌% transverse 
momentum in two-dimensions:
• 𝑃! = 𝑝"×cos𝜙
• 𝑃# = 𝑝"×sin𝜙

October 2nd, 2023 22

• Clear asymmetry in 𝑃/  vs. 𝑃0  due to interference effect in 
both Au+Au and U+U
• Illustrated “2D” tomography
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STAR Collaboration, Sci. Adv. 9, eabq3903 (2023). 

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


|t| vs. 𝜙, which radius is ‘correct’? 
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Now instead of 𝑝! and 𝑝# lets look at |𝑡| with a 2D approach

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

able to remove photon momentum, which blurs diffraction pattern
• Can we extract the ‘true’ nuclear radius from |t| vs. 𝝓 information?
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STAR Collaboration, Sci. Adv. 9, eabq3903 (2023). Xing, H et.al. J. High Energ. Phys. 2020, 64 (2020)
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Imaging the Nucleus with Polarized Photons
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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

🤔😅
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 𝝓 meson and 𝐉/𝝍	
are important

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)0.06 ±=6.53Au:R

U+U: (fm)0.08 ±=7.29U:R

:STAR −π+π → 0ρPhotonuclear A

STAR Collaboration, Sci. Adv. 9, eabq3903 (2023). 

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


Nuclear Radius Comparison
Au+Au (fm) U+U (fm)

Charge Radius 6.38  (long: 6.58, short: 6.05 ) 6.81 (long: 8.01, short: 6.23)

Inclusive |t| slope (STAR 2017) [1] 7.95 ± 0.03 --

Inclusive |t| slope (WSFF fit)* 7.47 ± 0.03 7.98 ± 0.03

Tomographic technique* 6.53 ± 0.03 (stat.) ±0.05 (syst.) 7.29	 ± 0.06 (stat.) ±	0.05 (syst.)

DESY [2] 6.45	 ± 	0.27 6.90	 ± 	0.14
Cornell [3] 6.74	 ± 0.06 --

Neutron Skin *
(Tomographic Technique)

0.17	 ± 0.03(stat.) ±0.08(syst.)
∼ 2𝜎

0.44	 ± 0.05 (stat.) ±0.08	(syst.)
∼ 4.7𝜎          (Note: for Pb ≈ 0.3 )

October 2nd, 2023 JDB | Ohio State University 25

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

*STAR Collaboration, Sci. Adv. 9, eabq3903 (2023). 
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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). 
[2] H. Alvensleben, et al., Phys. Rev. Lett. 24, 786 (1970). 
[3] G. McClellan, et al., Phys. Rev. D 4, 2683 (1971). 

*STAR Collaboration, Sci. Adv. 9, eabq3903 (2023). 



Neutron Skins at High-Energy

• Gold agrees well with 
state-of-the-art energy 
density functional 
calculations
• Consistent with trend from 
low energy measurements
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• .$ , .' and .( manifest themselves at different |t| regions (different length scales).

H.Mantysaari, B.Schenke, C. Shen and W. Zhao, PhysRevLett.131.062301.

Multi-scale imaging: Nuclear deformations

9

238U, !! = #. %

!! !" !#

3

other mass regions by calculating ε from ρA of Eq. (4).
We have checked numerically in multiple forces that the
results closely agree with Eq. (3) for the 40 ≤ A ≤ 238
stable nuclei given in Fig. 2.
With the help of Eq. (5) for t (using ρA to compute ε),

we next analyze constraints on the density dependence
of the symmetry energy by optimization of (2) to exper-
imental S data. We employ csym(ρ) = 31.6(ρ/ρ0)γ MeV
[6, 7, 8, 9] and take as experimental baseline the neutron
skins measured in 26 antiprotonic atoms [20] (see Fig. 2).
These data constitute the largest set of uniformly mea-
sured neutron skins over the mass table till date. With
allowance for the error bars, they are fitted linearly by
S = (0.9±0.15)I+(−0.03±0.02) fm [20]. This systemat-
ics renders comparisons of skin data with DM formulas,
which by construction average the microscopic shell ef-
fect, more meaningful [26]. We first set bn = bp (i.e.,
Ssw = 0) as done in the DM [12, 23, 26] and in the anal-
ysis of data in Ref. [19]. Following the above, we find
L = 75± 25 MeV (γ = 0.79± 0.25). The range ∆L = 25
MeV stems from the window of the linear averages of
experiment. The L value and its uncertainty obtained
from neutron skins with Ssw = 0 is thus quite compat-
ible with the quoted constraints from isospin diffusion
and isoscaling observables in HIC [6, 7, 8]. On the other
hand, the symmetry term of the incompressibility of the
nuclear EOS around equilibrium (K = Kv+Kτδ2) can be
estimated using information of the symmetry energy as
Kτ ≈ Ksym−6L [5, 6, 7]. The constraintKτ = −500±50
MeV is found from isospin diffusion [6, 7], whereas our
study of neutron skins leads to Kτ = −500+125

−100 MeV. A
value Kτ = −550± 100 MeV seems to be favored by the
giant monopole resonance (GMR) measured in Sn iso-
topes as is described in [13]. Even if the present analyses
may not be called definitive, significant consistency arises
among the values extracted for L and Kτ from seemingly
unrelated sets of data from reactions, ground-states of
nuclei, and collective excitations.
To assess the influence of the correction Ssw in (2) we

compute the surface widths bn and bp in ASINM [22].
This yields the bn(p) values of a finite nucleus if we re-
late the asymmetry δ0 in the bulk of ASINM to I by
δ0(1 + xA) = I + xAIC [21, 22, 23]. In doing so, we find
that Eq. (2) reproduces trustingly S (and its change with
I) of self-consistent Thomas-Fermi calculations of finite
nuclei made with the same nuclear force. Also, Ssw is
very well fitted by Ssw = σswI. All slopes σsw of the
forces of Fig. 1(c) lie between σmin

sw = 0.15 fm (SGII) and
σmax
sw = 0.31 fm (NL3). We then reanalyze the exper-

imental neutron skins including Smin
sw and Smax

sw in Eq.
(2) to simulate the two conceivable extremes of Ssw ac-
cording to mean field models. The results are shown in
Fig. 3. Our above estimates of L and Kτ could be shifted
by up to −25 and +125 MeV, respectively, by nonzero
Ssw. This is on the soft side of the HIC [6, 7, 8] and
GMR [13] analyses of the symmetry energy, but closer
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FIG. 2: (Color online) Comparison of the fit described in
the text of Eq. (2) with the experimental neutron skins
from antiprotonic measurements and their linear average S =
(0.9± 0.15)I + (−0.03± 0.02) fm [20]. Results of the modern
Skyrme SLy4 and relativistic FSUGold forces are also shown.
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FIG. 3: (Color online) Constraints on L and Kτ from neutron
skins and their dependence on the Ssw correction of Eq. (2).
The crosses express the L and Kτ ranges compatible with the
uncertainties in the skin data. The shaded regions depict the
constraints on L and Kτ from isospin diffusion [6, 7] and on
Kτ as determined in [13] from the GMR of Sn isotopes.

to the alluded predictions from nucleon emission ratios
[9], the GDR [14], and nuclear binding systematics [17].
One should mention that the properties of csym(ρ) de-
rived from terrestrial nuclei have intimate connections to
astrophysics [3, 4, 10]. As an example, we can estimate
the transition density ρt between the crust and the core of
a neutron star [3, 10] as ρt/ρ0 ∼ 2/3+ (2/3)γKsym/2Kv,
following the model of Sect. 5.1 of Ref. [10]. The con-
straints from neutron skins hereby yield ρt ∼ 0.095±0.01
fm−3. This value would not support the direct URCA
process of cooling of a neutron star that requires a higher
ρt [3, 10]. The result is in accord with ρt ∼ 0.096 fm−3

of the microscopic EOS of Friedman and Pandharipande
[27], as well as with ρt ∼ 0.09 fm−3 predicted by a recent
analysis of pygmy dipole resonances in nuclei [15].
We would like to close with a brief comment regard-

ing the GDR. As mentioned, Ref. [14] very interestingly
constrains csym(0.1) from the GDR of 208Pb. The anal-

𝑺𝑨𝒖 = 𝟎. 𝟏𝟕	 ± 𝟎. 𝟎𝟑(stat.) 
±𝟎. 𝟎𝟖(syst.) fm

 
𝑺𝑨𝒖𝑴𝑹G𝑬𝑫𝑭 =	0.17 fm 

Bally, B., Giacalone, G. & Bender, M. 
Eur. Phys. J. A 59, 58 (2023).

https://doi.org/10.1140/epja/s10050-023-00955-3
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appears surprisingly 
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• .$ , .' and .( manifest themselves at different |t| regions (different length scales).

H.Mantysaari, B.Schenke, C. Shen and W. Zhao, PhysRevLett.131.062301.
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other mass regions by calculating ε from ρA of Eq. (4).
We have checked numerically in multiple forces that the
results closely agree with Eq. (3) for the 40 ≤ A ≤ 238
stable nuclei given in Fig. 2.
With the help of Eq. (5) for t (using ρA to compute ε),

we next analyze constraints on the density dependence
of the symmetry energy by optimization of (2) to exper-
imental S data. We employ csym(ρ) = 31.6(ρ/ρ0)γ MeV
[6, 7, 8, 9] and take as experimental baseline the neutron
skins measured in 26 antiprotonic atoms [20] (see Fig. 2).
These data constitute the largest set of uniformly mea-
sured neutron skins over the mass table till date. With
allowance for the error bars, they are fitted linearly by
S = (0.9±0.15)I+(−0.03±0.02) fm [20]. This systemat-
ics renders comparisons of skin data with DM formulas,
which by construction average the microscopic shell ef-
fect, more meaningful [26]. We first set bn = bp (i.e.,
Ssw = 0) as done in the DM [12, 23, 26] and in the anal-
ysis of data in Ref. [19]. Following the above, we find
L = 75± 25 MeV (γ = 0.79± 0.25). The range ∆L = 25
MeV stems from the window of the linear averages of
experiment. The L value and its uncertainty obtained
from neutron skins with Ssw = 0 is thus quite compat-
ible with the quoted constraints from isospin diffusion
and isoscaling observables in HIC [6, 7, 8]. On the other
hand, the symmetry term of the incompressibility of the
nuclear EOS around equilibrium (K = Kv+Kτδ2) can be
estimated using information of the symmetry energy as
Kτ ≈ Ksym−6L [5, 6, 7]. The constraintKτ = −500±50
MeV is found from isospin diffusion [6, 7], whereas our
study of neutron skins leads to Kτ = −500+125

−100 MeV. A
value Kτ = −550± 100 MeV seems to be favored by the
giant monopole resonance (GMR) measured in Sn iso-
topes as is described in [13]. Even if the present analyses
may not be called definitive, significant consistency arises
among the values extracted for L and Kτ from seemingly
unrelated sets of data from reactions, ground-states of
nuclei, and collective excitations.
To assess the influence of the correction Ssw in (2) we

compute the surface widths bn and bp in ASINM [22].
This yields the bn(p) values of a finite nucleus if we re-
late the asymmetry δ0 in the bulk of ASINM to I by
δ0(1 + xA) = I + xAIC [21, 22, 23]. In doing so, we find
that Eq. (2) reproduces trustingly S (and its change with
I) of self-consistent Thomas-Fermi calculations of finite
nuclei made with the same nuclear force. Also, Ssw is
very well fitted by Ssw = σswI. All slopes σsw of the
forces of Fig. 1(c) lie between σmin

sw = 0.15 fm (SGII) and
σmax
sw = 0.31 fm (NL3). We then reanalyze the exper-

imental neutron skins including Smin
sw and Smax

sw in Eq.
(2) to simulate the two conceivable extremes of Ssw ac-
cording to mean field models. The results are shown in
Fig. 3. Our above estimates of L and Kτ could be shifted
by up to −25 and +125 MeV, respectively, by nonzero
Ssw. This is on the soft side of the HIC [6, 7, 8] and
GMR [13] analyses of the symmetry energy, but closer
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FIG. 2: (Color online) Comparison of the fit described in
the text of Eq. (2) with the experimental neutron skins
from antiprotonic measurements and their linear average S =
(0.9± 0.15)I + (−0.03± 0.02) fm [20]. Results of the modern
Skyrme SLy4 and relativistic FSUGold forces are also shown.
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FIG. 3: (Color online) Constraints on L and Kτ from neutron
skins and their dependence on the Ssw correction of Eq. (2).
The crosses express the L and Kτ ranges compatible with the
uncertainties in the skin data. The shaded regions depict the
constraints on L and Kτ from isospin diffusion [6, 7] and on
Kτ as determined in [13] from the GMR of Sn isotopes.

to the alluded predictions from nucleon emission ratios
[9], the GDR [14], and nuclear binding systematics [17].
One should mention that the properties of csym(ρ) de-
rived from terrestrial nuclei have intimate connections to
astrophysics [3, 4, 10]. As an example, we can estimate
the transition density ρt between the crust and the core of
a neutron star [3, 10] as ρt/ρ0 ∼ 2/3+ (2/3)γKsym/2Kv,
following the model of Sect. 5.1 of Ref. [10]. The con-
straints from neutron skins hereby yield ρt ∼ 0.095±0.01
fm−3. This value would not support the direct URCA
process of cooling of a neutron star that requires a higher
ρt [3, 10]. The result is in accord with ρt ∼ 0.096 fm−3

of the microscopic EOS of Friedman and Pandharipande
[27], as well as with ρt ∼ 0.09 fm−3 predicted by a recent
analysis of pygmy dipole resonances in nuclei [15].
We would like to close with a brief comment regard-

ing the GDR. As mentioned, Ref. [14] very interestingly
constrains csym(0.1) from the GDR of 208Pb. The anal-



Robust Theoretical Description
• First theoretical prediction for 
deformed Uranium
• Sensitivity to nuclear geometry!

• 2D Tomography possible through 
Interference effect
• Also require very large U radius
• Assumes amplitude interference for 
coherent process

October 2nd, 2023 JDB | Ohio State University 29• In U+U, larger .$ leads to flaPer spectra (smaller radius). Larger .$ has larger incoherent at
low 5)$, leads to the flaPer 67/65)$. Also the ini2al photon kT is more important.

Interference in Au+Au and U+U
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H.Mantysaari, F. Salazar, B.Schenke, C. Shen and W. Zhao, in preparation.
STAR Sci. Adv. 9 (2023) no.1, eabq3903.
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• .$ , .' and .( manifest themselves at different |t| regions (different length scales).

H.Mantysaari, B.Schenke, C. Shen and W. Zhao, PhysRevLett.131.062301.
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Intensity interference: 
• Two photon measurement from incoherent source
• “image” encoded in transverse correlations
• Requires photons be indistinguishable

Credit: Albert Stebbins
Fermilab

Aside: Intensity Interferometry



Entanglement Enabled Intensity Interferometry of 
different wavelengths of light

Cotler-Wilczek Process: use entanglement ‘filter’ to convert 
different wavelengths of light to a common state→ interference
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Jordan Cotler a, Frank Wilczek b c d e f, Victoria Borish g

Annals of Physics Volume 424, 168346 (2021)

Entanglement Enabled Intensity Interferometry

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

Fig. 2. A photon of wavelength �1 or �2 is transformed and projected onto a photon at wavelength �2. This can be
achieved, for example, when the photon of wavelength �1 or �2 is sent along with a pump laser of wavelength � through
a quasi-phase-matched nonlinear crystal followed by a narrowband filter. In the crystal, there is an equal probability of
a photon being up- or downconverted and passing through unchanged.

3. Mechanism for E
2
I
2
with different wavelength photons

3.1. Single crystal method

Consider photons of wavelength �1 and �2 with energies E1 and E2, respectively. Further, we
suppose that E1 < E2 and define �E := E2 � E1. Photons with energy �E will be denoted by their
wavelength �.

Now consider the detector setup in Fig. 2. An incoming photon with wavelength �1 or �2 as well
as a pump laser beam of wavelength � is incident on a quasi-phase-matched nonlinear crystal.

An incoming photon of wavelength �1 has some probability of upconverting to a wavelength �2,
and similarly an incoming photon of wavelength �2 has some probability of passing through the
quasi-phase-matched nonlinear crystal unchanged. Let us suppose that the incoming mode of the
pump is in the coherent state |↵, �i, where

|↵, �i := e� |↵|2
2

1X

n=0

↵n
p
n!

|n, �i (5)

for ↵ 2 C. In the above equation, |n, �i is the number state in which n photons of wavelength
� are in an incoming mode. The average number of photons in the incoming modes is given by
h↵, �|bn |↵, �i = |↵|2. We assume that there are a large number of photons in the incoming modes,
as is the case when the pump is a strong laser.

The frequency upconversion process works as follows: Suppose that a photon of wavelength
�1 is headed towards the crystal and that there are also incoming photons from the � pump.
Then the initial state of the system is |�1i|↵, �i. When the photon and pump enter the crystal, a
nonlinear interaction occurs that causes a photon from the pump mode to upconvert the incoming
photon with some probability. This will only occur when the crystal is quasi-phase-matched for the
desired process; that is to say, it has been engineered in such a way that the phase relationships
are preserved allowing for the nonlinear process to be efficient. We have

|�1i|↵, �i �! cos(✓ ) |�1i|↵, �i + ei� sin(✓ ) |�2i|↵, �i (6)

for some ✓ , �. Notice that in the second term, in which upconversion occurred, the |↵, �i term
is unchanged. Although the coherent state has lost a photon, the state is unchanged since it is
an eigenvector of the annihilation operator. Applying a �2 filter corresponds to the projection
|�2ih�2| ⌦ 1 which leaves us with |�2i|↵, �i. We assume that �1 and �2 are sufficiently far away
from one another that the �2 filter completely removes light at wavelength �1.

If instead the incoming photon has wavelength �2, then we have the similar process

|�2i|↵, �i �! e�i� sin(✓ ) |�1i|↵, �i + cos(✓ ) |�2i|↵, �i. (7)

For the first term of the above equation, in which downconversion occurred, the |↵, �i term is
unchanged even though the coherent state has gained a photon. This is an approximation, since
the norm squared of the overlap of the modified coherent state with the original coherent state is

4

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


Entanglement enabled Intensity Interferometry
from exclusive 𝜋!𝜋" measurements in UPC’s as an
inverse Cotler-Wilczek process

Inverse Cotler-Wilczek Process: ‘Filter’ 𝜌7 state comes first.
Entanglement of daughter pions enables interference
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Haowu Duan, Raju Venugopalan, Zhoudunming Tu, Zhangbu Xu, James Daniel Brandenburg, In preparation

In principle, D+� and D�+ doesn’t know anything about the nucleus. Because
|⇡+i⌦ |⇡�i is distinguishable from |⇡�i⌦ |⇡+i, we also don’t see any interferences.
But if we compute amplitude of ⇡+⇡� production, we will get,

A⇢!⇡+⇡� = DAD+� +DAD�+ +DBD+� +DBD�+ (14)

Therefore, the cross section will contain the interference term. This is not true if
we prepare the following state,

|�⇡+⇡�i = (DA
+� +DB

+�)|⇡+⇡�i+ (DA
�+ +DB

�+)|⇡�⇡+i (15)

I suspect this state should be a mixed state by construction. Maybe show that
when include multiple channels of ⇡+⇡� production, the result is a mixed state
instead of pure. The interference term will probably vanish through ensemble
average. Because there is no intrinsic connection between |⇡+⇡�i and |⇡�⇡+i. We
can extract interference term if the ⇡+⇡� comes from the same source. This is like
the filter used by Cotler-Wilczek process, except the order is reversed.

Raju comment below

I would phrase things slightly di↵erently. Consider the exclusive process in an
UPC where two detectors at positions 1 and 2 measure either a ⇡+ or a ⇡� with
a branching ratio of 99.9%. (The decay to pairs of muons or electrons is 0.5 10�6.)
So, one can write the amplitude for the process as

< NANB|⇡+⇡� > = < NANB|⇢A >< ⇢A|⇡+⇡�, A >

⇥ < ⇡+⇡�, A|
⇣
|⇡+, 1 > |⇡�, 2 > +|⇡+, 2 > |⇡�, 1 >

⌘

+ < NANB|⇢B >< ⇢B|⇡+⇡�, B >

⇥ < ⇡+⇡�, B|
⇣
|⇡+, 1 > |⇡�, 2 > +|⇡+, 2 > |⇡�, 1 >

⌘
.

(16)

Now, the physics of photon-pomeron fusion is encoded in

F =< NANB|⇢A >⌘< NANB|⇢B > , (17)

where F is a nontrivial function including the nonperturbative QCD dynamics of
this process. One could consider a detailed dipole model a la Jian Zhou et al for
instance. Note further that in principle the two matrix elements can be di↵erent if
the ⇢-meson is produced at di↵erent locations in nucleus A or B. We can develop
this in more detail.

We can also define without loss of generality

 =< ⇢A|⇡+⇡�, A >⌘< ⇢B|⇡+⇡�, B > . (18)

(This is what Haowu calledDA andDB in Eq. 12 - but this distinction is unnecesary
since the amplitudes should be identical I believe.)

5

Interference only occurs if final state particles are entangled! 



Entanglement Enabled Intensity Interference
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Incoherent sources

`Filter` State



Access to Hadronic Light-by-Light
2

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

𝜋3 𝜋3

𝜋4 𝜋4
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‘Filter’



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
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Elliptic Gluon Tomography (Tensor Pomeron)
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FIG. 2: The asymmetry is plotted as the function of q? for
RHIC energy

p
S = 200GeV. The rapidities y1, y2 of produced

pions are integrated over the region [�1, 1] and Q is integrated
over the region [0.6GeV , 1GeV ]. The contributions from the
final state soft photon radiation and elliptic gluon distribution
to the asymmetry are shown separately.
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FIG. 3: The asymmetry in photon production of di-pion in
eA collisions at EIC is plotted as the function of q? for the
center of mass energy

p
S = 100GeV. The rapidities y1, y2

of produced pions are integrated over the region [2, 3] and
the invariant mass of di-pion Q is integrated over the re-
gion [0.6GeV , 1GeV ]. Transverse momentum carried by the
quasi-real photon emitted from electron beam is required to
be smaller than 0.1GeV.
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FIG. 2: The asymmetry is plotted as the function of q? for
RHIC energy

p
S = 200GeV. The rapidities y1, y2 of produced

pions are integrated over the region [�1, 1] and Q is integrated
over the region [0.6GeV , 1GeV ]. The contributions from the
final state soft photon radiation and elliptic gluon distribution
to the asymmetry are shown separately.

FIG. 3: The asymmetry in photon production of di-pion in
eA collisions at EIC is plotted as the function of q? for the
center of mass energy

p
S = 100GeV. The rapidities y1, y2

of produced pions are integrated over the region [2, 3] and
the invariant mass of di-pion Q is integrated over the re-
gion [0.6GeV , 1GeV ]. Transverse momentum carried by the
quasi-real photon emitted from electron beam is required to
be smaller than 0.1GeV.
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FIG. 1: cos 4� azimuthal asymmetry results from the in-
terference between the p wave and the f wave of pion pairs
that are from the decay of ⇢0 meson in conjugate amplitude,
and are from direct production in the amplitude. The color
neutral exchange in the amplitude described by the elliptic
gluon distribution e↵ectively carries two unit orbital angular
momentum. The incident photon is linearly polarized.

calculations. First of all, the dipole-nucleus scat-
tering amplitude (the azimuthal independent part) is
parametrized in terms of dipole-nucleon scattering am-
plitude N (r?) [74–78],

N(b?, r?) ⇡ 1� [1� 2⇡BpTA(b?)N (r?)]
A (21)

where we adopt the GBW model for N (r?). We
also made the numerical estimates with a more so-
phisticated treatment for N (r?) [76–79], which leads
to the similar results. The nuclear thickness function
TA(b?) is determined with the Woods-Saxon distribu-
tion in our numerical calculation, and Bp = 4GeV �1.
For the scalar part of vector meson function, we use
“Gauss-LC” wave function also taken from Ref. [74, 75]:

⌦⇤(|r?|, z) = �z(1 � z) exp
h
� r2?

2R2
?

i
with � = 4.47,

R2
? = 21.9GeV�2. The nuclear thickness function is

estimated with the Woods-Saxon distribution, F (~k2) =R
d3rei

~k·~r C0

1+exp [(r�RWS)/d] where RWS (Au: 6.38fm) is

the radius and d (Au.:0.535fm) is the skin depth. C0 is
the normalization factor.

UPCs events measured at RHIC are triggered by de-
tecting accompanied forward neutron emissions. The im-
pact parameter dependence of the probability for emit-
ting any number of neutrons from an excited nucleus
(referred to as the “Xn” event) is described by the

function, P (b̃?) = 1 � exp
h
�P1n(b̃?)

i
with P1n(b̃?) =

5.45 ⇤ 10�5 Z3(A�Z)

A2/3b̃2?
fm2. Therefore, the “tagged” UPC

cross section is defined as,

2⇡

Z 1

2RA

b̃?db̃?P
2(b̃?)d�(b̃?, ...) (22)

With all these ingredients, we are ready to perform nu-
merical study of the cos 4� azimuthal asymmetry for
RHIC kinematics.

We first compute the azimuthal averaged cross section
and compare it with STAR data to fix the coe�cient
C ⇡ �10 which determines the relative magnitude be-
tween the direct pion pair production and that via ⇢0

decay. We then are able to compute the cos 4� asymme-
try from the elliptic gluon distribution. The QED and
the elliptic gluon distribution contributions to the asym-
metry are separately presented in Fig. 2. If we only take
into account the final state soft photon radiation e↵ect,
the theory calculation severely underestimates the ex-
perimental data. To match the STAR data [39], a rather
large value of the coe�cient E = 0.4 in the Eq. 15 which
is roughly one order of magnitude larger than the per-
turbative estimate for E [10, 17], has been used in our
numerical calculation. Since we are dealing with the deep
non-perturbative region, it is hard to tell whether such
large value for E is reasonable or not. Moreover, there is
a lot of uncertainties associated with the transition from
quark pair to di-pion. Other non-perturbative model for
describing this transition might lead to a much larger
asymmetry with the same value of E. Nevertheless, as
demonstrated in Fig. 2, it is clear that the elliptic gluon
distribution is a necessary element to account for the ob-
served asymmetry (around 10% ).

We also compute the cos 4� azimuthal asymmetry in
the process � + A ! A0 + ⇡+ + ⇡� for EIC kinematics
with the same set parameters. It is shown in Fig. 3 that
the contribution from the elliptic gluon distribution to
the asymmetry flips the sign as the result of the absence
of the double slit interference e↵ect in eA collisions. It
would be very interesting to test this predication at the
future EIC. In view of the recent findings [23, 24], this
might be the only clean observable to probe the gluon
Wigner function at EIC, because it is free from the con-
tamination due to the final state soft gluon radiation ef-
fect.

Conclusion. We studied cos 4� azimuthal asymmetry
in exclusive di-pion production near ⇢0 resonance peak in
UPCs. Both the final state soft photon radiation e↵ect
and the elliptic gluon distribution can give rise to such a
asymmetry. It is shown that the QED e↵ect alone, which
can be cleanly computed, is not adequate to describe the
STAR data. On the other hand, with some model de-
pendent input, a better agreement with the preliminary
STAR data is reached after including the elliptic gluon
distribution contribution, though the theory calculation
still underestimates the measured asymmetry. This thus
leads us to conclude that the observed cos 4� asymmetry
might signal the very existence of the non-trivial quan-
tum correlation encoded in elliptic gluon distribution.
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Elliptic gluon distribution: correlation 
between impact parameter and momentum
• Clear signature of elliptic gluon 

distribution within nuclei.
• Complimentary measurements at RHIC 

and EIC
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‘Filter’



Confirmation from ALICE (New at QM Sept 2023)
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Neutron emission categories test the impact 
parameter dependence

Small bLarge b

XnXn

0n0n Xn0n + 0nXn



Polarization effects: coherent diffractive 𝐽/𝜓
• New STAR measurement of 
𝐽/𝜓 at QM in Sept 2023
• Consistent within error with 
Diffraction + Interference 
(Diff+Int) effect at low 𝑝8  
• Effect of Soft Photon radiation 
(Rad) visible at higher 𝑝8
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Summary – Entanglement Enabled Spin Interference
• Ultra-peripheral collisions provide a unique laboratory for exploring the 
frontiers of QED, QCD and BSM physics
• Polarized Breit-Wheeler process: access to photon polarization 
• Photonuclear processes: novel incarnation of the ‘double-slit’ 
experiment
• Analogy to HBT intensity interferometry, but requires entanglement 
• Immediate applications:
• Tomography of gluon distributions within large nuclei at high energy -> neutron 
skin
• Interference access to hadronic light-by-light in unconstrained region -> inform 
BSM searches through anomalous magnetic moments
• Interference access to Pomeron with higher spin states -> gluon spin correlations 
within large nuclei, signatures of gluon saturation & nonlinear dynamics
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H.Mantysaari, B.Schenke, C. Shen and W. Zhao, Phys. Lett. B 833 (2022), 137348.

Bmin distribution in UPCs
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Imaging the Nuclear Charge Distribution

• Explore the effective charge 
distribution vs. energy and 
impact parameter
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Abstract

Results on Breit-Wheeler Process in Heavy-Ion Collisions and its 
Application to Nuclear Charge Radius Measurements
Xiaofeng Wang, James Daniel Brandenburg, Lijuan Ruan, Fenglan Shao, 

Zhangbu Xu, Chi Yang, and Wangmei Zha

Key Laboratory of Particle Physics and Particle Irradiation (MoE), 
Institute of Frontier and Interdisciplinary Science, Shandong University, Qingdao, China

xiaofeng_wang@mail.sdu.edu.cn

• In ultra-relativistic heavy-ion collisions, strong electromagnetic fields arising from the Lorentz-
contracted, highly charged nuclei can be approximated as a large flux of high-energy quasi-real
photons that can interact via the Breit-Wheeler process to produce !!!" pairs.

• Within a given experimental kinematic acceptance, the cross section of !!!" pairs from the Breit-
Wheeler process in heavy-ion collisions is found to increase while the pair transverse momentum
( "#$ ) decreases with increasing beam energy.

• The corresponding results found to be sensitive to the nuclear charge distribution and the infrared-
divergence of the ultra-Lorentz boosted Coulomb field. Following this approach we demonstrate
that the experimental measurements of the Breit-Wheeler process in heavy-ion collisions can be
used to quantitatively constrain the nuclear charge radius. The extracted parameters show
sensitivity to the impact parameter dependence, and can be used to study the initial-state and
final-state effects in hadronic interactions.

Introduction
• In high-energy !!!" collisions, photon flux diverges at both high and low four-momentum transfer                         

[P. A. Zyla et al. (PDG), Prog. Theor. Exp. Phys. 2020, 083C01 (2020) ]

• The photon flux does not diverge in heavy-ion collisions, which naturally regulated by the form factor 
at high q and finite ⁄$ % at low q
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• The photon source from heavy-ion collisions is crucial for the discovery of the Breit-Wheeler process

• We can further test this by studying the beam energy dependence of the cross section and "#$

Application: Constrain Nuclear Charge Distribution

[J. D. Brandenburg et al, Eur. Phys. J. A 57, 299 (2021) ]
[F. Krauss et al, Prog. Part. Nucl. Phys. 39, 503 (1997) ]

Beam Energy Dependence of Cross Section and !)*
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Summary

• The cross section of !!!" pairs from Breit-Wheeler process increases with beam energy

• The "#$ of !!!" pairs from Breit-Wheeler process decreases with increasing beam energy
• The ratios which deviate from unity demonstrate that the kinematics of the Breit-Wheeler

process are sensitive to the details of the nuclear charge distribution. 

• Using LO QED calculate Breit-Wheeler process 
to match data with least-+$

• UPC consistent with nominal nuclear geometry

• Peripheral collisions systematically larger

• Within a given experimental kinematic acceptance, the cross section is found to increase while the 

"#$ decreases with increasing beam energy. 
• We demonstrate that the experimental measurements of the Breit-Wheeler process in ultra-

relativistic heavy-ion collisions can be used to quantitatively constrain the nuclear charge radius. 
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Application: Constrain Charge Distribution

** → +"+# can be used to constrain nucleus 
charge distribution at RHIC energy
STAR data compared to EPA-QED

Low energy scattering: R=6.38 fm, d=0.535 fm
R. C. Barrett and D. F. Jackson, Nuclear Sizes and Structure (Oxford 
University Press, 1977)

200 GeV vs 54 GeV: maybe due to energy 
dependence of charge distribution

Low-energy vs RHIC (3, difference): maybe 
due to energy dependence of charge 
distribution and/or final state effect
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EPA-QED: J. D. Brandenburg et al, Eur. Phys. J. A 57 (2021) 299.
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