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Nuclear Tomography at high energy : Motivation
Nuclear matter is all around us from the 
tiniest atoms to huge interstellar objects

The Equation of State (EOS) of nuclear 
matter dictates the forms of matter over 
10!" orders of magnitude in scale
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Brendan T. Reed, F. J. Fattoyev, C. J. Horowitz, and J. Piekarewicz Phys. Rev. Lett. 126, 
172503 (2021)

The EOS determines the structure and stability of atomic nuclei, 
the formation of the elements, whether stars collapse into 
neutron stars or black holes, and the structure of neutron stars 
themselves 

D. Adhikari et al. (PREX Collaboration) Phys. Rev. Lett. 126, 172502 (2021)



Nuclear Tomography at high energy : Motivation
EOS constraints from astrophysics:
• NICER x-ray telescope has determined a 

pulsar radius to better than 10%
• Gravitational wave data from LIGO from a 

neutron star merger event has constrained 
neutron star tidal deformability

Still open questions:
• Significant nonzero strangeness component 

in neutron star interior? 
• Phase transition within neutron star cores?
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Nuclear Tomography at high energy : Motivation
PREX-II: Precise measurement of the 
neutron skin of lead:

Note: R! and R" are the root-mean-square radii of the 
neutron and proton distributions, respectively.
Measured through purely electroweak measurement, 
longitudinally polarized elastic electron scattering to 
determine the parity-violating asymmetry APV 
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TABLE II. Ameas
PV for di↵erent HWP-Wien state combinations.

HWP/Wien Acorr sign Ameas
PV [ppb] �2 #slugs

IN / Left � 540.7 ± 29.9 46.9 27
OUT / Left + 598.8 ± 29.1 31.6 29
IN / Right + 506.2 ± 34.1 18.3 19
OUT / Right � 536.4 ± 37.7 16.0 21

try variation with the acceptance of the spectrometers:

hAPV i =
R
d✓ sin ✓A(✓) d�d⌦✏(✓)R

d✓ sin ✓ d�
d⌦✏(✓)

, (3)

where d�
d⌦ is the di↵erential cross section and A(✓) is the

modeled parity violating asymmetry as a function of scat-
tering angle. The acceptance function ✏(✓) is defined as
the relative probability for an elastically scattered elec-
tron to make it to the detector [37]. The systematic
uncertainty in ✏(✓) was determined using a simulation
that took into account initial and final state radiation
and multiple scattering.

Our final results for Ameas
PV and FW with the acceptance

described by ✏(✓) and hQ2i = 0.00616 GeV2 are:

Ameas
PV = 550± 16 (stat.)± 8 (syst.) ppb

FW (hQ2i) = 0.368± 0.013 (exp.)± 0.001 (theo.).

where the experimental uncertainty in FW includes both
statistical and systematic contributions.
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FIG. 3. Extraction of the weak radius (left vertical axis)
or neutron skin (right vertical axis) for the 208Pb nucleus.
Rch [46] is shown for comparison.

The correlation between APV and the 208Pb weak ra-
dius RW is obtained by plotting the predictions for these
two quantities from a sampling of theoretical calcula-
tions [8, 40–45], as shown in Fig. 3, along with the green
band highlighting Ameas

PV and its 1-� experimental uncer-
tainty.

Single nucleon weak form factors are folded with point
nucleon radial densities to arrive at the weak density dis-
tribution ⇢W (r), using QW = �117.9 ± 0.3 which incor-
porates one-loop radiative corrections including �-Z box
contributions [47–50] as an overall constraint. The cor-
relation slope in Fig. 3 is determined by fitting ⇢W (r) as
a two-parameter Fermi function over a large variety of
relativistic and nonrelativistic density functional models,
determining for each model a size consistent with RW

and a surface thickness a. This also determines the small
model uncertainty, shown in Fig. 3 (dashed red lines),
corresponding to the range of a [24, 37, 51].
Projecting to the model correlation to determine the

weak radius or alternatively the neutron skin (left and
right vertical axes respectively), the PREX-2 results are

RW = 5.795± 0.082 (exp.)± 0.013 (theo.) fm

Rn �Rp = 0.278± 0.078 (exp.)± 0.012 (theo.) fm.

The normalization constant in the Fermi-function form
of ⇢W (r) used to extract RW is a measure of the 208Pb
interior weak density [37]:

⇢0W = �0.0798± 0.0038 (exp.)± 0.0013 (theo.) fm�3.

Combined with the well-measured interior charge density,
the interior baryon density determined solely from the
PREX-2 data is ⇢0b = 0.1482 ± 0.0040 fm�3 (combining
experimental and theoretical uncertainties).
This result is consistent with the results from the

PREX-1 measurement, which found Rn � Rp = 0.30 ±
0.18 fm [52]. Table III summarizes nuclear properties of
208Pb from the combined PREX-1 and PREX-2 results,
including a 4 � determination of the neutron skin.

TABLE III. PREX-1 and -2 combined experimental results
for 208Pb. Uncertainties include both experimental and the-
oretical contributions.
208Pb Parameter Value

Weak radius (RW ) 5.800 ± 0.075 fm
Interior weak density (⇢0W ) �0.0796 ± 0.0038 fm�3

Interior baryon density (⇢0b) 0.1480 ± 0.0038 fm�3

Neutron skin (Rn �Rp) 0.283 ± 0.071 fm

Exploiting the strong correlation between Rn � Rp

and the density dependence of the symmetry energy
L, the PREX result implies a sti↵ symmetry energy
(L = 106 ± 37 MeV [53]), with important implications
for critical neutron star observables. Figure 4 shows
the inferred radial dependence of the 208Pb charge, weak
and total baryon densities together with their uncertainty
bands. The precise 2.5% determination of ⇢0b for 208Pb
will facilitate a sensitive examination of its close relation-
ship to the nuclear saturation density [24].
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FIG. 4. 208Pb weak and baryon densities from the com-
bined PREX datasets, with uncertainties shaded. The charge
density [46] is also shown.

After the 208Pb run, data were also collected to mea-
sure Ameas

PV for 48Ca (CREX) [54]. The improved sys-
tematic control of helicity correlated beam asymmetries
and several other PREX experimental innovations will
inform the design of future projects MOLLER [55] and
SoLID [56] at JLab measuring fundamental electroweak
couplings, as well as a more precise 208Pb radius experi-
mental proposal at Mainz [5, 57].
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PREX-II: Precise measurement of the 
neutron skin of lead:

Note: R! and R" are the root-mean-square radii of the 
neutron and proton distributions, respectively.
Measured through purely electroweak measurement, 
longitudinally polarized elastic electron scattering to 
determine the parity-violating asymmetry APV 
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TABLE II. Ameas
PV for di↵erent HWP-Wien state combinations.

HWP/Wien Acorr sign Ameas
PV [ppb] �2 #slugs

IN / Left � 540.7 ± 29.9 46.9 27
OUT / Left + 598.8 ± 29.1 31.6 29
IN / Right + 506.2 ± 34.1 18.3 19
OUT / Right � 536.4 ± 37.7 16.0 21

try variation with the acceptance of the spectrometers:

hAPV i =
R
d✓ sin ✓A(✓) d�d⌦✏(✓)R

d✓ sin ✓ d�
d⌦✏(✓)

, (3)

where d�
d⌦ is the di↵erential cross section and A(✓) is the

modeled parity violating asymmetry as a function of scat-
tering angle. The acceptance function ✏(✓) is defined as
the relative probability for an elastically scattered elec-
tron to make it to the detector [37]. The systematic
uncertainty in ✏(✓) was determined using a simulation
that took into account initial and final state radiation
and multiple scattering.

Our final results for Ameas
PV and FW with the acceptance

described by ✏(✓) and hQ2i = 0.00616 GeV2 are:

Ameas
PV = 550± 16 (stat.)± 8 (syst.) ppb

FW (hQ2i) = 0.368± 0.013 (exp.)± 0.001 (theo.).

where the experimental uncertainty in FW includes both
statistical and systematic contributions.
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FIG. 3. Extraction of the weak radius (left vertical axis)
or neutron skin (right vertical axis) for the 208Pb nucleus.
Rch [46] is shown for comparison.

The correlation between APV and the 208Pb weak ra-
dius RW is obtained by plotting the predictions for these
two quantities from a sampling of theoretical calcula-
tions [8, 40–45], as shown in Fig. 3, along with the green
band highlighting Ameas

PV and its 1-� experimental uncer-
tainty.

Single nucleon weak form factors are folded with point
nucleon radial densities to arrive at the weak density dis-
tribution ⇢W (r), using QW = �117.9 ± 0.3 which incor-
porates one-loop radiative corrections including �-Z box
contributions [47–50] as an overall constraint. The cor-
relation slope in Fig. 3 is determined by fitting ⇢W (r) as
a two-parameter Fermi function over a large variety of
relativistic and nonrelativistic density functional models,
determining for each model a size consistent with RW

and a surface thickness a. This also determines the small
model uncertainty, shown in Fig. 3 (dashed red lines),
corresponding to the range of a [24, 37, 51].
Projecting to the model correlation to determine the

weak radius or alternatively the neutron skin (left and
right vertical axes respectively), the PREX-2 results are

RW = 5.795± 0.082 (exp.)± 0.013 (theo.) fm

Rn �Rp = 0.278± 0.078 (exp.)± 0.012 (theo.) fm.

The normalization constant in the Fermi-function form
of ⇢W (r) used to extract RW is a measure of the 208Pb
interior weak density [37]:

⇢0W = �0.0798± 0.0038 (exp.)± 0.0013 (theo.) fm�3.

Combined with the well-measured interior charge density,
the interior baryon density determined solely from the
PREX-2 data is ⇢0b = 0.1482 ± 0.0040 fm�3 (combining
experimental and theoretical uncertainties).
This result is consistent with the results from the

PREX-1 measurement, which found Rn � Rp = 0.30 ±
0.18 fm [52]. Table III summarizes nuclear properties of
208Pb from the combined PREX-1 and PREX-2 results,
including a 4 � determination of the neutron skin.

TABLE III. PREX-1 and -2 combined experimental results
for 208Pb. Uncertainties include both experimental and the-
oretical contributions.
208Pb Parameter Value

Weak radius (RW ) 5.800 ± 0.075 fm
Interior weak density (⇢0W ) �0.0796 ± 0.0038 fm�3

Interior baryon density (⇢0b) 0.1480 ± 0.0038 fm�3

Neutron skin (Rn �Rp) 0.283 ± 0.071 fm

Exploiting the strong correlation between Rn � Rp

and the density dependence of the symmetry energy
L, the PREX result implies a sti↵ symmetry energy
(L = 106 ± 37 MeV [53]), with important implications
for critical neutron star observables. Figure 4 shows
the inferred radial dependence of the 208Pb charge, weak
and total baryon densities together with their uncertainty
bands. The precise 2.5% determination of ⇢0b for 208Pb
will facilitate a sensitive examination of its close relation-
ship to the nuclear saturation density [24].
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FIG. 4. 208Pb weak and baryon densities from the com-
bined PREX datasets, with uncertainties shaded. The charge
density [46] is also shown.

After the 208Pb run, data were also collected to mea-
sure Ameas

PV for 48Ca (CREX) [54]. The improved sys-
tematic control of helicity correlated beam asymmetries
and several other PREX experimental innovations will
inform the design of future projects MOLLER [55] and
SoLID [56] at JLab measuring fundamental electroweak
couplings, as well as a more precise 208Pb radius experi-
mental proposal at Mainz [5, 57].
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OK GREAT, we are done right!?



Gravitational Wave Discovery & Tension
NICER x-ray measurement of neutron star 
radius and PREX-II

GW170817: Observation of Gravitational 
Waves from a Binary Neutron Star Inspiral

Strong tension with ”allowed” region from 
NICER+PREX-II
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Brendan T. Reed, F. J. Fattoyev, C. J. Horowitz, and J. Piekarewicz Phys. Rev. Lett. 126, 
172503 (2021)

D. Adhikari et al. (PREX Collaboration) Phys. Rev. Lett. 126, 172502 (2021)

B. P. Abbott et al. (LIGO Scientific Collaboration and Virgo Collaboration)
Phys. Rev. Lett. 119, 161101 (2017)
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lated neutron stars are consistent with the much slower
modified URCA process [38]. This may be because the
direct URCA neutrino emissivity is reduced by nucleon
pairing.
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FIG. 4: (Color online). Showcase of neutron star observables
as a function of R208

skin as predicted by the set of energy density
functionals considered in this work. The tidal deformability
⇤1.4

? of a 1.4 M� neutron star is computed for each model, and
displayed with blue dots and connected by a best fit power law
that scales as the 4.8⇡5 power of R1.4

? . The combined PREX-
II result together with NICER constraints on the stellar radius
is depicted by the small (blue) window of models allowed.

We close the section by displaying in Fig. 4 the dimen-
sionless tidal deformability of a 1.4M� neutron star as
a function of both the stellar radius R1.4

? and Rskin. Al-
though not shown, for the set of density functionals used
in this work a very strong correlation (of about 0.98) is
obtained between R1.4

? and Rskin. However, because the
central density of a 1.4M� neutron star may reach den-
sities as high as 2-to-3 times saturation density, the ro-
bustness of such a correlation should be examined in the
context of alternative theoretical descriptions. Moreover,
a precise knowledge of the EOS of the crust is needed
to minimize possible systematic uncertainties [39]. As
in Fig. 3, the 1� confidence region is indicated by the
shaded area in the figure. Also shown are NICER con-
strains on the radius of PSR J0030+0451 [40, 41], that
are depicted by the two horizontal error bars and which
suggest an upper limit of R1.4

?  14.26 km. Invoking the
strong R1.4

? –Rskin correlation observed in our models,
one obtains an upper limit on the neutron skin thickness
of Rskin.0.31 fm and a lower limit on the stellar radius of
R1.4

? &13.25 km. The region that satisfies both PREX-II
and NICER constraints is indicated by the narrow (blue)
rectangle in Fig. 4, which excludes a significant number
of models. In turn, given that the tidal deformability
approximately scales with the fifth power of the stellar
radius [42], one can also set limits on the tidal deformabil-

ity of a 1.4M� neutron star. Combining the constraints
from NICER on R1.4

? and PREX-II on R208
skinone obtains:

0.21 . Rskin(fm). 0.31 (8a)

13.25 . R1.4
? (km). 14.26 (8b)

642 . ⇤1.4
? . 955. (8c)

The allowed region for the tidal deformability falls com-
fortably within the ⇤1.4

? . 800 limit reported in the
GW170817 discovery paper [43]. Yet, the revised limit
of ⇤1.4 = 190+390

�120 . 580 [44] presents a more serious
challenge. To confirm whether this tension is real, it
will require a multi-prong approach involving a more
precise determination of R208

skin, additional NICER ob-
servations, and more multi-messenger detections of neu-
tron star mergers. The prospect of a more precise elec-
troweak determination of R208

skin is challenging as it may
require the full operation of the future Mainz Energy-
recovery Superconducting Accelerator (MESA) which is
foreseen to start until 2023 [45]. Future determinations
of stellar radii by NICER for neutron stars with known
masses, such as J0437-4715 [46], could be made at a ± 3%
level, or to better than ± 0.5 km. NICER is also col-
lecting pulse profile modeling data for the highest mass
pulsar (PSR J0740+6620) ever measured [47]. Finally,
the LIGO-Virgo-KAGRA collaborations are preparing
for the fourth observing run at a higher detector sen-
sitivity. Although KAGRA will join LIGO and Virgo
promising much better sky localization, COVID-related
delays have pushed the fourth observing run until June
2022.
In summary, PREX-II has confirmed with improved

precision the original PREX suggestion that the EOS at
the typical densities found in atomic nuclei is sti↵. This
result challenges our present understanding of the density
dependence of symmetry energy extracted from various
experimental and theoretical analyses [30]. By assessing
the impact of PREX-II at higher densities, we were able
to provide limits on both the radius and deformability
of a 1.4M� neutron star. Given that our analysis of the
tidal deformability reveals some tension with the revised
limit of ⇤1.4.580 [44], we eagerly await the next gener-
ation of terrestrial experiments and astronomical obser-
vations to verify whether the tension remains. If so, the
softening of the EOS at intermediate densities, together
with the subsequent sti↵ening at high densities required
to support massive neutron stars, may be indicative of a
phase transition in the stellar core [42].
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Ultra-Peripheral Heavy-Ion Collisions 
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# ≈ %

# ≈ %
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Ultra-relativistic charged nuclei produce the strongest electromagnetic 
fields in the Universe

Photon Nucleus interactions:
$ℙ → '#, )/+, ,-.. : Photo-nuclear production 
of vector mesons ()$ = 1%)
• Photon from the EM field of one nucleus 

fluctuates to a 232 pair, interacts with 
pomeron (or Reggeon @ RHIC)

• Photon quantum numbers )$& = 1%%

Klein, S. R. & Nystrand, J. Phys. Rev. C 60, 014903 (1999).
Klein, S. R. & Nystrand, J. Phys. Rev. Lett. 84, 2330–2333 (2000).

&

'&



Shining light on Gluons
• Photo-nuclear measurements have been used to study QCD matter already 

for decades[1-3]
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[1] H1 Collaboration. J. High Energ. Phys. 2010, 32 (2010).
[2] ZEUS Collaboration. Eur. Phys. J. C 2, 247–267 (1998).
[3] See refs 1-25 in [2]

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

• Photon energies ≳ 10 GeV: probe gluon 
distribution - Interaction through ℙomeron 
(two gluon state at lowest order)

• Lower energy scattering: probe gluons + 
quarks: Reggeon interactions are important

• Photon quantum numbers %!" = 1##
• Can transform into a ‘heavy photon’ 

• i.e. a vector meson ('#, 4 , )/+) with )$ = 1%

ℙ



Past Photo-Nuclear Measurements
• STAR has studied $ℙ → &5 → '6'7 (and direct '6'7 production) in the past
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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).

Line shape results from 
amplitude level contributions:
(# → *$*% + Drell Söding
(direct *$*%) + + → *$*%



Past Photo-Nuclear Measurements
• STAR has studied $ℙ → &5 → '6'7 (and direct '6'7 production) in the past
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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).

Coherent Interactions:
• Photon interacts with the entire nucleus
• Diffractive structure in ,&' ≈ −.
• Transverse momentum related to Fourier 

transform of nuclear size



Past Photo-Nuclear Measurements
• STAR has studied $ℙ → &5 → '6'7 (and direct '6'7 production) in the past
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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).

Coherent Interactions:
• Photon interacts with the entire nucleus
• Diffractive structure in ,&' ≈ −.
• Transverse momentum related to Fourier 

transform of nuclear size

Extract gluon 
distribution



Past Photo-Nuclear Measurements
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Other measurements at RHIC & LHC 
include:

Photoproduction of J/+ in Au+Au UPC at 
8'' = 200 GeV

PHENIX Phys.Lett.B679:321-329,2009

(# vector mesons in Pb-Pb UPC  at   /(( = 
5.02 TeV
ALICE, JHEP06 (2020) 35

J/ψ in Pb+Pb UPC at 8'' = 2.76 TeV
CMS, Phys. Lett. B 772 (2017) 489
… and many more

So what’s the problem?



Nuclear Mass radius, too big?
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L. ADAMCZYK et al. PHYSICAL REVIEW C 96, 054904 (2017)

TABLE VII. The coherent and incoherent cross sections for ρ0 photoproduction within |y| < 1 with XnXn

and 1n1n mutual excitation, and their ratios.

Parameter XnXn 1n1n

σcoh. 6.49 ± 0.01 (stat.) ± 1.18 (syst.) mb 0.770 ± 0.004 (stat.) ± 0.140 (syst.) mb
σincoh. 2.89 ± 0.02 (stat.) ± 0.54 (syst.) mb 0.162 ± 0.010 (stat.) ± 0.029 (syst.) mb
σincoh./σcoh. 0.445 ± 0.015 (stat.) ± 0.005 (syst.) 0.233 ± 0.007 (stat.) ± 0.007 (syst.)

If the nuclear excitation was completely independent of ρ
photoproduction, then the cross-section ratio for incoherent
to coherent production should not depend on the type of
nuclear excitation studied. It is not; the difference could
signal the breakdown of factorization, for a couple of reasons.
One possibility is that unitarity corrections play a role by
changing the impact parameter distributions for 1n1n and
XnXn interactions. When b ! 2RA, the cost of introducing
another low-energy photon into the reaction is small. So one
photon can excite a nucleus to a GDR, while a second photon
can further excite the nucleus, leading to Xn emission rather
than 1n [18]. The additional photon alters the impact parameter
distributions for the 1n1n and XnXn channels. The XnXn
channel will experience a slightly larger reduction at small |t |
due to interference from the two production sites. This may
slightly alter the measured slopes and coherent-to-incoherent
ratios. Alternately, at large |t |, a single photon can both produce
a ρ0 and leave the target nucleus excited, breaking the assumed
factorization paradigm. The rate has not been calculated for ρ0,
but the cross section for J/ψ photoproduction accompanied by
neutron emission is significant [39]. This calculated J/ψ cross
section is noticeably less for single neutron emission than for
multineutron emission, so ρ0 photoproduction accompanied
by neutron emission might alter the XnXn incoherent-to-
coherent cross-section ratio more than that of 1n1n. The differ-
ence between the ratios for 1n1n and XnXn collisions is some-
what larger than was found in a previous STAR analysis [7].

The dσ/dt for coherent ρ0 photoproduction accompanied
with mutual dissociation of the nuclei into any number of
neutrons (XnXn) and only one neutron (1n1n) is shown
in Fig. 8 with red and blue markers, respectively. In both
1n1n and XnXn events, two well-defined minima can
clearly be seen. In both spectra, the first minima are at
−t = 0.018 ± 0.005 (GeV/c)2. Second minima are visible at
0.043 ± 0.01 (GeV/c)2. To first order, the gold nuclei appear
to be acting like black disks, with similar behavior for 1n1n
and XnXn interactions.

A similar first minimum may be visible in ALICE data for
lead-lead collisions. Figure 3 of Ref. [8] shows an apparent dip
in dN/dpT for ρ0 photoproduction, around pT = 0.12 GeV/c
[−t = 0.014 (GeV/c)2]. Lead nuclei are slightly larger than
gold nuclei, so the dip should be at smaller |t |.

These minima are shallower than would be expected for
γ -A scattering, because the photon pT partly fills in the dips in
the γ -A pT spectrum. There are several theoretical predictions
for the locations and depths of these dips. A classical Glauber
calculation found the correct depths, but slightly different
locations [40]. A quantum Glauber calculation did a better
job of predicting the locations of the first minimum [10],
although that calculation did not include the photon pT , so

missed the depth of the minimum. However, quantum Glauber
calculations which included nuclear shadowing predict that,
because of the emphasis on peripheral interactions, the nuclei
should be larger, so the diffractive minima are shifted to lower
|t | [41]. For ρ photoproduction with lead at LHC energies,
this calculation predicted that the first minima should be at
about 0.0165 (GeV/c)2 without the shadowing correction,
and 0.012 (GeV/c)2 with the correction. These values are
almost independent of collision energy but depend on the
nuclear radii. Scaling by the ratio of the squares of the
nuclear radii, 1.078, the predictions are about 0.0177 (GeV/c)2

without the shadowing correction, and 0.0130 (GeV/c)2 with
the shadowing. The data are in better agreement with the
prediction that does not include the shadowing correction.

The Sartre event generator run in UPC mode at RHIC
energies [42] produces a Au nucleus recoil after ρ0 elastic
scattering with a very good agreement with the ρ0 t distribution
presented here. That is not surprising, since it includes
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FIG. 8. dσ/dt for coherent ρ0 photoproduction in XnXn events
(filled red circles) and 1n1n events (open blue circles). The filled
bands show the sum in quadrature of all systematic uncertainties listed
in Table V and the statistical errors, which are shown as vertical lines.
The red and blue lines show an exponential fit at low t , as discussed in
the text. The inset shows, with finer binning at low pT , the effects of
the destructive interference between photoproduction with the photon
emitted by any of the two ions.

054904-10

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

STAR (2017): |t| slope = 407.8 ± 3 ⁄89: % %'

→ Effective radius of 8 fm
(;)*+,-./01 ≈ 6.38 fm )

ALICE (Pb) :   |t| slope = 426 ± 6 ± 15 ⁄89: % %'

→ Effective radius of 8.1 fm
(;23+,-./01 ≈ 6.62 fm)

Extracted nuclear radii are way too 
large to be explainable

STAR Collaboration, L. Adamczyk, et al., Phys. Rev. C 96, 054904 (2017). 
J. Adam et al. (ALICE Collaboration), J. High Energy Phys. 1509 (2015) 095. 



So what’s new after 20+ 
years?
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So what’s new after 20+ 
years?
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Recent discovery of the Breit-Wheeler process in Heavy-ion Collisions

!! → #!#"



The Breit-Wheeler Process

• Non-linear effect forbidden in classical electromagnetism
• At lowest order, two Feynman diagrams contribute and interfere
• Breit-Wheeler process: real photon collisions → important distinction
• Finally observed after 85+ years  ⟹Applications in nuclear physics
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DECEM HER 15, 1934 P H YS I CAI REVI EW VOI-U M E

Collision of Two Light Quanta
G. BREIT AND JQHN A. WHEELER, **Department of Physics, ¹mYork University

(Received October 23, 1934)

The recombination of free electrons and free positrons
and its connection with the Compton effect have been
treated by Dirac before the experimental discovery of the
positron. In the present note are given analogous calcula-
tions for the production of positron electron pairs as a
result of the collision of two light quanta. The angular
distribution of the ejected pairs is calculated for diff'erent

polarizations, and formulas are given for the angular dis-
tribution of photons due to recombination. The results are
applied to the collision of high energy photons of cosmic
radiation with the temperature radiation of interstellar
space. The effect on the absorption of such. quanta is found
to be negligibly small.

~WO simultaneously acting light waves with
vector potentials

A;=a;* exp {—(~;l—k;r) I
+a; exp {2(cv;t—k,r) } (1)

are considered as acting on an electron. Under
the inliuence of the waves a single electron wave
function P'2) is changed, and the perturbed
function may be expanded according to powers
of a, u*. The phenomena of pair production and
of recombination have to do with the terms in
a&*a2* and. u1c&, respectively, as is obvious frorr1
the theory of quantization of light waves. We
consider first the pair production. We let the
function $(0) represent an electron in a negative
energy state. It is convenient for practical
applications to normalize P"& so as to have the
electron density equal to unity. It is also un-
necessary to use quantized light waves in the
pair production problem, since the results with
quantized waves are known to be identical with
those obtained by means of ordinary waves.
'As a result of the calculation one finds that at
a time t after the application of the waves the
wave function contains a term which may be
interpreted as referring to an electron in a
positive energy state with a momentum and a
spin coordinate which are functions of the
original momentum and spin and of the momenta
and polarizations of the light quanta. The
density of electrons corresponding to this wave
function may be put into the form

* Now at Department of Physics, University of Wis-
consin.**National Research Fellow now at Copenhagen.

8W=c(P22+m2c2) 2+ W1—h1 1—hv2,
W1=—W, (3)

where P2 Pl+Pl+ P2
is the final momentum of the electron and
P1, P& are the momenta of the quanta. The total
electron density due to the two light quanta is
obtained by summing expression (2) over all
possible states of negative energy. The equal and
opposite spin directions for every p& contribute
to the density. One is thus only interested in
the average for 8 over the different directions 0.

of the positron spin. This average will be called8'. There are 2P1'dP1d~1 U/h' electronic states
of negative energy in the fundamental volume V
for which the momentum is p1 and the direction
is within the solid. angle dco1. Each of (hese has
a density 1/ U. The number of positron electron
pairs produced per cm' corresponding to the
absolute value of positron momentum being
between p1 and p1+dp1 in the direction —P1 and
in solid angle ds&1 is thus obtained from (2) by
multiplying it by 2P1'dp1dco1/h'. Integrating over
dpi, and making use of

d(5W) ~ I Pl/Wl+P1P2/P1W2jdp1 (3)

—exp ( 2tbw—/h) I2/(Bw)'. (2)

Here 8 is a dimensionless number depending on
initial momenta and spin and the polarizations
of the quanta. 6$' is the difference in energy of
the initial and the final states. Thus if S'
=—IWI is the energy of the electron in its
initial state and if hv1, kv2 are the energies of the
quanta, then

1087

Gregory Breit

John Wheeler



SLAC E-144 Experiment

• Non-linear Breit-Wheeler Process: $ + )$5 → *6*7
• Two step process: Compton backscattering

• Energy threshold requires # > 4with # = 6.44

→No pair measurements

→No angular measurements

Progress Towards the Breit-Wheeler Process
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46.6 GeV electron beam

!%

1045W/cm' laser

!%
!$

Excess of ~100
positrons detected 
in 20,000 shots

Burke et al., PRL79, 1626 (1997)
Hu & Müller, PRL107, 090402 (2010)



Ultra-Peripheral Heavy Ion Collisions 
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, ≈ .

, ≈ .
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Ultra-relativistic charged nuclei produce highly Lorentz 

contracted electromagnetic field

Weizäcker-Williams Equivalent Photon Approximation (EPA):
→ In a specific phase space, transverse EM fields can be quantized 
as a flux of quasi-real photons 

)* ≈ 1 → High photon density

Ultra-strong electric and magnetic fields:

→ Expected magnetic field strength . ≈ /0/0 − /0/1 T

Test QED under extreme conditions

Weizsäcker, C. F. v. Zeitschri) für Physik 88 (1934): 612 

Skokov, V., et. al. Int. J. Mod. Phys. A 24 (2009): 5925–32

2 ∝ 5⃗ = 4
6!
7×9 ≈ 7

'
≈ 9

'

[1]
K. Hattori and K. Itakura, Photon and Dilepton Spectra from Nonlinear QED Effects in 
Supercritical Magnetic Fields Induced by Heavy-Ion Collisions, Nuclear and Particle Physics 
Proceedings 276–278, 313 (2016).
Light-by-Light scattering: ATLAS, Phys. Rev. Lett. 123, 052001 (2019)



Access to Photon Polarization
• Breit-Wheeler Process: $$ → *6*7
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• Polariza`on vector 9: aligned 
radially with the “emibng” source

• Intrinsic photon spin converted into 
orbital angular momentum

• Observable as anisotropy in ,±
momentum – a cos 44 modula`on

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).

+1

+1

= +2



Access to Photon Polarization Proven!

• The incoming photon polarization leads to 
vacuum birefringence [Toll, 1952], visible as 
a cos 44 modulation

⇒ Precision understanding of the photon 
wavefunction and sensitivity to polarization 0 2
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STAR Collaboration, Phys. Rev. Lett. 127, 052302 (2021).

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.052302
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STAR Collaboration, Phys. Rev. Lett. 127, 052302 (2021).
Highest press coverage of any  paper in 

high energy nuclear physics

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.052302


February 22, 2023 : INT PROGRAM INT-23-1A : Daniel Brandenburg 24



Entanglement 
Enabled
Quantum 
Interference



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



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

Both possibilities occur simultaneously



Imaging the Nucleus with Polarized Photons
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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
!!

!"

Gluons from nucleus

γ

ℙ



Interference of two amplitudes
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Polarized 

photon

+0

+1
!!

!"

Gluons from nucleus

γ
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{Quantum} Double-Slit Experiment
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Water waves interfering in a double slit Quantum Double slit Experiment

• The double slit experiment is founda9onal in quantum mechanics

• Shoot single electron (photon) through a double slit

• Wave interference observed!
• Quantum mechanics generally requires the interfering states 

to be indistinguishable



Novel Form of Quantum Interference
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Similar to double-slit experiment

But with non-identical particles!

Possible theoretical explanation from Frank Wilczeck’s group at MIT –
Entanglement enabled interference of amplitudes from non-identical particles

BUT WAIT…
The 2: life=me is only (34 ∼ / fm)

→ Decays to +6+7

Interference occurs between 

dis=nguishable parDcles

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

Entanglement Enabled Intensity Interference (;7<7)

!"



Observation of Interference in "# → !!!"
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Syst. Uncert.
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o Intrinsic photon spin transferred to '#
o '# spin converted into orbital angular 

momentum between pions
o Observable as anisotropy in ?±

momentum



Momentum Dependence
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H. Xing, C. Zhang, J. Zhou, Y.-J. Zhou, The cos 2ϕ azimuthal asymmetry in ρ0 meson production 
in ultraperipheral heavy ion collisions. J. High Energ. Phys. 2020, 064 (2020).

W. Zha, J. D. Brandenburg, L. Ruan, Z. Tang, Exploring the double-slit 
interference with linearly polarized photons. Phys. Rev. D 103, 033007 (2021).

Clear structure reminiscent 

of the diffractive cross 

section

Clear difference between 

Au+Au, U+U -> sensitivity 

to nuclear geometry

Null case: p+Au



Origin of the
Entanglement?
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Case 1 : {Entangled} Double-Slit Experiment
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• Well known that particle decay 

(or interaction in general) leads 

to entanglement

• Individually the 6=
wavefunctions interfere and 

separately the 6>
• Phase locking (through 

entanglement) causes 6= and 6>
to interfere at the real particle 

level

Possible theoretical explanation from Frank Wilczeck’s group at MIT –
Entanglement enabled interference of amplitudes from non-identical 
particles

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

Similar to Entanglement Enabled Intensity Interference (;7<7)
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Only 1 “real”  ?$?% pair



Case 1 : {Entangled} Double-Slit Experiment

February 22, 2023 : INT PROGRAM INT-23-1A : Daniel Brandenburg 37

• Well known that particle decay 

(or interaction in general) leads 

to entanglement

• Individually the 6=
wavefunctions interfere and 

separately the 6>
• Phase locking (through 

entanglement) causes 6= and 6>
to interfere at the real particle 

level

Similar to Entanglement Enabled Intensity Interference (;7<7)

<latexit sha1_base64="4T8NV5YbztGjKsddFI0HxlGlA+I=">AAACTnicbVFLSwMxGMzWV62vqkcvwSII0rIrvo5FLx4r2Ad0tyWbfm2D2eyaZIWy9hd6EW/+DC8eFNG0XVDbDiQMM/ORZOJHnClt269WZmFxaXklu5pbW9/Y3Mpv79RUGEsKVRryUDZ8ooAzAVXNNIdGJIEEPoe6f3c18usPIBULxa0eROAFpCdYl1GijdTOg8uJ6HHAruyHLRs/YjdiraPRVjRa6gm4x/ODv5l5djF12/mCXbLHwLPESUkBpai08y9uJ6RxAEJTTpRqOnakvYRIzSiHYc6NFUSE3pEeNA0VJADlJeM6hvjAKB3cDaVZQuOx+nciIYFSg8A3yYDovpr2RuI8rxnr7oWXMBHFGgSdHNSNOdYhHnWLO0wC1XxgCKGSmbti2ieSUG1+IGdKcKafPEtqxyXnrHR6c1IoX6Z1ZNEe2keHyEHnqIyuUQVVEUVP6A19oE/r2Xq3vqzvSTRjpTO76B8y2R+2v7L9</latexit>

h⇢0|⇡+⇡�i 6= h⇢0|⇡+ih⇢0|⇡�i

Only 1 “real”  ?$?% pair

“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



Case 2: Entanglement: Nobel Prize 2022
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Alain Aspect, John Clauser and Anton Zeilinger

Quantum teleportation:
Transferring quantum 
information through 
entanglement

Can something similar happen at the 

wavefunction level?



Case 3 : Entangled from within?
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Maybe the entanglement 
originates even earlier in 
the interaction?

We expect that the nucleus 
(and the nucleons) are 
highly entangled states 

BUT… 

We have no experimental 
proof of this entanglement 
at rest



Comparison with theory
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H. Xing, C. Zhang, J. Zhou, Y.-J. Zhou, The cos 2ϕ azimuthal asymmetry in ρ0 meson production 
in ultraperipheral heavy ion collisions. J. High Energ. Phys. 2020, 064 (2020).

W. Zha, J. D. Brandenburg, L. Ruan, Z. Tang, Exploring the double-slit 
interference with linearly polarized photons. Phys. Rev. D 103, 033007 (2021).



Nuclear 
Tomography 
and the 
Neutron skin



Interference Reveals Event Configurations
• Case I : Photon & Pomeron are (anti-) parallel

• Case II : Photon & Pomeron are perpendicular
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ℙ γ

B ≈ 0, ??$ ?%

C⃗

D#

ℙ

γ

B ≈ ±?/2?$ ?%

C⃗

D#



Motivation for 2D Analysis :$$ vs $%
• Photon polarization is aligned with , (exactly for point source)

• Two source interference takes place in x-axis (impact parameter direction)
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Phys. Rev. D 103, 033007 (2021), https://arxiv.org/abs/2006.12099

• Interference paOern disappears in 7F direcDon

• Due to polarizaDon of the 8G, daughter pions

aligned with photon polarizaDon.

• Express 8G transverse momentum in 2D:

• @) = A*×cos4
• @+ = A*×sin4

https://arxiv.org/abs/2006.12099


2D “Imaging” : Clear difference in "! vs. ""

• Express 8G transverse 

momentum in two-dimensions:

• @) = A*×cos4
• @+ = A*×sin4
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• Clear asymmetry in -E vs. -F due to interference effect in 
both Au+Au and U+U
• Illustrated “2D” tomography
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D =193 GeVNNs U+U at STAR:

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

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


|t| vs. %, which radius is ‘correct’? 
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Now instead of A) and A+ lets look at |-| with a 2D approach

• Drastically different radius depending on 4, still way too big
• Notice how much better the Woods-Saxon dip is resolved for 4 = ?/2 -> experimentally 

able to remove photon momentum, which blurs diffraction pattern
• Can we extract the ‘true’ nuclear radius from |t| vs. I information?
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Imaging the Nucleus with Polarized Photons
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Interference pa\ern used for diffrac^on 
tomography of gluon distribu^on →
analog to x-ray diffrac^on tomography

First high-energy measurements of gluon 
distribuDon with sub-femtometer resoluDon

!"
✅ Technique provides quan^ta^ve access to 

gluon satura^on effects
❌ BUT measurements via other vector mesons 

are needed for to validate QCD theore^cal 
predic^ons/interpreta^ons 

Future measurements with I meson and J/K
are important
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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.)
∼ 2U

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



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.)
∼ 2U

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

February 22, 2023 : INT PROGRAM INT-23-1A : Daniel Brandenburg 48

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 across Nuclei
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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-

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

Recent theore^cal approach from state-of-
the-art mul^-reference energy density 
func^onal (MR-EDF) calcula^ons:

9VW = 0.17 fm
In good agreement with our measurement
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of the 208Pb charge, weak and total baryon densities together
with their uncertainty bands. The precise 2.5%determination
of ρ0b for 208Pb will facilitate a sensitive examination of its
close relationship to the nuclear saturation density [24].
After the 208Pb run, data were also collected to measure

Ameas
PV for 48Ca (CREX) [54]. The improved systematic

control of helicity correlated beam asymmetries and several
other PREX experimental innovations will inform the
design of future projects MOLLER [55] and SoLID [56]
at JLab measuring fundamental electroweak couplings, as
well as a more precise 208Pb radius experimental proposal at
Mainz [5,57].
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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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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).
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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-
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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. 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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Ellip=c gluon distribu=on: correlaDon 

between impact parameter and momentum

• Clear signature of ellipDc gluon 

distribuDon within nuclei. 

Complimentary measurements at RHIC 

and EIC



Testing Quantum Mechanics
Decoherence and collapse are fundamental open questions of Quantum Mechanics
→Test wavefunction collapse in femto-scale environment

1. Measurement of photonuclear process in peripheral to central collisions

2. Comparison of 8G → 6=6> vs. ⁄; < → ===> (better from theoretical side)

•Will interaction with medium induce decoherence?
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• Unlike leptons, ! interact via strong 

force

• Presence of strongly interacting 

medium → wavefunction collapse?

• I.e. no interference?

• Difference between pion vs. 

lepton final states?



Diffractive Production in non-UPC
• STAR and ALICE have demonstrated that diffractive photo-nuclear 

interactions can occur even in peripheral collisions

• At smaller impact parameters → greater overlap of photon polarization 
vectors, larger interference effect expected

February 22, 2023 : INT PROGRAM INT-23-1A : Daniel Brandenburg 55
Xing, H et.al. J. High Energ. Phys. 2020, 64 (2020)

J. Adam et al. (ALICE Collaboration) Phys. Rev. Lett. 116, 222301
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Source of Entanglement?

• For #G → !=!> (spin 0 daughters)

• For #G → %=%> (spin 1/2 daughters)
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In summary, the double-slit interference pattern is
explored in polarization space with the linearly polarized
photons in heavy-ion collisions. We demonstrate how the
interference between the two colliding nuclei affects the
asymmetries of the decay angular distributions for vector
meson photoproduction from linearly polarized photons.
Using the vector meson dominance with the Glauber
approach, the second-order modulation in azimuth for
vector meson decay from photoproduction in ultraperiph-
eral Auþ Au collision at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV is estimated
and reveals a periodic oscillation with transverse mo-
mentum. The results for ρ0 → πþ þ π− can reasonably
describe the decay asymmetries observed by the STAR
Collaboration, while the predictions for ρ0 → eþ þ e− call
for further experimental verification. Furthermore, in prin-
ciple, the modulation strength should also reveal itself for
photoproduction in multislit interference setups (future
electron-ion collider experiments), which may serve as a
novel tool to probe the gluon distribution in nuclei.
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APPENDIX: GENERAL DECAY ANGULAR
DISTRIBUTION OF VECTOR MESON

TWO-BODY DECAY

For single production, the vector meson is formed as a
superposition of the three J ¼ 1 eigenstates, Jz¼þ1;−1, 0
with respect to the polarization axis z:

jVi ¼ aþ1jþ 1iþ a−1j − 1iþ a0j0i: ðA1Þ

The calculation is performed in the vector meson rest
frame, where the common direction of the two decay
products defines the reference axis z0, oriented conven-
tionally along the direction of the positive product. For the
decay of a vector meson to two spinless products (e.g.,
ρ0 → πþ þ π−), the decay system has angular momentum
projection 0 along z0; while for the decay to a dilepton
system (e.g., ρ0 → eþ þ e−), due to helicity conservation
for fermions in QED, it has angular momentum projection
%1 along z0. The decay system can be represented as an
eigenstate of Jz0 , jdþd−; 1; l0i with l0 ¼ þ1, −1, or 0. The
eigenstate along z0 can be expressed by a superposition of
eigenstates of Jz, jdþd−; 1; li with l ¼ 0;%1 through the
rotation transformation:

jdþd−; 1; l0i ¼
X

l¼0;%1

D1
ll0ðϕ; θ;−ϕÞjdþd−; 1; li: ðA2Þ

The complex rotation matrix elements D1
ll0 are defined as

D1
ll0ðϕ; θ;−ϕÞ ¼ e−iðl−l

0Þϕd1ll0ðθÞ: ðA3Þ

The amplitude of the partial process Vðj1; miÞ → dþ þ
d−ðj1; l0iÞ can then be written as

Bml0 ¼
X

l¼0;%1

D1&
ll0 ðϕ; θ;−ϕÞhdþd−; 1; ljMjV; 1; mi

¼ BD1&
ml0ðϕ; θ;−ϕÞ: ðA4Þ

Here we imposed hdþd−; 1; ljMjV; 1; mi ¼ Bδml according
to the angular momentum conservation and rotational
invariance (B is independent of m). The total amplitude
of V → dþ þ d−ðj1; l0iÞ with the superposition of eigen-
state written by Eq. (A1) is

Bl0 ¼
X

m¼0;%1

amBD1&
ml0ðϕ; θ;−ϕÞ: ðA5Þ

The probability of the transition is obtained by squaring
Eq. (A5) and summing over the spin alignments of the
decay system. For photoproduction, the vector meson
inherits the photon polarization state. which is fully linearly
polarized. It reads

jVi ¼ −
1ffiffiffi
2

p e−iΦjþ 1iþ 1ffiffiffi
2

p eiΦj − 1i; ðA6Þ

where Φ is the angle between the linear polarization vector
and the production plane of vector meson. This gives
a0 ¼ 0, aþ1 ¼ − 1ffiffi

2
p e−iΦ, and a−1 ¼ 1ffiffi

2
p eiΦ. For the decay
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FIG. 4. The modulation strength 2hcosð2ϕÞi of ρ0 → πþ þ π−
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polarization space for the vector meson photoproduction in
heavy-ion collisions and demonstrate that the signature is a
periodic oscillation in asymmetries of the decay angular
distributions with transverse momentum.
Hereinafter, we take the process of γ þ A → V þ A →

dþ þ d− þ A in heavy-ion collisions to illustrate the
interference effect on the asymmetries of the decay. The
decay distribution depends on the choice of the coordinate
system, with respect to which the momentum of one of the
two decay products is expressed in spherical coordinates.
Herein, the right-handed coordinate system for vector
meson decay is built up as follows: The z axis is chosen
to the direction of flight of the vector meson in the photon-
nucleon center of mass frame; the y axis is normal to the
photoproduction plane; and the x axis is given by y × z. As
illustrated in Fig. 1, the decay angles θ and ϕ are the polar
and azimuthal angles, respectively, of the unit vector π̃,
which denotes the direction of flight of one of the decay
particles in the vector meson rest frame. In experiment, the
direction of the z axis is approximated by that of incoming
beams (shown as the z0 axis in Fig. 1). It has been verified
by Monte Carlo calculations that this is a good approxi-
mation. Here, we adopt the approximation in our calcu-
lation for direct comparisons with experimental results.
The angle Φ shown in Fig. 1 denotes the angle between
the photon polarization plane and vector meson produc-
tion plane.
Under the helicity no-flip assumption, the vector meson

inherits the photon polarization state, which is fully linearly
polarized. The helicity conservation assumption has
been investigated by various experimental measurements
[20–25]. Following Ref. [27] and the derivation in the
Appendix, the decay angular distribution of vector meson
to two spinless products (e.g., ρ0 → πþ þ π−) is

d2N
d cos θdϕ

¼ 3

8π
sin2θ½1þ cos 2ðϕ −ΦÞ&; ð1Þ

and to spin 1=2 products (e.g., ρ0 → eþ þ e−) gives

d2N
d cosθdϕ

¼ 3

16π
ð1þ cos2θÞ

!
1−

sin2θ
1þ cos2θ

cos2ðϕ−ΦÞ
"
:

ð2Þ

As revealed in Eqs. (1) and (2), the linearly polarized states
result in the second-order modulations in azimuth, and the
strength of the second-order modulation is given by

2hcosð2ϕÞi ¼ cosð2ΦÞ ð3Þ

and

2hcosð2ϕÞi ¼ −
sin2θ

1þ cos2θ
cosð2ΦÞ; ð4Þ

for the ρ0 → πþ þ π− and ρ0 → eþ þ e− cases, respec-
tively. The modulation strength is determined by the
direction of the linear polarization, and the orientation of
the photon polarization is determined by the direction of the
electric field vector. As demonstrated in Fig. 2, the electric
field vector is parallel to the impact parameter at leading
order. That is to say that the modulations of the decay
distribution for vector meson are determined by the
anisotropy in its two-dimensional transverse momentum
distribution with respect to the impact parameter at leading
order. The variation of polarization direction due to the
finite size of nuclei should be small in ultraperipheral
collisions, which could be investigated in future work.
The two-dimensional transverse momentum distribution

of the vector meson from coherent photoproduction can be
obtained by performing a Fourier transformation of the
coordinate space amplitude:

d2P
dpxdpy

¼
####
1

2π

Z
d2x⊥ðA1ðx⊥Þ þ A2ðx⊥ÞÞeip⊥·x⊥

####
2

; ð5Þ

where A1ðx⊥Þ and A2ðx⊥Þ are the amplitude distributions in
the transverse plane for the two colliding nuclei. Consider,

yx

zz'

x'

π

θ

ϕΦ

V rest frame

FIG. 1. The coordinate system for the measurement of a two-
body decay angular distribution in the vector meson rest frame.
The definition of the x, y, and z axes is described in the text. The
z0 axis denotes the beam direction, and the x0 axis represents the
linear polarization vector.

FIG. 2. Schematic diagram for the direction of electric vector of
the photons, which hit on the target nuclei, in ultraperipheral
heavy-ion collisions.
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polarization space for the vector meson photoproduction in
heavy-ion collisions and demonstrate that the signature is a
periodic oscillation in asymmetries of the decay angular
distributions with transverse momentum.
Hereinafter, we take the process of γ þ A → V þ A →

dþ þ d− þ A in heavy-ion collisions to illustrate the
interference effect on the asymmetries of the decay. The
decay distribution depends on the choice of the coordinate
system, with respect to which the momentum of one of the
two decay products is expressed in spherical coordinates.
Herein, the right-handed coordinate system for vector
meson decay is built up as follows: The z axis is chosen
to the direction of flight of the vector meson in the photon-
nucleon center of mass frame; the y axis is normal to the
photoproduction plane; and the x axis is given by y × z. As
illustrated in Fig. 1, the decay angles θ and ϕ are the polar
and azimuthal angles, respectively, of the unit vector π̃,
which denotes the direction of flight of one of the decay
particles in the vector meson rest frame. In experiment, the
direction of the z axis is approximated by that of incoming
beams (shown as the z0 axis in Fig. 1). It has been verified
by Monte Carlo calculations that this is a good approxi-
mation. Here, we adopt the approximation in our calcu-
lation for direct comparisons with experimental results.
The angle Φ shown in Fig. 1 denotes the angle between
the photon polarization plane and vector meson produc-
tion plane.
Under the helicity no-flip assumption, the vector meson

inherits the photon polarization state, which is fully linearly
polarized. The helicity conservation assumption has
been investigated by various experimental measurements
[20–25]. Following Ref. [27] and the derivation in the
Appendix, the decay angular distribution of vector meson
to two spinless products (e.g., ρ0 → πþ þ π−) is
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d cos θdϕ

¼ 3
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and to spin 1=2 products (e.g., ρ0 → eþ þ e−) gives
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sin2θ
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As revealed in Eqs. (1) and (2), the linearly polarized states
result in the second-order modulations in azimuth, and the
strength of the second-order modulation is given by

2hcosð2ϕÞi ¼ cosð2ΦÞ ð3Þ

and

2hcosð2ϕÞi ¼ −
sin2θ

1þ cos2θ
cosð2ΦÞ; ð4Þ

for the ρ0 → πþ þ π− and ρ0 → eþ þ e− cases, respec-
tively. The modulation strength is determined by the
direction of the linear polarization, and the orientation of
the photon polarization is determined by the direction of the
electric field vector. As demonstrated in Fig. 2, the electric
field vector is parallel to the impact parameter at leading
order. That is to say that the modulations of the decay
distribution for vector meson are determined by the
anisotropy in its two-dimensional transverse momentum
distribution with respect to the impact parameter at leading
order. The variation of polarization direction due to the
finite size of nuclei should be small in ultraperipheral
collisions, which could be investigated in future work.
The two-dimensional transverse momentum distribution

of the vector meson from coherent photoproduction can be
obtained by performing a Fourier transformation of the
coordinate space amplitude:
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¼
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where A1ðx⊥Þ and A2ðx⊥Þ are the amplitude distributions in
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body decay angular distribution in the vector meson rest frame.
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linear polarization vector.

FIG. 2. Schematic diagram for the direction of electric vector of
the photons, which hit on the target nuclei, in ultraperipheral
heavy-ion collisions.
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polarization space for the vector meson photoproduction in
heavy-ion collisions and demonstrate that the signature is a
periodic oscillation in asymmetries of the decay angular
distributions with transverse momentum.
Hereinafter, we take the process of γ þ A → V þ A →

dþ þ d− þ A in heavy-ion collisions to illustrate the
interference effect on the asymmetries of the decay. The
decay distribution depends on the choice of the coordinate
system, with respect to which the momentum of one of the
two decay products is expressed in spherical coordinates.
Herein, the right-handed coordinate system for vector
meson decay is built up as follows: The z axis is chosen
to the direction of flight of the vector meson in the photon-
nucleon center of mass frame; the y axis is normal to the
photoproduction plane; and the x axis is given by y × z. As
illustrated in Fig. 1, the decay angles θ and ϕ are the polar
and azimuthal angles, respectively, of the unit vector π̃,
which denotes the direction of flight of one of the decay
particles in the vector meson rest frame. In experiment, the
direction of the z axis is approximated by that of incoming
beams (shown as the z0 axis in Fig. 1). It has been verified
by Monte Carlo calculations that this is a good approxi-
mation. Here, we adopt the approximation in our calcu-
lation for direct comparisons with experimental results.
The angle Φ shown in Fig. 1 denotes the angle between
the photon polarization plane and vector meson produc-
tion plane.
Under the helicity no-flip assumption, the vector meson

inherits the photon polarization state, which is fully linearly
polarized. The helicity conservation assumption has
been investigated by various experimental measurements
[20–25]. Following Ref. [27] and the derivation in the
Appendix, the decay angular distribution of vector meson
to two spinless products (e.g., ρ0 → πþ þ π−) is
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d cos θdϕ

¼ 3
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and to spin 1=2 products (e.g., ρ0 → eþ þ e−) gives
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As revealed in Eqs. (1) and (2), the linearly polarized states
result in the second-order modulations in azimuth, and the
strength of the second-order modulation is given by

2hcosð2ϕÞi ¼ cosð2ΦÞ ð3Þ

and

2hcosð2ϕÞi ¼ −
sin2θ

1þ cos2θ
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for the ρ0 → πþ þ π− and ρ0 → eþ þ e− cases, respec-
tively. The modulation strength is determined by the
direction of the linear polarization, and the orientation of
the photon polarization is determined by the direction of the
electric field vector. As demonstrated in Fig. 2, the electric
field vector is parallel to the impact parameter at leading
order. That is to say that the modulations of the decay
distribution for vector meson are determined by the
anisotropy in its two-dimensional transverse momentum
distribution with respect to the impact parameter at leading
order. The variation of polarization direction due to the
finite size of nuclei should be small in ultraperipheral
collisions, which could be investigated in future work.
The two-dimensional transverse momentum distribution
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periodic oscillation in asymmetries of the decay angular
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Hereinafter, we take the process of γ þ A → V þ A →
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interference effect on the asymmetries of the decay. The
decay distribution depends on the choice of the coordinate
system, with respect to which the momentum of one of the
two decay products is expressed in spherical coordinates.
Herein, the right-handed coordinate system for vector
meson decay is built up as follows: The z axis is chosen
to the direction of flight of the vector meson in the photon-
nucleon center of mass frame; the y axis is normal to the
photoproduction plane; and the x axis is given by y × z. As
illustrated in Fig. 1, the decay angles θ and ϕ are the polar
and azimuthal angles, respectively, of the unit vector π̃,
which denotes the direction of flight of one of the decay
particles in the vector meson rest frame. In experiment, the
direction of the z axis is approximated by that of incoming
beams (shown as the z0 axis in Fig. 1). It has been verified
by Monte Carlo calculations that this is a good approxi-
mation. Here, we adopt the approximation in our calcu-
lation for direct comparisons with experimental results.
The angle Φ shown in Fig. 1 denotes the angle between
the photon polarization plane and vector meson produc-
tion plane.
Under the helicity no-flip assumption, the vector meson

inherits the photon polarization state, which is fully linearly
polarized. The helicity conservation assumption has
been investigated by various experimental measurements
[20–25]. Following Ref. [27] and the derivation in the
Appendix, the decay angular distribution of vector meson
to two spinless products (e.g., ρ0 → πþ þ π−) is

d2N
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¼ 3
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sin2θ½1þ cos 2ðϕ −ΦÞ&; ð1Þ
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16π
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!
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sin2θ
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As revealed in Eqs. (1) and (2), the linearly polarized states
result in the second-order modulations in azimuth, and the
strength of the second-order modulation is given by

2hcosð2ϕÞi ¼ cosð2ΦÞ ð3Þ

and

2hcosð2ϕÞi ¼ −
sin2θ

1þ cos2θ
cosð2ΦÞ; ð4Þ

for the ρ0 → πþ þ π− and ρ0 → eþ þ e− cases, respec-
tively. The modulation strength is determined by the
direction of the linear polarization, and the orientation of
the photon polarization is determined by the direction of the
electric field vector. As demonstrated in Fig. 2, the electric
field vector is parallel to the impact parameter at leading
order. That is to say that the modulations of the decay
distribution for vector meson are determined by the
anisotropy in its two-dimensional transverse momentum
distribution with respect to the impact parameter at leading
order. The variation of polarization direction due to the
finite size of nuclei should be small in ultraperipheral
collisions, which could be investigated in future work.
The two-dimensional transverse momentum distribution

of the vector meson from coherent photoproduction can be
obtained by performing a Fourier transformation of the
coordinate space amplitude:

d2P
dpxdpy

¼
####
1

2π

Z
d2x⊥ðA1ðx⊥Þ þ A2ðx⊥ÞÞeip⊥·x⊥

####
2

; ð5Þ

where A1ðx⊥Þ and A2ðx⊥Þ are the amplitude distributions in
the transverse plane for the two colliding nuclei. Consider,

yx

zz'

x'

π

θ

ϕΦ

V rest frame

FIG. 1. The coordinate system for the measurement of a two-
body decay angular distribution in the vector meson rest frame.
The definition of the x, y, and z axes is described in the text. The
z0 axis denotes the beam direction, and the x0 axis represents the
linear polarization vector.

FIG. 2. Schematic diagram for the direction of electric vector of
the photons, which hit on the target nuclei, in ultraperipheral
heavy-ion collisions.

ZHA, BRANDENBURG, RUAN, and TANG PHYS. REV. D 103, 033007 (2021)

033007-2

Where the angle Φ denotes the angle between the photon 
polarization plane and vector meson production plane. 

D# → !$!% : Relevant for ⁄Y Z → !$!% case
STAR Y/Z measurement in 2023-2025 : ±4% @ 50 MeV/c

/M → +6+7 vs. ⁄1 2 → 3637
Zha, W., Brandenburg, J. D., Ruan, L. & Tang, Z. Phys. Rev. D 103, 033007 (2021).  



Access to Hadronic Light-by-Light
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2

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

## ##

#$ #$



Summary
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Thank you! 
• Xiaofeng Wang (PhD student)
• Zhen Wang (PhD Student)
• Isabel Xu (High School Student)
• Isaac Upsal (Post-doc)
• Chi Yang (SDU)
• Wangmei Zha (USTC)
• Janet Seger (Creighton University)
• Frank Geurts (Rice University)
• Zhangbu Xu (BNL)
• Lijuan Ruan (BNL)

Papers related to this talk:
[1] JDB, W. Zha, and Z. Xu, Eur. Phys. J. A 57, 299 (2021).
[2] JDB, W. Li, et al., arXiv:2006.07365 [hep-ph, physics:nucl-th] (2020).
[3] W. Zha, JDB, Z. Tang, and Z. Xu, Physics Letters B 800, 135089 (2020).
[4] STAR Collaboration, Phys. Rev. Lett. 127, 052302 (2021).
[5] STAR Collaboration, Phys. Rev. Lett. 121, 132301 (2018).
[6] WZ, JDB, Phys. Rev. D 103, 3 (2021).
[7] JDB, PoS, Vol. 387 (2021).
[8] STAR Collaboration, Science Advances, (2023).
[9] JDB, W. Zha, Z. Xu, Report on Progress in Physics (2022).

1. Discovery of interference between distinguishable particles!
2. Technique for precise neutron skin measurement at high energy
• Exact source of entanglement still unclear – nuclei as entangled objects?
• Potential for testing fundamental aspects of quantum mechanics
• Many future opportunities: 208Pb, elliptic gluons, hadronic light-by-light, etc. 



Nuclear Geometry at (even) Higher Energy
• Work by Bjorn Shenke (BNL) et. al.

• Include full CGC treatment
• Interference between amplitudes
• Shape fluctuations
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When saturation effects are included one obtains a good 
description of the exclusive J/ψ production spectra in ultra 
peripheral lead-lead collisions as recently measured by the 
ALICE 

https://arxiv.org/abs/2207.03712

https://arxiv.org/abs/2207.03712


Mysteriously large? 
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STAR Collaboration, L. Adamczyk, et al., Phys. Rev. C 96, 054904 (2017). 
J. Adam et al. (ALICE Collaboration), J. High Energy Phys. 1509 (2015) 095. 

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

STAR (2017): |t| slope = 407.8 ± 3 ⁄[!\ . %'

ALICE (Pb) :   |t| slope = 426 ± 6 ± 15 ⁄[!\ . %'

→ Effective radius of >8 fm?!? 
(])*

+,-./01 ≈ 6.38 fm, ]23
+,-./01 ≈ 6.62 fm)

arXiv:2204.01625

mailto:https://arxiv.org/abs/2204.01625
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Photo-nuclear measurements have historically 
produced a |t| slope that corresponds to a 
mysteriously large source!

STAR (2017): |t| slope = 407.8 ± 3 ⁄[!\ . %'

ALICE (Pb) :   |t| slope = 426 ± 6 ± 15 ⁄[!\ . %'

→ Effective radius of >8 fm?!? 
(])*

+,-./01 ≈ 6.38 fm, ]23
+,-./01 ≈ 6.62 fm)

• Uranium has the same issue, >1 fm larger than 
charge radius (]8

+,-./01 ≈ 6.81 fm)

STAR Collaboration, L. Adamczyk, et al., Phys. Rev. C 96, 054904 (2017). 
J. Adam et al. (ALICE Collaboration), J. High Energy Phys. 1509 (2015) 095. 

arXiv:2204.01625

mailto:https://arxiv.org/abs/2204.01625


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

Interference between two indistinguishable cases

%



Connection to Hadronic Light-by-light
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Hadronic Light-by-Light Interference 

to probe entanglement 

Final state asymmetries due to QED-QCD 
interference, reveals phase between 
photon and gluon fields



• [1] JDB, J. Seger, Z. Xu, W. Zha, arXiv:2208.14943 [hep-ph]
• X. Wang, JDB, L. Ruan, F. Shao, Z. Xu, C. Yang, W. Zha, arXiv:2207.05595
[nucl-th]
• JDB, Z. Xu, W. Zha, C. Zhang, J. Zhou, Y. Zhou arXiv:2207.02478 [hep-
ph]
• JDB, W. Zha, and Z. Xu, Eur. Phys. J. A 57, 299 (2021).
• W. Zha, JDB, Z. Tang, and Z. Xu, Phys. Lett. B 800, 135089 (2020).
• STAR Collaboration, Phys. Rev. Lett. 127, 052302 (2021).
• STAR Collaboration, Phys. Rev. Lett. 121, 132301 (2018).
• JDB, W. Li, et al., arXiv:2006.07365 [hep-ph, physics:nucl-th] (2020).
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https://arxiv.org/abs/2208.14943
https://arxiv.org/abs/2207.05595
https://arxiv.org/abs/2207.02478
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.052302


Discovery of the Breit-Wheeler Process

• The incoming photon polarization leads to 
vacuum birefringence [Toll, 1952], visible as 
a cos 44 modulation [1,2]

⇒ Precision understanding of the photon 
wavefunction and sensitivity to polarization
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STAR   < 0.1 GeV < 0.76 GeV, Pee0.45 < M

eφ − eeφ = φ∆
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The !̂ = 2 states lead to ±cos 4)

azimuthal modulations

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

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.052302

