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▸ STAR Experiment  
▸ Recently Published UPC Results from STAR 
▸ coherent  and nuclear imaging 

▸ coherent and incoherent  photo-production in d+Au and Au+Au 

▸ coherent  photo-production in Au+Au 
▸ di-leptons from Breit-Wheeler process  
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INTRODUCTION

MOTIVATION 

▸ nuclear parton 
modification - 
important in cold QCD 

▸ nuclear shadowing at 
lower x  

▸ anti-shadowing at 
higher x
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Motivation
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LHC kinematics

STAR this 
analysis

Ø Physics mechanism of modified 
parton densities in heavy nuclei -
one of the most pressing questions in 
both hot and cold QCD community.

Ø Photoproduction of Vector Mesons, 
e.g., J/!, is considered a clean probe 
to the nuclear parton structures.

Kong Tu 
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INTRODUCTION

UPC AS A GREAT TOOL TO EXPLORE NUCLEAR EFFECTS

▸ clean probe to the nuclear parton distributions 
▸ coherent (on nucleus) and incoherent (on nucleons) 
▸ coherent photo production  

▸  
▸ final state is exclusive

x = (MVMc2)2/W2
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Types of Processes in UPCs
Photon + photon
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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 distribuNons
2. Test gluon saturaNon predicNons
3. InvesNgate sub-nucleonic fluctuaNons
4. …

Light-by-Light
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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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(a) Coherent, nucleus stays intact (b) Incoherent with elastic nucleon (c) Incoherent with nucleon dissociation 
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FIG. 1. Ultra-peripheral collisions at relativistic heavy ion colliders. (a) Coherent J/ photoproduction in Au+Au collisions
where the nucleus stays intact; Coulomb excitation via soft photon exchange can break up the nucleus (not shown); (b) incoher-
ent J/ photoproduction where the leading nucleon stays intact but the nucleus breaks up; (c) incoherent J/ photoproduction
where the leading nucleon dissociates and the nucleus breaks up.

covered by the STAR experiment is complementary to
that of the LHC. The per-nucleon center-of-mass energy,
W�⇤N

1, is 15–41 GeV within the J/ rapidity range
|y| < 1.0, which is similar to the previous STAR mea-
surement of J/ photoproduction in the deuteron sys-
tem [22]. The STAR kinematic region is at the transition
(xparton ⇠ 0.01) between high-x and low-x. In addition,
the J/ momentum transfer �t ' p2T distribution can
be measured at high p2T with high precision, in a region
expected to be sensitive not only to nucleon position fluc-
tuations but also sub-nucleonic parton density event-by-
event fluctuations. Di↵erent physics processes dominate
in di↵erent regions of p2T. There are generally 3 types of
processes, as illustrated in Fig. 1:

• Coherent J/ production at low p2T
(. 0.02 (GeV/c)2), where both nuclei stay in-
tact; however, the nucleus can be broken up by
additional soft photons via Coulomb excitation;
the primary interaction is on the nucleus level.

• Incoherent elastic J/ production via elas-
tic photon-nucleon scattering at intermediate p2T
(⇠ 0.02� 0.5 (GeV/c)2), where the target nucleus
may break up into fragments; the primary interac-
tion is on the nucleon level.

• Incoherent dissociative J/ production with
nucleon dissociation at high p2T (& 0.5 (GeV/c)2),
where the leading nucleon (the nucleon undergoes
a hard scattering) breaks up.

1W�⇤N is defined as W�⇤N =
q

2 hEN iMJ/ e�y , where EN is

the per-nucleon energy, MJ/ and y are the mass and rapidity of
J/ particle.

Note that the di↵erence in Fig. 1 (b) and (c) is not
distinguishable event-by-event with the current detector
setup in STAR.
In this paper, we report measurements of both co-

herent and incoherent J/ photoproduction in Au+Au
UPCs at

p
sNN = 200 GeV. The measurements are dif-

ferential in momentum transfer p2T and rapidity y, and
performed for di↵erent neutron emission classes. Fur-
thermore, we report the first measurement of  (2s) pho-
toproduction at RHIC and measurements of the Quan-
tum Electrodynamics (QED) process �� ! e+e� in the
invariant mass mee range of 2-6 GeV/c2.
This paper is organized as follows: In Sec. II, theoreti-

cal models that are quantitatively compared to the mea-
sured data are introduced. In Sec. III, a brief description
of the STAR detector is given. The data analysis is de-
scribed in Sec. IV, including details of signal extractions
and cross sections and a summary of systematic uncer-
tainties. In Sec. V, the main results are shown, followed
by physics discussions and model validations in Sec. VI.
Finally, a summary and outlook are discussed in Sec. VII.

II. THEORETICAL MODELS

Theoretical models provide important guidance for in-
terpreting the data. In this paper, the data have been
compared quantitatively to several di↵erent models. The
models considered with brief descriptions are as follows:

• STARlight. A Monte Carlo event generator for
simulating ultra-peripheral collisions in relativistic
heavy-ion collisions [2]. It calculates the photon
flux generated by heavy nuclei or protons via the
equivalent photon approximation, requiring that
there is no hadronic interaction, which is used in

COHERENT INCOHERENT



EXPERIMENT

UTRA-PERIPHERAL COLLISIONS AT RHIC
▸ Relativistic Heavy Ion 

Collider 
▸ located in Brookhaven 

National Laboratory 
(Long Island, USA) 

▸ different species, 
energy, and proton 
polarization
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Ultra-Peripheral Collisions at RHIC 

4

U238, Au197, Zr96 , Ru96, d2 at 200 GeV and pp at 510 GeV

quasi-real photon

collisions that don’t “collide”

A versatile program with different species, energy, and polarization. 
Kong Tu 



EXPERIMENT

STAR EXPERIMENTAL SETUP (UPC RELEVANT DETECTORS ONLY)
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▸ Solenoidal Tracker At 
RHIC 

▸ central rapidity coverage  

▸  

▸ neutron tagging  
▸ charged hadrons PID 
▸ plus electron calorimetry 

including decay topology 

▸ veto particles in the 
UPCs rapidity gap 
regions

(−1,1)
2019⏞⟶ (−1.5,1.5)



RESULTS ρ0

 CROSS SECTION AND INTERFERENCEρ0

▸ integrated luminosity of 
1100±100  of data 
collected in 2010  

▸ XnXn extrapolated from 
1n1n using STARlight

μb−1
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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.
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▸ multiple diffractive minima in the coherent region 
▸ nucleus is beginning to act like a black disk 
▸ lowest : destructive interference between photo 

production with the photon emitted by any of the two 
pions  

▸ position should not depend on energy

−t

Phys. Rev. C 96, 054904 

Au+Au Au*+Au*,   GeV→ ρ0+ sNN = 200



RESULTS ρ0

NUCLEAR IMAGING
▸  is Fourier conjugate to the 

impact parameter 

   
▸    
▸ F(b) normalized by mean value to 

compare XnXn and 1n1n 

▸ the radius include interference 
effects 

−t
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a physics model that is similar to the quantum Glauber
calculation that does not include nuclear shadowing.

An exponential function is used to characterize the spec-
trum below the first peak [0.0024 < |t | < 0.0098 (GeV/c)2].
The measured slope is 426.4 ± 1.8 (GeV/c)−2 for the XnXn
events and 407.8 ± 3.2 (GeV/c)−2 for the 1n1n events. The
XnXn slope is very similar to the ALICE measurement of
426 ± 6 ± 15 (GeV/c)−2 [8]; there is no evidence for an in-
crease in effective nuclear size with increasing photon energy.

At very small −t, |t | < 10−3 (GeV/c)2, both cross sections
flatten out and turn downward, as can be seen in the insert in
Fig. 8. This is expected due to destructive interference between
ρ0 production on the two nuclear targets [40,43].

These results are subject to the common uncertainties
from Table IV, in addition to the point-to-point uncertainties
described above and listed in Table VI. The yellow and pink
bands in Fig. 8 are the sum in quadrature of all systematic
uncertainties and statistical errors.

The shape of dσ/dt for coherent photoproduction is
determined by the position of the interaction sites within the
target. One can, in principle, determine the density distribution
of the gold nucleus via a two-dimensional Fourier transform of
dσ/dt . RHIC beam energies are high enough that, for ρ0 pho-
toproduction at midrapidity, the longitudinal density distribu-
tion may be neglected and the ions may be treated as discs. Nu-
clei are azimuthally symmetric, so the radial distribution can
be determined with a Fourier–Bessel (Hankel) transformation:

F (b) ∝ 1
2π

∫ ∞

0
dpT pT J0(bpT )

√
dσ

dt
. (8)

Figure 9 shows the result of this transform in the region
|t | < 0.06 (GeV/c)2. Several features are visible. The tails of
F (b) are negative around |b| = 10 fm. This may be due to in-
terference between the two nuclei, since the drop in dσ/dt for
|t | < 0.0002 (GeV/c)2 is due to what is effectively a negative
amplitude for photoproduction on the “other” nucleus [43].

We varied the maximum |t | used for the transform over the
range 0.05 to 0.09 (GeV/c)2. This led to substantial variation
at small b, shown by the cyan region in Fig. 9. The origin
of this variation is not completely clear, but it may be related
to aliasing due to the lack of a windowing function [44], or
because of the limited statistics at large |t |. There is much
less variation at the edges of the distribution, showing that the
transform is stable in the region 4 < b < 7 fm. The full-width
half-maximum (FWHM) of the distribution is 2(6.17 ± 0.12)
fm. This FWHM is a measure of the hadronic size of the gold
nucleus. With theoretical input, it could be compared with
the electromagnetic (proton) radius of gold, as determined by
electromagnetic scattering. The difference would be a measure
of the neutron skin thickness of gold, something that is the
subject of considerable experimental interest [45,46].

There are a few effects that need to be considered in
comparing the distribution in Fig. 9 with nuclear data.
Because of the significant qq dipole size, ρ0 production
occurs preferentially on the front side of the nucleus, and the
contribution of the central region is reduced. Since the photons
come from the fields of the other nucleus, the photon field is
not uniform across the target; it is stronger on the “near” side.
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FIG. 9. The target distribution in the transverse plane, the result
of a two-dimensional Fourier transform (Hankel transform) of the
XnXn and 1n1n diffraction patterns shown in Fig. 8. The integration
is limited to the region |t | < 0.06 (GeV/c)2. The uncertainty is
estimated by changing the maximum −t to 0.05, 0.07, and 0.09
(GeV/c)2. The cyan band shows the region encompassed by these −t

values. To highlight the similarity of both results at their falling edges,
the resulting histograms are scaled by their integrals from −12 to
12 fm. The FWHM of both transforms is 2(6.17 ± 0.12) fm,
consistent with the coherent diffraction of ρ0 mesons off an object as
big as the Au nuclei.

Finally, the interference between production on the two targets
alters the distributions at large |b|.

V. SUMMARY AND CONCLUSIONS

STAR has made a high-statistics study of ρ0, ω, and direct
π+π− photoproduction in 200 GeV/nucleon-pair gold-on-
gold ultraperipheral collisions, using 384 000 π+π− pairs.

We fit the invariant-mass spectrum to a mixture of ρ0,
ω, direct π+π−, and interference terms. The ratio of direct
π+π− to ρ0 is similar to that in previous measurements,
while the newly measured ω contribution is comparable with
predictions based on the previously measured γp → ωp
cross section and the ω → π+π− branching ratio. The
relative fractions of ρ0, ω, and direct π+π− do not vary
significantly with rapidity, indicating that they all have a
similar dependence on photon energy.

We also measure the cross section dσ/dt over a wide range
and separate out coherent and incoherent components. The
coherent contribution exhibits multiple diffractive minima,
indicating that the nucleus is beginning to act like a black disk.

This measurement provides a nice lead-in to future studies
of photo- and electroproduction at an electron-ion collider
(EIC) [47], where nuclei may be probed with photons at a
wide range of Q2 [48].

ACKNOWLEDGMENTS

We thank the RHIC Operations Group and RCF at BNL,
the NERSC Center at LBNL, and the Open Science Grid

054904-11

| t | < 0.06(GeV/c)2

8
COHERENT DIFFRACTIVE PHOTOPRODUCTION OF . . . PHYSICAL REVIEW C 96, 054904 (2017)

a physics model that is similar to the quantum Glauber
calculation that does not include nuclear shadowing.

An exponential function is used to characterize the spec-
trum below the first peak [0.0024 < |t | < 0.0098 (GeV/c)2].
The measured slope is 426.4 ± 1.8 (GeV/c)−2 for the XnXn
events and 407.8 ± 3.2 (GeV/c)−2 for the 1n1n events. The
XnXn slope is very similar to the ALICE measurement of
426 ± 6 ± 15 (GeV/c)−2 [8]; there is no evidence for an in-
crease in effective nuclear size with increasing photon energy.

At very small −t, |t | < 10−3 (GeV/c)2, both cross sections
flatten out and turn downward, as can be seen in the insert in
Fig. 8. This is expected due to destructive interference between
ρ0 production on the two nuclear targets [40,43].

These results are subject to the common uncertainties
from Table IV, in addition to the point-to-point uncertainties
described above and listed in Table VI. The yellow and pink
bands in Fig. 8 are the sum in quadrature of all systematic
uncertainties and statistical errors.

The shape of dσ/dt for coherent photoproduction is
determined by the position of the interaction sites within the
target. One can, in principle, determine the density distribution
of the gold nucleus via a two-dimensional Fourier transform of
dσ/dt . RHIC beam energies are high enough that, for ρ0 pho-
toproduction at midrapidity, the longitudinal density distribu-
tion may be neglected and the ions may be treated as discs. Nu-
clei are azimuthally symmetric, so the radial distribution can
be determined with a Fourier–Bessel (Hankel) transformation:

F (b) ∝ 1
2π

∫ ∞

0
dpT pT J0(bpT )

√
dσ

dt
. (8)

Figure 9 shows the result of this transform in the region
|t | < 0.06 (GeV/c)2. Several features are visible. The tails of
F (b) are negative around |b| = 10 fm. This may be due to in-
terference between the two nuclei, since the drop in dσ/dt for
|t | < 0.0002 (GeV/c)2 is due to what is effectively a negative
amplitude for photoproduction on the “other” nucleus [43].

We varied the maximum |t | used for the transform over the
range 0.05 to 0.09 (GeV/c)2. This led to substantial variation
at small b, shown by the cyan region in Fig. 9. The origin
of this variation is not completely clear, but it may be related
to aliasing due to the lack of a windowing function [44], or
because of the limited statistics at large |t |. There is much
less variation at the edges of the distribution, showing that the
transform is stable in the region 4 < b < 7 fm. The full-width
half-maximum (FWHM) of the distribution is 2(6.17 ± 0.12)
fm. This FWHM is a measure of the hadronic size of the gold
nucleus. With theoretical input, it could be compared with
the electromagnetic (proton) radius of gold, as determined by
electromagnetic scattering. The difference would be a measure
of the neutron skin thickness of gold, something that is the
subject of considerable experimental interest [45,46].

There are a few effects that need to be considered in
comparing the distribution in Fig. 9 with nuclear data.
Because of the significant qq dipole size, ρ0 production
occurs preferentially on the front side of the nucleus, and the
contribution of the central region is reduced. Since the photons
come from the fields of the other nucleus, the photon field is
not uniform across the target; it is stronger on the “near” side.
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FIG. 9. The target distribution in the transverse plane, the result
of a two-dimensional Fourier transform (Hankel transform) of the
XnXn and 1n1n diffraction patterns shown in Fig. 8. The integration
is limited to the region |t | < 0.06 (GeV/c)2. The uncertainty is
estimated by changing the maximum −t to 0.05, 0.07, and 0.09
(GeV/c)2. The cyan band shows the region encompassed by these −t

values. To highlight the similarity of both results at their falling edges,
the resulting histograms are scaled by their integrals from −12 to
12 fm. The FWHM of both transforms is 2(6.17 ± 0.12) fm,
consistent with the coherent diffraction of ρ0 mesons off an object as
big as the Au nuclei.

Finally, the interference between production on the two targets
alters the distributions at large |b|.

V. SUMMARY AND CONCLUSIONS

STAR has made a high-statistics study of ρ0, ω, and direct
π+π− photoproduction in 200 GeV/nucleon-pair gold-on-
gold ultraperipheral collisions, using 384 000 π+π− pairs.

We fit the invariant-mass spectrum to a mixture of ρ0,
ω, direct π+π−, and interference terms. The ratio of direct
π+π− to ρ0 is similar to that in previous measurements,
while the newly measured ω contribution is comparable with
predictions based on the previously measured γp → ωp
cross section and the ω → π+π− branching ratio. The
relative fractions of ρ0, ω, and direct π+π− do not vary
significantly with rapidity, indicating that they all have a
similar dependence on photon energy.

We also measure the cross section dσ/dt over a wide range
and separate out coherent and incoherent components. The
coherent contribution exhibits multiple diffractive minima,
indicating that the nucleus is beginning to act like a black disk.

This measurement provides a nice lead-in to future studies
of photo- and electroproduction at an electron-ion collider
(EIC) [47], where nuclei may be probed with photons at a
wide range of Q2 [48].
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IMAGING A NUCLEUS WITH VECTOR MESON PHOTO-PRODUCTION
▸ photons linearly polarized in transverse plane 

▸ Spin 1 photon polarization vector => vector meson => 
orbital angular momentum of the daughter particles => 
azimuthal  modulation in the momentum distribution 
with respect to the polarization direction 

▸ interference between two contributing amplitudes (panel A)   

▸ possible in symmetric beams 
▸ still subject of discussions in community

cos(2ϕ)

9

some cases leading to an apparent mass radius more than 1 fm
larger than the charge radius (3).

Previously, it was perceived that photons participating in UPC
events are quasi-real with transverse momentum k⊥ = 1/Rp ∼ 30
MeV (note that natural units are used throughout), where Rp is
the nuclear charge radius, reflecting the virtuality and uncertainty
principle of their origin. This led to the assumptions in models
using the equivalent photon approximation (17–20) that processes
initiated by these photons do not depend on the nucleus-nucleus
impact parameter and that their transverse spatial coordinates are
randomly distributed on the basis of the same principles. The
recent measurements of lepton pair production from photon colli-
sions in UPC events at RHIC (21, 22) and LHC (23–25) have shown
that the photons behave as real photons in all observables. These
measurements provide a precision calibration (20, 26–28) necessary
for the photons to be a source for the photonuclear processes and,
therefore, gluon tomography.

Instead of being randomly distributed spatially, and thereupon
randomly polarized, recent measurements from the Solenoidal
Tracker at RHIC (STAR) experiment (22) demonstrate that the

quasi-real photons participating in photon-photon and photonu-
clear A + A collisions are linearly polarized in the transverse
plane. In photonuclear interactions, the polarization vector of the
spin-1 photon is transferred directly to the produced vector
meson (29–32). Upon decay, the spin in the system is transferred
into the orbital angular momentum (OAM) of the daughter parti-
cles, resulting in their momenta being preferentially aligned with
the parent spin direction. The amplitudes and spherical harmonics
of the angular distribution are determined by the Clebsch-Gordan
coefficients in quantummechanics. In our case, for a spin-1 particle
decaying into two spin-0 daughters, it results in an azimuthal cos2ϕ
modulation in the momentum distribution with respect to the po-
larization direction. Such spin information has previously been in-
accessible though, because the photon polarization, oriented
approximately with the nucleus-nucleus impact parameter Ö b!Ü; is
random from one event to the next. Therefore, another ingredient is
needed to make the effect of the polarization observable. The inter-
ference between the two contributing amplitudes, shown in Fig. 1A,
results in a correlation between the momentum and polarization of
the produced ρ0 particle, which makes the angular modulation ob-
servable and very large. The interference occurs because of the
phase difference âexpÖi P!† b!Üä of the wave functions (26, 31) illus-
trated in Fig. 1, where P! is the momentum vector of the ρ0 and b!is
the nucleus-nucleus impact parameter. This establishes the connec-
tion among the photon polarization, the impact parameter, the mo-
mentum of the ρ0, and the momenta of the daughter pions in a
physically measurable way. Recent theory calculations referred to
as model I (26, 31) and model II (32) have shown that a cos2ϕ asym-
metry exists because of the linear polarization of the incident
photons, where ϕ is the angle in the transverse plane between the
vector meson’s momentum and one of the daughter’s momentum
(see Eq. 1). Because the daughters’momenta are used as a proxy for
the ρ0 spin direction, the accuracy of such ameasure has a resolution
of ϵp = 〈 cos 2ϕ〉 = 1/2 for linear polarization, similar to the reaction
plane resolution in elliptic flow analyses (33), which contributed to
the discovery of the strongly interacting quark-gluon plasma.

Unlike past theoretical models, both of these models (model I
and model II) implement a correlation between the incoming
photon’s spin and momentum. Model I implements a photon
and Pomeron interaction using a Woods-Saxon distribution with
the ρ0N cross section (26). Model II implements a dipole and
gluon interaction with the gluon distribution inside the nucleus
given by a color glass condensate (CGC) model including the ρ0
wave function contribution (32). A more detailed discussion of
the models is given in later sections. Crucially, both models
predict that the alignment in the final state between the vector
meson’s momentum and the momenta of its daughters is expected
to result from interference between the contributing amplitudes
shown in Fig. 1A. We emphasize that in this experiment, the final
observable is only one π+π− pair, and the interference of the two ρ0
occurs at the wave function level, with only one ρ0 physically pro-
duced. As illustrated in Fig. 1C, the wave functions of the ρ0 are
created at a distance, on average, about the impact parameter [〈b〉
≃ 20 fm (34)] apart, while the lifetime of the ρ0 is only about 1
fm. This is a classic example of the Einstein-Podolsky-Rosen (14,
34, 35) paradox, in which the daughter pions from the ρ0 decay
are assumed to maintain the overall wave function of their parent,
which is required for the interference to happen. Multiphoton

Fig. 1. Illustration of the processes used to study polarized photon-gluon col-
lisions. (A) A Feynman-like diagram for a gold-gold interaction in which there is
exclusive photonuclear production of a ρ0 meson that subsequently decays to a
π+π− pair. Quantum interference between the transverse linear polarization from
the photon in each diagram results in an observed cos2ϕ dependence despite the
two diagrams not sharing any internal lines. (B) A diagram for the same process in
a proton on gold interaction, where essentially no interference takes place due to
the large difference in charge between the proton and the gold nucleus. (C) An
illustration of a photonuclear interaction occurring between two ultrarelativistic
nuclei separated by a nucleus-nucleus impact parameter Ö b!Ü of several nuclear
radii. While only one ρ0 is produced, two possible configurations contribute to
the amplitude, one where a photon is emitted by the field of nucleus 1 (A1) and
a Pomeron by nucleus 2 (A2) and vice versa. Vectors representing the two-dimen-
sional (2D) momentum in the plane transverse to the beam (along the z axis) are
shown for the photons (γ), Pomerons (ℙ), ρ0, and π±. When the spin-1 ρ0 decays, its
spin is transferred into the OAM of the spin-0 daughter particles, resulting in their
momenta being preferentially aligned with the parent spin direction. Accordingly,
the angle ϕ, defined in terms of the sum and difference of the 2D momentum of
the daughter π+ and π−, provides a proxy for the ρ0 polarization direction relative
to its transverse momentum.
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cos ϕ =
( ⃗pπ− + ⃗pπ+) ⋅ ( ⃗pπ− − ⃗pπ+)

| ⃗pπ− + ⃗pπ+ | × | ⃗pπ− − ⃗pπ+ |

Nuclear Tomography through Entanglement 
Enabled Spin Interference

Sam Corey, J.D. Brandenburg, Ohio State University 
for the STAR Collaboration
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Abstract
Photonuclear interactions have been known for decades as a direct probe of the gluon distribution within nuclei 
and nucleons. However, a long-standing puzzle, that the extracted radii of nuclei appeared much too large, 
prevented the extraction of precise nuclear geometry information from photonuclear interactions in ultra-
peripheral heavy-ion collisions for nearly two decades. Recent measurements have demonstrated that the 
quasi-real photons manifest in ultra-peripheral collisions are linearly polarized. Utilizing the photon polarization 
resolves the two-decade old puzzle - revealing that the true nuclear geometry distribution is hidden by a novel 
interference effect mediated by entanglement. In this poster, we will present the discovery of quantum 
interference between distinguishable particles and illustrate how taking it into account allows precise 
tomographic reconstruction of the gluon distribution within large nuclei. This new technique further provides a 
potential method of probing initial state entanglement within nucleons and nuclei.

Supported in part by the 

Introduction & Motivation
o Observation of Breit-Wheeler process in 

ultraperipheral collisions demonstrates that 
photons are linearly polarized.

o Experimentally we can access polarization 
related effects through the ϕ angle

o Modulations in ϕ are expected due to the initial 
photon spin being converted into orbital angular 
momentum of the final state π! and π" 

##!

##"

##" + ##!

(##" − ##!)/2

Observation of Interference & Effect on Measured Nuclear Radius

o Observation of strong cos 2- modulation in A+A collisions but not in p+A collisions [1]
o Interference effect modifies the apparent radius of the nucleus – correction needed for precise measurement
o Comparison with models shows qualitative agreement, sensitivity to nuclear geometry [2,3]

Results & Discussion
o Since .$ lifetime is so short, the 

vector meson must decay before the 
two wavefunctions overlap

o Interference occurs between 
daughter, dissimilar particles

o Resolves long-standing puzzle, allows 
precise neutron skin extraction at high 
energy for the first time

Future Applications – elliptic gluon distribution 6

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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Au+Au and U+U, but not in p+Au

account, are able to describe the entire spectrum, including the low |
t| dip quite well. Figure 5A presents the radius R extracted by fitting
Eq. 4 to data as a function of ϕ. There appears to be a second-order
modulation in the resulting R as a function of ϕ. Thence, the equa-
tion

R à
ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ
R2
0 á σ2b=εp ⇥ Ö1á εpcos2ϕÜ

q
Ö6Ü

is used to extract the minimum radius R0 at ϕ = ± π/2 with a second-
order angular modulation parameter σb, where the parameter
ϵp = 〈 cos 2ϕ〉 = 1/2 is included to account for the resolution of the
measurement when using the daughter momentum as a proxy for
the polarization direction. The σb parameter quantifies the observed
strength of the interference effect, taking into account multiple con-
tributions from effects such as the range in impact parameter
probed, the finite photon transverse momentum, and the resolution
of the polarization measurement. The detailed contribution of each
effect to the final value of σb can be ascertained from model I and
model II but is out of scope for this article. These details, their finer
effects on the shape of the |t| distribution, and the final strength of
the modulation may be further explored in the future. Using this
approach, which gives the value of the true diffractive radius from
the nuclear form factor, we obtain R0 = 6.62 ± 0.03 fm, a = 0.5 ± 0.1

fm, and σb = 2.38 ± 0.04 fm for Au + Au and R0 = 7.37 ± 0.07 fm, a =
0.5 ± 0.1 fm, and σb = 1.9 ± 0.1 fm for U + U. Quoted uncertainties
are those for Poisson statistics. Systematic uncertainties are comput-
ed for the fully corrected values discussed below (see Materials
and Methods).

DISCUSSION
This measurement reports on the observation of a prominent cos2ϕ
modulation observed in the ρ0 → π+π− photoproduction process
measured in Au + Au and U + U collisions. The modulation is ob-
served in both Au + Au and U + U collisions but not in p + Au
collisions using the same techniques. Unlike A + A collisions,
which can undergo photonuclear interactions via the amplitudes
depicted by the two diagrams shown in Fig. 1A, the marked differ-
ence in charge (Z ) between the proton (Z = 1) versus the Au nucleus
(Z = 79) dominantly occurs through the onewith γAu +ℙp → ρ0, i.e.,
where the photon originates from the electromagnetic field of the
gold nucleus and the Pomeron originates from the proton. Accord-
ing to STARLight (18), for pairs within STAR acceptance with PT <
100 MeV, the case in which the photon comes from the field of the
Au and the Pomeron is emitted by the proton (see Fig. 1B) accounts
for 91% of the observed cross section. The other 9% result from the

Fig. 4. Experimental observation of interference in signal π+π− pairs. (A) The ϕ distribution for π+π− pairs collected from Au + Au and U + U collisions with a pair
transverse momentum (PT) less than 60 MeV and an invariant mass between 650 and 900 MeV. Statistical uncertainties are shown as vertical bars on all points, while
systematic uncertainties are shown as filled boxes only on the leftmost points to improve the clarity. The ϕ distributions are fit to a function of the form f (ϕ) = 1 + A cos 2ϕ
to extract the amplitude (A) of the cos2ϕ modulation. The quoted uncertainties on A are for statistical and systematic sources of uncertainty, respectively. (B) The fully
corrected 2⟨ cos 2ϕ⟩ modulation versus PT for Au + Au and U + U collisions. The statistical uncertainty on each data point is shown in vertical bars, with the systematic
uncertainty shown in the shaded bands.

Fig. 5. Extraction of the nuclear radii of gold and uranium. (A) Radial parameter as a function of the ϕ angle for Au + Au and U + U with an empirical second-order
modulation fit. (B) Comparison between the fully corrected Au + Au distribution and theoretical calculations (32, 26) that include the photon’s linear polarization and two-
source interference effects.
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▸ fit of Fourier conjugated Wood-Saxon into   spectra => 
extract Radius  

▸  - radius from nuclear form factor - consistent with low 
energy experiments 

▸  quantifies the strength of the interference effect 
▸ solves 20 year puzzle of seemingly higher than expected 

nuclear radius 
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RESULTS  IN D+AUJ/ψ

J/  CROSS SECTION IN D+AU UPC EVENTS AT 200 GEVψ

▸ integrated luminosity of 93 nb  
of d+Au data collected in 2016 

▸ J/  decay channel 

−1

ψ → e+e−

11

momentum squared of J=ψ particles, p2
T;J=ψ . The approxi-

mate photon-nucleon center-of-mass energy is [33], W ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2hENiMJ=ψe−y

p
∼ 25 GeV, where EN is the average beam

energy per nucleon, MJ=ψ is the mass of the J=ψ particle,
and y is the J=ψ rapidity. In addition, the differential J=ψ
cross section with single neutron tagged events is reported.
The data are compared with two theoretical models: (i) the
color glass condensate (CGC) saturation model and (ii) the
LTA nuclear shadowing model. These model predictions are
based on an extension from heavy nuclei to light nuclei
[28,34,35]. Both model calculations are made specifically to
the dþ Au UPC data at relativistic heavy-ion collider
(RHIC), where Ref. [35] is an extension of Ref. [28] from
heavy nuclei at the LHC to the deuteron at RHIC.
The solenoidal tracker at RHIC (STAR) detector [36]

and its subsystems have been thoroughly described in
previous STAR papers [37,38]. This analysis utilizes
several subsystems of the STAR detector. Charged particle
tracking, including transverse momentum reconstruction
and charge sign determination, is provided by the time
projection chamber (TPC) [39] positioned in a 0.5 T
longitudinal magnetic field. The TPC volume extends from
50 to 200 cm from the beam axis and covers pseudor-
apidities jηj < 1.0 and over the full azimuthal angle,
0 < ϕ < 2π. Surrounding the TPC is the barrel electro-
magnetic calorimeter (BEMC) [40], which is a lead-
scintillator sampling calorimeter. The BEMC is segmented
into 4800 optically isolated towers covering the full
azimuthal angle for pseudorapidities jηj < 1.0. There are
two beam-beam counters (BBCs) [41], one on each side of
the STAR main detector, covering a pseudorapidity range
of 3.4 < jηj < 5.0. There are also two zero degree calo-
rimeters (ZDCs) [36], used to determine and monitor the
luminosity and tag the forward neutrons.
The UPC data were collected by the STAR experiment

during the 2016 dþ Au run, corresponding to an integrated
luminosity of 93 nb−1 and approximately 2 × 106 UPC J=ψ -
triggered events. The J=ψ candidates are reconstructed
via the electron decay channel J=ψ → eþe−, which has
a branching ratio of 5.93%[42]. Based on this channel, the

UPC J=ψ trigger is defined by no signal in either BBC east
or west, time-of-flight [36] track multiplicity between 2
and 6, and a topological selection of back-to-back clusters
in the BEMC. In the offline analysis, the events are required
to have a valid vertex that is reconstructed within 100 cm
of the center of the STAR detector. In addition, a valid
event is required to have at least two TPC tracks associated
with the primary vertex with transverse momentum pT >
0.5 GeV=c and jηj < 1.0. Single electron candidates are
selected from charged tracks reconstructed in the TPC,
which are required to have at least 25 space points (out
of a maximum of 45) to ensure sufficient momentum
resolution, contain no fewer than 15 points for the ioniza-
tion energy loss (dE=dx) determination to ensure good
dE=dx resolution, and be matched to a BEMC cluster.
Furthermore, these tracks are required to have a distance of
closest approach less than 3 cm from the primary vertex. To
further enhance the purity of electron candidates for the
J=ψ reconstructions, an unlike-sign electron pair selection
is performed based on the dE=dx of charged tracks. The
variable nσ;e (nσ;π) is the difference between the measured
dE=dx value compared with an electron (π) hypothesis of
the predicted dE=dx value. It is calculated in terms of the
number of standard deviations from the predicted mean.
The pair selection variable χ2eþe− is defined as n

2
σ;eþ þ n2σ;e−

(similar for π). For the region of χ2πþπ− < 30, the ratio
χ2eþe−=χ

2
πþπ− is required to be less than 1=3, while for

χ2πþπ− > 30, χ2eþe− must be< 10. This pair selection ensures
the purity of electrons is higher than 95%, which is
determined by a data-driven approach using photonic
electrons [37].
The unlike-sign electron candidates are paired to recon-

struct an invariant mass distribution of J=ψ candidates,
while the like-sign pairs are also investigated to indicate the
contribution from the combinatorial background. The
resulting J=ψ candidates are required to have a rapidity
jyj < 1.0. In Fig. 2 (left), the invariant mass distribution is
shown with a template fit to extract the raw yield of J=ψ
particles. The signal template is taken from the STARlight
[43] Monte Carlo program that was run through the STAR
detector GEANT3 simulation [44] for its detector response,
indicated by the shaded histogram. Motivated by similar
studies in Refs. [17,45,46], the background function is
taken to be of the form ðm − AÞeBðm−AÞðm−CÞþCm3

, which
can describe both the combinatorial and the two-photon
interaction (γγ → eþe−) backgrounds. The fitted result is
shown as the dotted line, where meþe− is the invariant mass
of two oppositely charged electrons, and A, B, and C are
free parameters [33]. The raw yield of the entire analyzed
sample after full event selections and background sub-
traction is 359% 22. For measurement of the differential
cross section, raw yields of each p2

T;J=ψ interval are
determined based on the same fitting procedure. In
Fig. 2 (right), the ZDC energy depositions in terms of

γ

Au
d X

J/

Au'

-t  p2
T,J/

quasireal photon

FIG. 1. Photoproduction of J=ψ in dþ Au UPCs, where X
represents the deuteron (coherent) or deuteron-dissociative (in-
coherent) system.
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at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV using the STAR detector. The data are
corrected to the photon-deuteron center-of-mass system,
where all final-state particles from deuteron breakup are
included. In addition, the differential cross section with a
single neutron detected in the deuteron-going zero-degree
calorimeter is reported. The data are compared with
theoretical predictions based on the color glass condensate
saturation model and the leading twist approximation
nuclear shadowing model. Both models use the Good-
Walker paradigm [62] to describe the coherent and inco-
herent photoproduction of J=ψ in ultraperipheral collisions.
The saturation model approaches the problem with dynami-
cal modeling of the gluon density and its fluctuation of the
target, while the nuclear shadowing model emphasizes the
importance of a shadowing correction from multinucleon
interaction in nuclei and the fluctuation of the dipole cross
section. The data are found to be in better agreement with
the saturation model for incoherent production, where the
disagreement between the two models has provided impor-
tant insights into our theoretical understanding of the
nuclear breakup processes.
Understanding these processes in a simple nuclear

environment will be indispensable to further understanding
the nuclear effect in heavy nuclei. The data and model
comparisons reported in this Letter place significant exper-
imental constraints on the deuteron gluon density distri-
butions and the deuteron breakup process. The results
reported here of J=ψ photoproduction will serve as an
essential experimental baseline for a high precision meas-
urement of diffractive J=ψ production at the upcoming
Electron-Ion Collider.
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(a) Coherent, nucleus stays intact (b) Incoherent with elastic nucleon (c) Incoherent with nucleon dissociation 

Au197

Au197
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Au197 Au197

Au197

! > 2$! ! > 2$! ! > 2$!

neutrons

FIG. 1. Ultra-peripheral collisions at relativistic heavy ion colliders. (a) Coherent J/ photoproduction in Au+Au collisions
where the nucleus stays intact; Coulomb excitation via soft photon exchange can break up the nucleus (not shown); (b) incoher-
ent J/ photoproduction where the leading nucleon stays intact but the nucleus breaks up; (c) incoherent J/ photoproduction
where the leading nucleon dissociates and the nucleus breaks up.

covered by the STAR experiment is complementary to
that of the LHC. The per-nucleon center-of-mass energy,
W�⇤N

1, is 15–41 GeV within the J/ rapidity range
|y| < 1.0, which is similar to the previous STAR mea-
surement of J/ photoproduction in the deuteron sys-
tem [22]. The STAR kinematic region is at the transition
(xparton ⇠ 0.01) between high-x and low-x. In addition,
the J/ momentum transfer �t ' p2T distribution can
be measured at high p2T with high precision, in a region
expected to be sensitive not only to nucleon position fluc-
tuations but also sub-nucleonic parton density event-by-
event fluctuations. Di↵erent physics processes dominate
in di↵erent regions of p2T. There are generally 3 types of
processes, as illustrated in Fig. 1:

• Coherent J/ production at low p2T
(. 0.02 (GeV/c)2), where both nuclei stay in-
tact; however, the nucleus can be broken up by
additional soft photons via Coulomb excitation;
the primary interaction is on the nucleus level.

• Incoherent elastic J/ production via elas-
tic photon-nucleon scattering at intermediate p2T
(⇠ 0.02� 0.5 (GeV/c)2), where the target nucleus
may break up into fragments; the primary interac-
tion is on the nucleon level.

• Incoherent dissociative J/ production with
nucleon dissociation at high p2T (& 0.5 (GeV/c)2),
where the leading nucleon (the nucleon undergoes
a hard scattering) breaks up.

1W�⇤N is defined as W�⇤N =
q

2 hEN iMJ/ e�y , where EN is

the per-nucleon energy, MJ/ and y are the mass and rapidity of
J/ particle.

Note that the di↵erence in Fig. 1 (b) and (c) is not
distinguishable event-by-event with the current detector
setup in STAR.
In this paper, we report measurements of both co-

herent and incoherent J/ photoproduction in Au+Au
UPCs at

p
sNN = 200 GeV. The measurements are dif-

ferential in momentum transfer p2T and rapidity y, and
performed for di↵erent neutron emission classes. Fur-
thermore, we report the first measurement of  (2s) pho-
toproduction at RHIC and measurements of the Quan-
tum Electrodynamics (QED) process �� ! e+e� in the
invariant mass mee range of 2-6 GeV/c2.
This paper is organized as follows: In Sec. II, theoreti-

cal models that are quantitatively compared to the mea-
sured data are introduced. In Sec. III, a brief description
of the STAR detector is given. The data analysis is de-
scribed in Sec. IV, including details of signal extractions
and cross sections and a summary of systematic uncer-
tainties. In Sec. V, the main results are shown, followed
by physics discussions and model validations in Sec. VI.
Finally, a summary and outlook are discussed in Sec. VII.

II. THEORETICAL MODELS

Theoretical models provide important guidance for in-
terpreting the data. In this paper, the data have been
compared quantitatively to several di↵erent models. The
models considered with brief descriptions are as follows:

• STARlight. A Monte Carlo event generator for
simulating ultra-peripheral collisions in relativistic
heavy-ion collisions [2]. It calculates the photon
flux generated by heavy nuclei or protons via the
equivalent photon approximation, requiring that
there is no hadronic interaction, which is used in

▸ integrated luminosity 
of 13.5 nb  of Au+Au 
data collected in 2016 

▸ J/  decay 
channel 

−1

ψ → e+e−
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NUCLEAR SUPPRESSION FACTOR
▸  - ratio of all n 

(regardless of #n) and 
Impulse Approximation (IA) 

▸  - ratio of all n and 
HERA H1  

▸ Incoherent production more 
suppressed than Leading 
Twist Approximation (LTA) 
prediction 

▸  range will be extended 
by STAR forward upgrade 

▸ more details in Jaroslav 
Adam’s talk (Tuesday 11:15)
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FIG. 3. Nuclear suppression factor of coherent (S
Au
coh) and in-

coherent (S
Au
incoh) J/ photoproduction in Au+Au UPCs. The

data are compared with the nuclear shadowing model [22] and

the CGC model [17]. The CGC points are shifted from the

vertical line for better visibility. Statistical uncertainties are

represented by the error bars, and the systematic uncertain-

ties are denoted as boxes. There is a systematic uncertainty

of 10% from the integrated luminosity that is not shown.

(SAu
coh) and incoherent (SAu

incoh) J/ photoproduction are
shown as a function of W�⇤N in Au+Au UPCs. For the
coherent case, the SAu

coh is calculated based on the ra-
tio between the coherent J/ cross section of all n and
the Impulse Approximation (IA) [23], where IA repre-
sents the scenario without any nuclear e↵ect. The sup-
pression factor at W�⇤N = 25.0 GeV is found to be
0.71 ± 0.04 ± 0.07 ± 0.07. The first quoted error is the
model uncertainty on IA [23] for Au nuclei and the second
error is a combination of statistics and systematic uncer-
tainties added in quadrature, while the third is from the
scale uncertainty of the integrated luminosity.

For the incoherent suppression factor, SAu
incoh, it is de-

fined as the ratio between the incoherent J/ cross sec-
tion of all n and the free proton data at HERA. In or-
der to compare with photoproduction in ep collisions,
we use the published H1 data and its well-constrained
parametrization [32]. It is found that the STAR UPC
incoherent p2T distribution is well described by the H1
ep template, with a suppression factor found to be
0.36+0.03

�0.04 ± 0.04 ± 0.04 at W�⇤N = 25.0 GeV. Here the
first uncertainty is the H1 parametrization uncertainty,
the second one is from the measurement that includes sta-
tistical and systematic uncertainty, and the third is the
scale uncertainty on the integrated luminosity. The de-
tails of this procedure, both for coherent and incoherent
processes, are outlined in the article Ref. [34] submitted

along with this Letter.

The nuclear shadowing model LTA and the saturation
model CGC are compared with the data quantitatively.
For the LTA, the upper bound of each band is show-
ing the weak shadowing mode, while the lower bound
shows the strong shadowing mode [22]. It is found that,
for the first time, the incoherent suppression factor is
less than that of the coherent production, as well as the
strong shadowing mode in the LTA model. For the CGC
model, although it is not strictly calculated at the STAR
kinematic range due to the applicability of the model
(x > 0.01, where x is the momentum fraction the parton
carries of the nucleon), the incoherent data are found to
be between the model scenarios calculated with or with-
out sub-nucleonic fluctuation of the parton density [17].
Based on this data, it is hard to conclude if sub-nucleonic
parton density fluctuation is present in the incoherent
J/ photoproduction, contrary to the conclusion to a
recent measurement by the ALICE Collaboration [39].
Note that the p2T distribution of the incoherent produc-
tion are found to be consistent between STAR and AL-
ICE. Nevertheless, the reported data provides new in-
sights to the nuclear parton density at RHIC.

In conclusion, di↵erential cross sections of
J/ photoproduction in coherent and incoherent
processes as a function of rapidity y in Au+Au UPCs
at

p
sNN = 200 GeV have been reported. These cross

sections are measured separately in di↵erent neutron
emission categories, as detected by the zero degree
calorimeters. It is observed that in the asymmetric
neutron configuration the coherent J/ production is
independent of the neutron emission direction, while the
incoherent production has a strong dependence. This is
consistent with expectations from Monte Carlo simula-
tions, but confirmed experimentally for the first time.
Furthermore, the relative coherent cross section to that
of a free nucleon is found to be 71 ± 10% (⇠ 30% sup-
pressed). The incoherent J/ photoproduction has been
compared to that of a free proton based on the H1 data,
where a stronger suppression than that of the coherent
production is observed with a relative cross section of
36 ± 7% (⇠ 60% suppressed). This is stronger than
predictions from the nuclear shadowing model, and does
not directly support the CGC model with sub-nucleonic
fluctuation. The parton density at the top RHIC energy
lies in the transition region (xparton ⇠ 0.01) between
large momentum quarks (xparton > 0.1) and low mo-
mentum gluons (xparton < 0.001), which is essential to
the understanding of both gluon saturation and nuclear
shadowing mechanisms. This measurement provides
important constraints to the parton density and is an
essential experimental baseline for such measurements
at the upcoming Electron-Ion Collider.

We thank the RHIC Operations Group and RCF at
BNL, the NERSC Center at LBNL, and the Open Science
Grid consortium for providing resources and support.
This work was supported in part by the O�ce of Nu-
clear Physics within the U.S. DOE O�ce of Science, the
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FIG. 6. Di↵erential cross section d2�/dp2Tdy of
J/ photoproduction as a function of p2T in Au+Au UPCs atp
sNN = 200 GeV. Four neutron emission classes, all n, 0n0n,

0nXn, and XnXn are shown in di↵erent panels. Coherent
and incoherent template fits are shown as dashed lines, and
the sum is shown as the solid line. Statistical uncertainty is
represented by the error bars, and the systematic uncertainty
is denoted as boxes. There is a systematic uncertainty of
10% from the integrated luminosity that is not shown.

cross sections parametrization as follows [51]:

�el = Nel · (W�⇤N/90)�el , (8)

�pd = Npd · (W�⇤N/90)�pd . (9)

Here the �el and �pd are the proton elastic and proton dis-
sociation cross section as a function of W�⇤N. The param-
eters are Nel = 81±3nb, �el = 0.67±0.03, Npd = 66±7nb,
and �pd = 0.42± 0.05. For the elastic proton case, UPC
measurements in proton-lead UPCs at the LHC [56] has
a similar parametrization. Thus, the cross section ratios
at di↵erent energies (e.g., 19.0 and 25.0 GeV) with re-
spect to the H1 measured energy (55 GeV) are derived,
which are used for obtaining the di↵erential cross section
d�/dt for proton elastic and proton dissociation at the
STAR UPC kinematics.

For the di↵erential cross section measurement, d�/dt,
as a function of momentum transfer |t| at H1 can be fit
by the following functions [51],

d�el/dt = Nt,ele�bel|t|, (10)

d�pd/dt = Nt,pd(1 + (bpd/n)|t|)�n. (11)

Here the parameter Nt,el = 213 ± 18 nb/GeV2, bel =
4.3± 0.2 GeV�2, Nt,pd = 62± 12 nb/GeV2, bpd = 1.6±
0.2 GeV�2, and n is fixed at 3.58.

Based on the above parametrization, the equivalent
Au+Au UPC incoherent J/ cross section of a free pro-
ton can be rewritten as follows:

d2�Au+Au!J/ +Y(hW�⇤N i)/dp2Tdy =

2�all n
T,� (hW�⇤pi) · A ·

⇥
d��⇤+p!J/ +Y(hW�⇤pi)/dt

⇤
.(12)
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FIG. 7. Di↵erential cross section d�/dy for coherent, inco-
herent, and their ratio of J/ photoproduction as a function
of |y| in Au+Au UPCs at

p
sNN = 200 GeV. There is a sys-

tematic uncertainty of 10% from the integrated luminosity
that is not shown, while it is canceled in the ratio.

Here the A is 197 for the Au nucleus, �all n
T,� = 5.03 is the

average transverse photon flux at y = 0 (the coe�cient 2
is the total flux from both beams being photon emitters),
and d��⇤+p!J/ +Y(hW�⇤pi)/dt is the published H1 data
at hW�⇤Ni = hW�⇤pi = 19.0 GeV scaled down from 55
GeV for both the elastic proton (Y = p) and the proton
dissociation (Y 6= p). The notation is similar for the
STAR data, where Y can be elastic nucleon or nucleon
dissociation. Note that the published H1 data had been
corrected for photon flux that is integrated over the phase
space of W�⇤p, which is equivalent to the normalization
of 1/dy in UPC measurements. The equivalent Au+Au
UPC cross section for the free proton data is shown as
the black solid line in Fig 9, where the uncertainty band
is propagated from the errors of the parametrization.

Moreover, we use the H1 free proton data as a tem-
plate to fit the STAR data with only the normalization
constant as a free parameter. The integral of d2�/dp2Tdy
from p2T = 0 to 2.2 (GeV/c)2 between the fit and the
H1 data is defined as the incoherent suppression factor,
SAu
incoh. It is found that the SAu

incoh is 0.49+0.04
�0.05±0.05±0.05

at W�⇤N = 19.0 GeV. For W�⇤N = 25.0 GeV correspond-
ing to the measurement within rapidity range |y| < 0.2,
the same procedure has been performed and the sup-
pression factor is found to be 0.36+0.03

�0.04 ± 0.04 ± 0.04.
Here the first uncertainty is the H1 parametrization un-
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RAPIDITY OF COHERENT AND INCOHERENT  PHOTO PRODUCTIONJ/ψ

▸ STAR can tag processes by neutron 
detection in ZDC  

▸ yn - rapidity of the neutron  

▸ coherent  symmetric => neutron 
emission through mutual Coulomb 
excitation 
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FIG. 1. Di↵erential cross sections d�/dy for coherent (top

left) and incoherent (top right) J/ photoproduction and

their ratios (bottom) as a function of |y| in Au+Au UPCs

at
p
sNN = 200 GeV, for the di↵erent neutron categories de-

fined in the text. Statistical uncertainties are represented by

the error bars, and the systematic uncertainties are denoted

as boxes. There is a systematic uncertainty on the cross sec-

tions of 10% from the integrated luminosity that is not shown.

tion and acceptance uncertainties were determined bin-
by-bin in mass and pT of electron pairs. They were added
in quadrature along with an overall 4% uncertainty on
track and vertex reconstruction e�ciency; this sum is
shown with the displayed data points. The systematic
uncertainty on modeling the transversely polarized pho-
ton flux is found to be up to 3.5% by varying the Au ra-
dius ±0.5 fm, where the same method has been adopted
as in Ref. [37]. Finally, there is an uncertainty of 10% on
the luminosity measurement, resulting in a scale uncer-
tainty of 10% on all cross sections, which is not displayed
in the figures.

In Fig. 1, the di↵erential cross sections d�/dy of
J/ photoproduction as a function of |y| for coherent
(left) and incoherent (right) production are presented, for
all n data and each neutron category separately. They
are obtained by integrating the data over low (coherent)
or high (incoherent) p2T and using the template fits to
correct to the full p2T range [34]. The rapidity interval
includes both positive and negative rapidities, where the

data are plotted at the bin center. The ratio between
incoherent and coherent J/ production is also shown in
the bottom panel.
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FIG. 2. Coherent and incoherent di↵erential cross sections,

d�/dy, as a function of y of J/ photoproduction for the

0nXn neutron configuration in Au+Au UPCs at
p
sNN =

200 GeV. Here the negative y direction has zero neutrons

(0n) and the positive y direction has at least one neutron

(Xn). Statistical uncertainties are represented by the error

bars, and the systematic uncertainties are denoted as boxes.

There is a systematic uncertainty of 10% from the integrated

luminosity that is not shown. The BeAGLE model [38] is also

shown.

To further investigate the rapidity dependence, the
rapidity distributions for coherent and incoherent
J/ photoproduction are shown for the asymmetric
0nXn neutron category in Fig. 2. Positive J/ rapidity
(sgn(yn) · yJ/ ) is defined by the direction of forward go-
ing neutrons, sgn(yn), where yn is the neutron rapid-
ity. The coherent J/ rapidity distribution is found to
be symmetric under the transformation y ! �y. Neu-
tron emission for coherent J/ photoproduction occurs
through mutual Coulomb excitation, in which the neu-
tron may be emitted by either nucleus. Thus, the neu-
tron direction is not expected to be correlated to the
J/ direction. Before this measurement, the assumption
that neutron emission is independent of coherent vector
meson photoproduction has never been experimentally
tested. By contrast, in the incoherent process the target
nucleus breaks up in the hard interaction, and neutrons
hitting a ZDC identify the direction of the target nucleus;
for the 0nXn configuration, this direction is unambigu-
ous. This result is also compared with an incoherent
J/ production model, BeAGLE [38], which is found to
be qualitatively consistent with the data.
In Fig. 3, the nuclear suppression factors of coherent

BeAGLE - model of incoherent  production 
Pays. Rev. D 106, 012007 (2022)

J/ψ
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BeAGLE cited earlier. This asymmetric shape was also
described in an earlier discussion of the LTA model [17].

B. Interference

Figure 12 shows the di↵erential cross section of
J/ photoproduction at very low p2T, for the three ra-
pidity bins and no selection of neutron category. This
region of p2T is dominated by coherent photoproduction,
with contamination from incoherent processes of order
1%. In the lowest p2T bin, the cross section at lowest ra-
pidity is suppressed more than 50% relative to the high-
est rapidity bin, with smaller suppression at intermediate
rapidity. In the higher p2T bins cross sections are approx-
imately equal at all rapidities.

This is a result of quantum interference in symmetric
Au+Au UPCs due to the ambiguity of which nucleus is
the hard photon source. It requires photons with oppo-
site polarization in order to have such destructive inter-
ference [58–60]. The e↵ect of interference is shown quan-
titatively by the calculations of STARlight for both the
cases of interference and no interference. With no inter-
ference there is no suppression at lowest p2T. STARlight
with interference predicts the trend observed in the data,
suppression at lowest p2T increasing as y ! 0. This in-
terference e↵ect has also been observed in UPC ⇢0 pho-
toproduction by the STAR collaboration [61].

The CGC model calculation, at y = 0, also includes
the e↵ects of interference. The prediction for the cross
section, shown in Fig. 12, describes the suppression at
lowest rapidity and p2T observed in the data.

C.  (2s) cross section

Figure 13 shows the template fit to the raw mee distri-
bution in the  (2s) mass region. The full rapidity range
|y| < 1 and all neutron categories are included. The only
processes contributing in this region are QED �� and co-
herent  (2s) ! e+e�. Their templates fit to the data
and sum are shown in the figure. The number of  (2s)
events is 73± 22, where the uncertainty is the statistical
uncertainty from the fit.

Figure 14 shows the cross section determined from
this sample of events, expressed as d�/dy in the range
0 < |y| < 1. The measured coherent J/ di↵erential
cross section for all n is also shown for comparison. The
bottom panel shows the ratio of  (2s) to J/ cross sec-
tions. The predictions from STARlight are also shown,
which exceeds the individual cross sections by 20-30%
but correctly predicts the measured ratio.
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FIG. 12. Di↵erential cross section, d2�/dp2Tdy, as a func-
tion of p2T at very low p2T with di↵erent rapidity |y| bins in
Au+Au UPCs at

p
sNN = 200 GeV. All neutron categories

are included. STARlight (SL) events and color glass conden-
sate (CGC) calculations are compared with the data. There
is a systematic uncertainty of 10% from the integrated lumi-
nosity that is not shown.

D. Next-to-leading order perturbative QCD
calculation

The colored band in Fig. 14 shows the first NLO per-
turbative QCD calculation of the J/ photoproduction
at RHIC energies. The input nuclear PDF (nPDF) is
from EPPS21 [41], where the current uncertainty com-
ing from the nPDF on the J/ production cross section
can be as large as 50% to 160%. Consequently, this is
not shown. The uncertainty band shown on the figure
is only based on the scale uncertainty. For details, see
Refs [42, 43]. This prediction has been found to be un-
derestimated by more than a factor of 2 at mid-rapidity
and 10-20% at higher rapidity. This data will signifi-
cantly constrain the nPDF at the NLO for both quarks
and gluons.

E. �� ! e+e� cross sections

In Fig. 15, the di↵erential cross sections of �� to e+e�

pairs, as a function of the pair mass mee, are shown for
di↵erent neutron configurations. The data are compared
with both STARlight and a QED calculation performed
by Zha et al [37, 38]. The ratios between the data and
these two predictions are shown in Fig. 16. The central
value of the data are 10-20% above the STARlight predic-
tion, and 10-20% below the QED calculation. It should

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.
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FIG. 13. Invariant mass of the electron pair candidates from
Au+Au UPCs at

p
sNN = 200 GeV. There is a systematic

uncertainty of 10% from the integrated luminosity that is not
shown.

be noted that STARlight does not include e+e� pair pro-
duction inside the nucleus, whereas the QED calculation
does. The magnitude of this e↵ect has been estimated
to be ⇠ 10% [2], partially accounting for the discrepancy
seen in STARlight relative to the data. The scale un-
certainty from the luminosity measurement is 10% (not
shown), implying that both models are consistent with
the data.

The consistency between data and models across dif-
ferent neutron categories validates the photon fluxes used
in the measurement of �+Au cross sections from Au+Au
cross sections, described in Sections IVE and VC and
shown in Fig. 8. The Au+Au cross sections are linear in
the photon flux �ntag

T,� , as in Eq. 3. The QED �� cross
sections are as follows:

��� /
Z

dk1dk2�
ntag
T,� (k1)�

ntag
T,� (k2)|M(k1, k2)|2 . (13)

Here M, the QED matrix element for �� ! e+e�, is well
known. The �� cross section is quadratic in the photon
fluxes, while the Au+Au cross sections are linear in the
flux. Therefore, the ��� is a test of the photon fluxes.
The 10-20% model and data discrepancy in Fig. 16 im-
plies that deviations in �Au+Au are half as large. There-
fore, the fluxes used in the �+Au cross sections measure-
ment are valid at the 5-10% level.

Figure 15 also shows the �� ! e+e� cross section
for the XnXn category from a previous STAR publica-
tion [58]. That measurement at lower mee utilized di↵er-
ent experimental techniques than the present data, based
on TOF as opposed to BEMC selections. The two data
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FIG. 14. Di↵erential cross section d�/dy for coher-
ent J/ and  (2s) photoproduction as a function of |y| in
Au+Au UPCs at

p
sNN = 200 GeV. The STARlight model [2]

and the NLO pQCD calculations [42, 43] are compared with
the data. Ratio between  (2s) and J/ is shown in the bot-
tom panel. Statistical uncertainty is represented by the er-
ror bars, and the systematic uncertainty is denoted as boxes.
There is a systematic uncertainty of 10% from the integrated
luminosity that is not shown.

sets have excellent agreement in the overlap region near
mee ⇡ 2 GeV/c2, providing further a�rmation of the
measurements. These results present the first �� ! e+e�

measurement up to an invariant mass of 6 GeV/c2.

VII. CONCLUSION

Exclusive J/ ,  (2s), and e+e� pair photoproduction
in Au+Au UPCs at

p
sNN = 200 GeV using the STAR

detector are measured. For J/ photoproduction, both
coherent and incoherent processes as a function of rapid-
ity y, p2T, and di↵erent neutron configurations are pre-
sented. In particular, three di↵erent neutron configura-
tions, 0n0n, 0nXn, and XnXn, are combined to resolve
the photon energy ambiguity in UPCs, which leads to the
total cross section of coherent J/ photoproduction in
�⇤+Au collisions as a function of photon-nucleon center-
of-mass energy. It is found that the coherent nuclear
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be noted that STARlight does not include e+e� pair pro-
duction inside the nucleus, whereas the QED calculation
does. The magnitude of this e↵ect has been estimated
to be ⇠ 10% [2], partially accounting for the discrepancy
seen in STARlight relative to the data. The scale un-
certainty from the luminosity measurement is 10% (not
shown), implying that both models are consistent with
the data.

The consistency between data and models across dif-
ferent neutron categories validates the photon fluxes used
in the measurement of �+Au cross sections from Au+Au
cross sections, described in Sections IVE and VC and
shown in Fig. 8. The Au+Au cross sections are linear in
the photon flux �ntag

T,� , as in Eq. 3. The QED �� cross
sections are as follows:
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Z

dk1dk2�
ntag
T,� (k1)�

ntag
T,� (k2)|M(k1, k2)|2 . (13)

Here M, the QED matrix element for �� ! e+e�, is well
known. The �� cross section is quadratic in the photon
fluxes, while the Au+Au cross sections are linear in the
flux. Therefore, the ��� is a test of the photon fluxes.
The 10-20% model and data discrepancy in Fig. 16 im-
plies that deviations in �Au+Au are half as large. There-
fore, the fluxes used in the �+Au cross sections measure-
ment are valid at the 5-10% level.

Figure 15 also shows the �� ! e+e� cross section
for the XnXn category from a previous STAR publica-
tion [58]. That measurement at lower mee utilized di↵er-
ent experimental techniques than the present data, based
on TOF as opposed to BEMC selections. The two data
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and the NLO pQCD calculations [42, 43] are compared with
the data. Ratio between  (2s) and J/ is shown in the bot-
tom panel. Statistical uncertainty is represented by the er-
ror bars, and the systematic uncertainty is denoted as boxes.
There is a systematic uncertainty of 10% from the integrated
luminosity that is not shown.

sets have excellent agreement in the overlap region near
mee ⇡ 2 GeV/c2, providing further a�rmation of the
measurements. These results present the first �� ! e+e�

measurement up to an invariant mass of 6 GeV/c2.

VII. CONCLUSION

Exclusive J/ ,  (2s), and e+e� pair photoproduction
in Au+Au UPCs at

p
sNN = 200 GeV using the STAR

detector are measured. For J/ photoproduction, both
coherent and incoherent processes as a function of rapid-
ity y, p2T, and di↵erent neutron configurations are pre-
sented. In particular, three di↵erent neutron configura-
tions, 0n0n, 0nXn, and XnXn, are combined to resolve
the photon energy ambiguity in UPCs, which leads to the
total cross section of coherent J/ photoproduction in
�⇤+Au collisions as a function of photon-nucleon center-
of-mass energy. It is found that the coherent nuclear
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▸ integrated luminosity of 700 nb  of Au+Au data 
collected in 2010 

▸ high purity of  pairs in UPC data necessary  

−1

e+e−

candidate pairs before (in black) and after (in color)
applying the ΔΔTOF requirement. Together, these selec-
tion criteria achieve better than 99% pure eþe− selection.
In addition to the measurements in UPCs, we also

present measurements from collisions in 60%–80% central-
ity in which the nuclei interact via the strong force with an
impact parameter between approximately 11.5 and 13.5 fm
[42]. For these events, the hadronic and medium-induced
background in the selected kinematic range is at the level of
a few percent and is subtracted statistically. For more
details on the selection and analysis of these events, see
Ref. [42]. The cross section for exclusively produced eþe−

pairs was measured in a fiducial phase space defined by the
acceptance for daughter particles, corresponding to pairs
with an invariant mass of 0.4 < Mee < 2.6 GeV and with
transverse momentum of P⊥ < 0.1 GeV. The measured
fiducial cross section is 261" 4ðstatÞ " 13ðsystÞ " 34
(scale uncertainty [40]) μb for events with one or more
neutrons emitted in each beam direction. Measurements of
the production rate for exclusive eþe− pairs, fully corrected
for event selection and detector effects, are shown in the
three panels of Fig. 3. All observables are reported for
kinematic acceptance within P⊥ < 0.1 GeV with the Mee
limits noted in each panel.
Figure 3(a) shows the invariant mass of exclusive eþe−

pairs. The invariant mass spectrum is smooth and feature-
less even in the range of known vector mesons [44]. This is
a consequence of the quantum numbers of the two photons
involved in the Breit-Wheeler process [45] where helicity
state Jz ¼ 0 is absent for real photons but necessary for
exclusive single vector-meson production. Fits to the Breit-
Wheeler shape plus the vector meson’s mass spectral line
shape show the absence of all light vector mesons and result
in the following limits to the measured eþe− cross section:
ρ at ð−0.4" 1.2Þ%, ω at ð−0.5" 0.3Þ%, and ϕ at
ð0.2" 0.2Þ%. Potential background contribution from
exclusive photonuclear production of vector mesons [46]
with the decay branch ρ0ðϕÞ → eþe− is simulated in
STARLight and shown as purple lines in Fig. 3(a). The
STARLight model is also used to predict the background

from double vector meson production (e.g., γγ → ρ0ρ0)
where one vector meson decays to an eþe− pair. The cross
section for such a process is several orders of magnitude
lower than the exclusive photoproduction of a single ρ0

[46]. In addition, such a process of semi-inclusive ρ0

production results in a broad ρ0 transverse momentum
distribution and is estimated to be less than 10−5 times the
already negligible background contribution from photo-
nuclear production of ρ0.
Figure 3(b) shows the j cos θ0j distribution, in which θ0 is

the polar angle of the eþ momentum vector with respect to
the beam, measured in the eþe− center-of-mass frame. The
main structure, the falloff of j cos θ0j, is the result of the
gross detector acceptance that limits detection of particles
to 45°≲ θ ≲ 135°. However, the Breit-Wheeler process
exhibits an enhancement toward a small polar angle,
measurably different from that of isotropic eþe− emission.
The contribution from isotropic eþe− emission is deter-
mined via a template fit and is found to be consistent with
zero [ð1" 2Þ% of the measured cross section].
In Fig. 3(c), we show the differential cross section as a

function of the pair transverse momentum (P⊥) in UPCs
compared with the same distribution in 60%–80%
central collisions to demonstrate the sensitivity of the
process to the initial geometry of the colliding electro-
magnetic fields. The data show a clear peak in the
production rate at very low P⊥. The shapes of the spectra
are quantified by the spread in the transverse momentum
plane (via

ffiffiffiffiffiffiffiffiffiffi
hP2

⊥i
p

) calculated from the data, where
available, plus an exponential fit to estimate the addi-
tional contribution above the measured range [42]
(see Table I).
Finally, Fig. 4 shows the first measurement of the

angular distribution Δϕ for eþe− pairs produced in
photon-photon collisions. Distributions from both UPCs
and 60%–80% central collisions are shown with fits to a
function of the form

fðΔϕÞ ¼ Cð1þ A2Δϕ cos 2Δϕþ A4Δϕ cos 4ΔϕÞ; ð1Þ

(a) (b) (c)

FIG. 3. The fully corrected differential cross sections for exclusively produced eþe− pairs with respect to (a) the invariant mass Mee
(and predicted vector-meson background from photoproduction [43]), (b) the polar angle distribution j cos θ0j, and (c) the pair transverse
momentum P⊥.
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where C is a constant and A2Δϕ (A4Δϕ) is the magnitude of a
cos 2Δϕ (cos 4Δϕ) modulation. The observed magnitude
of the cos 2Δϕ and cos 4Δϕ modulations are reported in
Table I. These data were not unfolded to remove momen-
tum resolution effects, which contribute a þ1.5% and
þ3.5% correction for UPCs and 60%–80% central colli-
sions, respectively [40]. The data presented in Figs. 3 and 4
are plotted with statistical (vertical bars) and systematic
(boxes) uncertainties [40].
The measured fiducial cross section is compared with

two calculations that incorporate mutual Coulomb excita-
tion, nuclear dissociation, and the production of eþe− pairs
according to the Breit-Wheeler photon-photon fusion cross
section. The QED theory is a numerical calculation of the

differential cross sections at the lowest-order QED as
illustrated in Fig. 1. The prescription in Ref. [13] was
followed in a new implementation in Ref. [48]. The
STARLight model [43] implements a conventional EPA,
factorizes photon flux into energy and transverse momen-
tum spectra independently, and excludes the photon flux
inside nuclei. The consequential features are a lower cross
section due to the exclusion as shown in Fig. 3(a), a softer
P⊥ distribution independent of impact parameter as shown
in Fig. 3(c), and the absence of any azimuthal anisotropy.
We list the predicted total cross section within the STAR
acceptance from these calculations (Table I). A third model
calculation using generalized EPA (GEPA) is also pre-
sented. It performs a multidimensional integration of the
form factors and the Breit-Wheeler cross section over the
specific impact parameter [48]. The total measured cross
section agrees with all three calculations at the "1σ level.
The distributions presented in Figs. 3 and 4 are all, within
uncertainties, consistent with the expectation from the
Breit-Wheeler process alone. We observe a significant
(4.8σ) increase in the

ffiffiffiffiffiffiffiffiffiffi
hP2

⊥i
p

in 60%–80% central colli-
sions compared to the same quantity in UPCs. For the
60%–80% central data, the large uncertainties allow room
for some additional broadening of the P⊥ distribution.
A best fit value is found using the Breit-Wheeler distribu-
tion convoluted with a Gaussian having a width of σ ¼
14" 4ðstatÞ " 4ðsystÞ MeV (χ2=ndf ¼ 3.4=6). These data
demonstrate that the energy spectrum of the colliding
photons depends on the nucleus-nucleus impact parameter
and, therefore, on the spatial distribution of the electro-
magnetic fields. Both spectra are well described (total
production rate and differential shape) by the QED calcu-
lations which include this dependence [47,48] and invali-
date several existing models [8,9,43,48] that neglect it.
These observed features of the Breit-Wheeler process
provide experimental confirmation of fundamental QED
predictions.
In UPCs, the cos 4Δϕ modulation is observed with an

amplitude of ð16.8" 2.5Þ%. The data are in good agree-
ment with numerical lowest-order QED calculations which
predict an amplitude of 16.5%. The data are also compared
to predictions from the STARLight [43] and SUPERCHIC [8]
models. STARLight, which includes the single-photon
kinematics for the process but does not employ any
polarization-dependent effects, predicts an isotropic distri-
bution. SUPERCHIC is a model similar to STARLight,
but with the photon helicity dependence determined
by the orientation of the electromagnetic fields in the
transverse plane.
When the collisions are defined as a flux of photons from

the projectile nucleus traversing a circular magnetic field
generated by the target nucleus [49–52], the observation of
a separation in the differential angular distribution of the
produced particles relative to the initial photon polarization
and magnetic field angle is closely related to the

TABLE I. Top row: cross section within the fiducial STAR
acceptance [40] for γγ → eþe− compared with theory calcula-
tions [43,47,48] (SL stands for STARLight, SC for SUPERCHIC).
The quoted uncertainties on the measured cross section are for
statistical, systematic, and the overall scale uncertainty, respec-
tively. Lower rows: Δϕ and

ffiffiffiffiffiffiffiffiffiffi
hP2

⊥i
p

from UPCs and 60%–80%
central collisions (peripheral) with the corresponding theory
calculations [8,43,47,48] where applicable. The fits to the data
with Eq. (1) result in χ2=ndf of 19=16 and 10=17 for UPC and
60%–80% centrality, respectively. The quoted uncertainties are
statistical and systematic uncertainties added in quadrature.

Quantity Measured SL GEPA QED
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FIG. 4. The Δϕ ¼ ϕee − ϕe distribution from UPCs and
60%–80% central collisions for Mee > 0.45 GeV with calcula-
tions from QED [47], STARLight [43], and from the publicly
available SUPERCHIC3 code [8].
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▸ intrinsic photon spin converted 
into orbital angular momentum => 
anisotropy in  momentum 

▸ results consistent with QED but not 
STARlight 

▸ experimental access to photon 
polarization demonstrated

e±
where C is a constant and A2Δϕ (A4Δϕ) is the magnitude of a
cos 2Δϕ (cos 4Δϕ) modulation. The observed magnitude
of the cos 2Δϕ and cos 4Δϕ modulations are reported in
Table I. These data were not unfolded to remove momen-
tum resolution effects, which contribute a þ1.5% and
þ3.5% correction for UPCs and 60%–80% central colli-
sions, respectively [40]. The data presented in Figs. 3 and 4
are plotted with statistical (vertical bars) and systematic
(boxes) uncertainties [40].
The measured fiducial cross section is compared with

two calculations that incorporate mutual Coulomb excita-
tion, nuclear dissociation, and the production of eþe− pairs
according to the Breit-Wheeler photon-photon fusion cross
section. The QED theory is a numerical calculation of the

differential cross sections at the lowest-order QED as
illustrated in Fig. 1. The prescription in Ref. [13] was
followed in a new implementation in Ref. [48]. The
STARLight model [43] implements a conventional EPA,
factorizes photon flux into energy and transverse momen-
tum spectra independently, and excludes the photon flux
inside nuclei. The consequential features are a lower cross
section due to the exclusion as shown in Fig. 3(a), a softer
P⊥ distribution independent of impact parameter as shown
in Fig. 3(c), and the absence of any azimuthal anisotropy.
We list the predicted total cross section within the STAR
acceptance from these calculations (Table I). A third model
calculation using generalized EPA (GEPA) is also pre-
sented. It performs a multidimensional integration of the
form factors and the Breit-Wheeler cross section over the
specific impact parameter [48]. The total measured cross
section agrees with all three calculations at the "1σ level.
The distributions presented in Figs. 3 and 4 are all, within
uncertainties, consistent with the expectation from the
Breit-Wheeler process alone. We observe a significant
(4.8σ) increase in the

ffiffiffiffiffiffiffiffiffiffi
hP2

⊥i
p

in 60%–80% central colli-
sions compared to the same quantity in UPCs. For the
60%–80% central data, the large uncertainties allow room
for some additional broadening of the P⊥ distribution.
A best fit value is found using the Breit-Wheeler distribu-
tion convoluted with a Gaussian having a width of σ ¼
14" 4ðstatÞ " 4ðsystÞ MeV (χ2=ndf ¼ 3.4=6). These data
demonstrate that the energy spectrum of the colliding
photons depends on the nucleus-nucleus impact parameter
and, therefore, on the spatial distribution of the electro-
magnetic fields. Both spectra are well described (total
production rate and differential shape) by the QED calcu-
lations which include this dependence [47,48] and invali-
date several existing models [8,9,43,48] that neglect it.
These observed features of the Breit-Wheeler process
provide experimental confirmation of fundamental QED
predictions.
In UPCs, the cos 4Δϕ modulation is observed with an

amplitude of ð16.8" 2.5Þ%. The data are in good agree-
ment with numerical lowest-order QED calculations which
predict an amplitude of 16.5%. The data are also compared
to predictions from the STARLight [43] and SUPERCHIC [8]
models. STARLight, which includes the single-photon
kinematics for the process but does not employ any
polarization-dependent effects, predicts an isotropic distri-
bution. SUPERCHIC is a model similar to STARLight,
but with the photon helicity dependence determined
by the orientation of the electromagnetic fields in the
transverse plane.
When the collisions are defined as a flux of photons from

the projectile nucleus traversing a circular magnetic field
generated by the target nucleus [49–52], the observation of
a separation in the differential angular distribution of the
produced particles relative to the initial photon polarization
and magnetic field angle is closely related to the

TABLE I. Top row: cross section within the fiducial STAR
acceptance [40] for γγ → eþe− compared with theory calcula-
tions [43,47,48] (SL stands for STARLight, SC for SUPERCHIC).
The quoted uncertainties on the measured cross section are for
statistical, systematic, and the overall scale uncertainty, respec-
tively. Lower rows: Δϕ and
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from UPCs and 60%–80%
central collisions (peripheral) with the corresponding theory
calculations [8,43,47,48] where applicable. The fits to the data
with Eq. (1) result in χ2=ndf of 19=16 and 10=17 for UPC and
60%–80% centrality, respectively. The quoted uncertainties are
statistical and systematic uncertainties added in quadrature.
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FIG. 4. The Δϕ ¼ ϕee − ϕe distribution from UPCs and
60%–80% central collisions for Mee > 0.45 GeV with calcula-
tions from QED [47], STARLight [43], and from the publicly
available SUPERCHIC3 code [8].
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Ref SuperChic: L. A. Harland-Lang, V. A. Khoze, and M. G. Ryskin, Eur. Phys. J. C 79, 39 (2019).  
Ref SL: S.R. Klein, J. Nystrand, J. Seger, Y. Gorbunov, and J. Butterworth,  Comput. Phys. Commun. 212, 258 (2017)  
Ref QED, GEPA: W. Zha, J.D. Brandenburg, Z. Tang, and Z. Xu, Phys. Lett. B 800, 135089 (2020). 
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 CROSS SECTIONS γγ → e+e−

▸ first measurement up to 6 GeV/c2 
▸ constrains modeling of neutron emission and photon flux 
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FIG. 15. Di↵erential cross section of exclusive electron pair
production as a function of electron pair (ee) invariant mass
in Au+Au UPCs at

p
sNN = 200 GeV. The rapidity y of the

pair is within ± 1.0 unit, identical to that of the J/ particle.
The STARlight model [2] and QED theory calculations from
Zha et al [38] are compared with data. There is a systematic
uncertainty of 10% from the integrated luminosity that is not
shown.

suppression factor at W�⇤N = 25.0 GeV is 0.71 ± 0.10
when compared to the expectation of a free nucleon. This
suppression supports the nuclear shadowing e↵ect with
the leading twist approximation. The Next-to-Leading
order calculation of perturbative Quantum Chromody-
namics on coherent J/ photoproduction is compared
with this measurement. The description of the data is
o↵ by a factor of two at midrapidity based on nPDF
EPPS21, which may indicate the large uncertainty on
the nuclear parton distribution functions that this data
can significantly constrain. The nuclear parton density
at the top RHIC energy is at the region between large
momentum quarks (xparton > 0.1) and low momentum
gluons (xparton < 0.001), which is essential to the under-
standing of nuclear modification e↵ects in this transition
regime. Moreover, incoherent J/ photoproduction has
been measured up to high p2T of 2.2 (GeV/c)2, and the
incoherent suppression factor at W�⇤N = 25.0 GeV is
found to be 0.36±0.07 relative to the free proton. Based
on a hot-spot model with sub-nucleonic parton density
fluctuation, the incoherent data indicate a similar level
of fluctuation seen in the free proton as it is characterized
by the shape of the p2T distribution. However, direct com-
parisons between hot-spot models (Sartre and CGC) and
data cannot be fully reconciled and further theory inves-
tigations are needed to draw a conclusion. Finally, the
QED �� ! e+e� has been measured up to an invariant
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FIG. 16. The ratios between data and models are shown,
where the models are STARlight [2] and QED theory calcula-
tions from Zha et al [38]. Statistical uncertainty is represented
by the error bars, and the systematic uncertainty is denoted
as boxes. There is a systematic uncertainty of 10% from the
integrated luminosity that is not shown.

mass of 6 GeV/c2 for di↵erent neutron emission classes,
which constrains the modelling of neutron emission and
photon flux. The data provide important constraints to
the parton density and its fluctuations, and also provide
an essential experimental baseline for such measurement
at the upcoming Electron-Ion Collider.
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STAR HIGHLIGHTS

ANGULAR MODULATION OF PHOTON-INDUCED  AND LEPTON PAIRS IN HEAVY ION COLLISIONS AT STARJ/ψ

▸  modulation observed in peripheral di-muon data 

▸  - dependent interference of J/𝜓  
▸ Kaiyang Wang (Tuesday 10am)

Δϕ
pT

21

Modulation of Di-muon in AuAu Peripheral Collisions

12/2/2023 Kaiyang Wang 13

Measured χ𝟐/𝐧𝐝𝐟 QED
|𝐴2∆𝜙|(%) 20 ± 8 ± 3

32/17
13

|𝐴4∆𝜙|(%) 35 ± 8 ± 7 22

 Observation of the 4th-order azimuthal angular modulation 
of 𝜇+𝜇− pairs  (3.3𝜎).

 First indication of the 2nd-order azimuthal angular 
modulation (2.3𝜎)!

di-muons 

𝑝𝑇-dependent interference of J/𝜓

12/10/2023 Kaiyang Wang@UPC2023 10

❑ Data: J/𝜓 modulation extracted from raw signals
❑ EPA + Geant:  zero amplitude of modulations input  

• Bremsstrahlung & detector effect
❑ EPA + Sudakov + Geant: soft photon radiation 

modulation input
• Soft photon radiation 
• Bremsstrahlung & detector effect

✓ J/𝜓 signal shows an increasing trend from negative to positive
➢ MC with soft photon radiation well describes increase trend @ 𝑝𝑇 > 0.1 𝐺𝑒𝑉/𝑐
➢ 2.4 𝜎 lower than MC with zero modulation input @ 𝑝𝑇 < 0.06 𝐺𝑒𝑉/𝑐



STAR HIGHLIGHTS

INITIAL ELECTROMAGNETIC FIELD DEPENDENCE OF PHOTON-INDUCED PRODUCTION IN ISOBARIC COLLISIONS

▸ collision system dependence 
▸ Kaifeng Shen (Tuesday 

10:30am) 

22

J.Adam et al. (STAR) Phys. Rev. Lett. 121 (2018) 132301
W. Zha et al, Phys. Lett. B 800 (2020) 135089

 𝑍4 scaled yield shows clear collision system 
dependence, likely originating from impact 
parameter dependence

 Decreasing trend described the EPA-QED 
calculation

Collision System Dependence of Scaled Excess Yield  

12/12/2023 Kaifeng Shen@UPC2023 10



STAR HIGHLIGHTS

EXCLUSIVE  PHOTOPRODUCTION AND ENTANGLEMENT-ENABLED SPIN INTERFERENCE IN ULTRA-PERIPHERAL COLLISIONS AT STARJ/ψ

▸ Ashik Ikbal Sheikh (Tuesday 11:45am)

23

Spin interference of J/ψ

8/13

๏ Measured the raw cos(2φ) modulations for  (  GeV) with  < 200 MeV/c


๏ The cos(2φ) modulation strength obtained from fit: 1+ a2 cos(2φ) => a2 is the measure of the 
modulation 

J/Ψ 2.95 < mee < 3.2 pT

Au+Au 200 GeV
UPC sample

J/ψ 

e +

e -

(  )⃗p2

(  )⃗p1
—  ⃗p2

 ⃗p1 − ⃗p2

 ⃗p1 + ⃗p2

 ϕ = ∠ [( ⃗p1 + ⃗p2), ( ⃗p1 − ⃗p2)]

 => Cos(2φ) modulation is present in the raw data — Need to extract the modulation strength 
Ashik Ikbal, UPC2023, Playa del Carmen, Mexico

The -dependent interference of J/ψpT

11/13

๏ Measured interference signal shows 
strong  dependence and rises toward 
positive

๏ STARLight prediction is consistent 
with zero

๏ Diffractive+interference calculations 
are negative at low and high  


๏ Diffractive+interference with additional 
γ radiation predicts negative at low  
and rises towards positive value at 
higher 

pT

pT

pT

pT

=> Modulation strength positively increases with pT

Diff+Int predictions : W.B. Zhao et al. (private communication) & arXiv:2207.03712

Diff+Int+Rad predictions : Brandenburg et. al, Phys. Rev. D 106, 074008 (2022)     

Ashik Ikbal, UPC2023, Playa del Carmen, Mexico

▸ interference of  depends on pTJ/ψ



STAR HIGHLIGHTS

DIMUON PRODUCTION AT LOW-PT PERIPHERAL AU+AU COLLISIONS 
24

▸ Ziyang Li (Thursday 18:30) 
▸ EPA-QED more consistent with data than STARlight

Low mass μ+μ- :  �T  and t distributions

2023-12-2 Ziyang Li @ UPC 2023 18

• Excesses concentrate below �� ≈ 0.1 GeV/c 

• Data in favor of EPA-QED calculation over STARlight.  

EPA -QED： W. Zha et al., Phys. Lett. B 800, 135089 (2020)

Low mass μ+μ- :  �T  and t distributions

2023-12-2 Ziyang Li @ UPC 2023 19

• The < ��2 > is consistent with the 
EPA-QED calculation over STARlight. 
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Au+Au,  GeVsNN = 200

Resonance M [MeV/c2] PDG M [3] Γ [MeV/c2] PDG Γ [3]

1454 ± 32  1465 ± 25 357 ± 98 400 ± 60  

1714 ± 26  1720 ± 20  467 ± 38 250 ± 100  

2100 ± 47 - 656 ± 132 -ρ(2150)
ρ(1700)
ρ(1450)

▸ Double resonance structure with  and 
 masses consistent with PDG best 

estimation observed 
▸ The shape is expected to change (in lower mass 

region particularly) after corrections   
▸  width larger than PDG best estimation, 

but consistent with  experiments [5,6]  
▸ Another possible resonance in the  

location, need to investigate further if it indeed is 
 - possibly in  decay channel

ρ(1450)
ρ(1700)

ρ(1700)
γp → p4π

ρ(2150)

ρ(2150) 6π

4  PHOTO-PRODUCTION - SEARCH FOR EXCITED  MESONSπ ρ



OUTLOOK

STAR EXPERIMENT - FORWARD UPGRADE

26

Since 2022, STAR has forward 
detectors , 
which would be crucial to the 
RHIC Run 23-25 physics 
program

(2.5 < η < 4.0)

▸  < 10 GeV  

▸ first-time  meson 
photo production 

▸ high statistics VM at 
higher  

▸ spin-dependent VM 
production 

Wγ*N

ϕ

p2
T



SUMMARY

SUMMARY
▸ STAR has made many first-time or otherwise significant measurements in UPCs at 

RHIC 
▸ coherent  photo-production and nuclear imaging - Au radius consistent with low energy 

experiment  
▸ Strong nuclear suppression in  seen for both coherent (~ 30%) and incoherent (~60%) 

production 
▸ nuclear interference   
▸  in d+Au and  in Au+Au (first time at RHIC) 
▸ observation of Breit-Wheeler process (mass spectra up to 6 GeV/c2) 

▸ STAR program continues  
▸ stay tuned to following talks about new preliminary results 
▸ the detector has just been upgraded with forward tracking and calorimeter system

ρ0

J/ψ

J/ψ ψ(2S)

27
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RESULTS ρ0

 CROSS SECTION ρ0

▸ integrated luminosity of 1100±100 
μb−1 of data collected in 2010  

▸ XnXn extrapolated from 1n1n using 
STARlight 

▸ incoherent components in  are fit 
in range  
▸  are integrals of the fits 

dσ/dt
−t = (0.2,0.45)

σincoh

30

ρ0 π+

π−

COHERENT DIFFRACTIVE PHOTOPRODUCTION OF . . . PHYSICAL REVIEW C 96, 054904 (2017)

TABLE V. Point-to-point systematic uncertainties on dσ/dy

(Fig. 6) as a percentage of the measured cross section in four
rapidity ranges. PID cut refers to uncertainty in the efficiency for
π identification via the truncated dE/dx [36]. Those cuts were
varied simultaneously in the data and simulation to determine the
uncertainty in particle identification efficiency. The fit to efficiency
is the uncertainty in the efficiency parametrization, while the number
of track hits is the minimum number of points used for fitting the
track. The TOF asymmetry is the uncertainty due to the positions of
the TOF slats.

Rapidity PID Fit to Number of TOF
cut eff. track hits asymmetry

−0.7–0.5 8.% 0.25% 0.2% 5%
−0.5–0.0 5.% 0.25% 0.05% 3.6%
0.0–0.5 5.% 0.25% 0.05% 3.6%
0.5–0.7 8.% 0.25% 0.2% 5%

how the final result varies. Table V lists the point-to-point
uncertainties in the rapidity distribution while Table VI lists
the point-to-point uncertainties for the pT distribution.

The ALICE collaboration has studied dipion photoproduc-
tion, in lead-lead collisions at the LHC [8]. They fit their
dipion mass distribution in the range from 0.6 to 1.5 GeV/c2

to a function like Eq. (2), but without the ω component, finding
masses and widths consistent with the standard values. Their
cross-section values were about 10% above the STARlight
prediction.

IV. MEASUREMENT OF dσ/dt

Figure 7 shows the efficiency-corrected differential cross
section dσ/dt for ρ0 mesons within the measured range |y| <
1, after like-sign background subtraction. The Mandelstam
variable t is expressed as t = t‖ + t⊥ with t‖ = −M2

ρ/(γ 2e±y)
and t⊥ = −(ppair

T )2. Here, γ is the Lorentz boost of the ions.
At RHIC energies, t‖ is almost negligible. The cross section
dσ/dt for ρ0 mesons is obtained by scaling the total dipion
cross section by a factor of 0.75. This factor was extracted from
comparisons between the number of pion pairs with invariant
masses ranging from 500 MeV/c2 to 1.5 GeV/c2 and the
integral of the ρ0 Breit–Wigner function extracted from fits

TABLE VI. Point-to-point systematic uncertainties for the −t

distribution shown in Fig. 8, as a percentage of the measured cross
section in three −t ranges. The PID and track selection uncertainties
are described in the text. The uncertainty in the incoherent component
subtraction was estimated by selecting the largest relative deviation
from the default value and cross sections extracted by changing the
value of the fit parameters by one standard deviation while the other
parameters remain at the default fit value.

−t [(GeV/c)2] Track sel. Pion PID Incoher. subtr.

0.00–0.02 0.2% 8% 0.5%
0.02–0.04 0.2% 8% 3.0%
0.04–0.10 0.2% 8% 8.5%
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FIG. 7. The −t distribution for exclusive ρ0 mesons in events
with 1n1n mutual dissociation (open blue circles) and XnXn (filled
red circles). The statistical errors are smaller than the points, and the
colored bands show the total systematic uncertainties. The dipole fits
are shown by solid black lines. For XnXn, the dipole form factors are
shown extrapolated to low |t | (dotted black line line), along with the
STARlight prediction for the incoherent contribution (dashed blue
line).

in rapidity and −t bins. In all comparisons, the integrals are
performed from 2Mπ to Mρ + 5&ρ .

We separate the ρ0 t spectrum into coherent and incoherent
components based on the shape of the distribution in Fig. 7.
Because of the ZDC requirement in the trigger, and the
presence of Coulomb excitation, we cannot use the presence of
neutrons from nuclear breakup as an event-by-event signature
of incoherence [37].

The incoherent components for the 1n1n and XnXn
distributions are fit with a dipole form factor:

dσ

dt
= A/Q2

0(
1 + |t |/Q2

0

)2 , (7)

which has been used to describe low-Q2 photon-nucleon
interactions [38]. The fit is done in the range from −t =
0.2 (GeV/c)2 (above the coherent production region) to
−t = 0.45 (GeV/c)2. The upper limit for −t is chosen to
reduce the contamination from hadronic interactions. For
the events with mutual dissociation into any number of
neutrons (XnXn), the fit finds A = 3.46 ± 0.02 mb and Q2

0 =
0.099 ± 0.015 (GeV/c)2, with χ2/NDF = 19/9. For events
with mutual dissociation into single neutrons (1n1n), Q2

0 is
fixed at 0.099 GeV/c2. The fit finds A = 0.191 ± 0.003 mb,
with χ2/NDF = 15.8/10. The integrals of these fits lead to
the incoherent cross sections shown in Table VII. The coherent
component of the t distribution is then extracted by subtracting
the incoherent-component fit from the total dσ/dt .
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FIG. 6. dσ/dy for exclusively photoproduced ρ0 mesons in (top)
XnXn events and (bottom) 1n1n events. The data are shown with red
markers. The statistical errors are smaller than the symbols, the orange
band shows the quadrature sum of the point-to-point systematic
uncertainties. The red boxes at y ≈ −0.9 show the quadrature sum of
the common systematic uncertainties. The black histograms are the
STARlight calculation for ρ0 mesons with mutual dissociation. The
blue markers in the top panel show the previous STAR measurement
[7].

selection of the number of neutrons produced in mutual
electromagnetic dissociation depends on the response of the
ZDC calorimeters. We allocate a 5% uncertainty to this neutron
counting due to small nonlinearities in the calorimeters and
overlaps between one and many neutron distributions. We
assign a 7% uncertainty due to modeling of the TOF system in
the simulation, based on studies of the TOF response in more
central collisions. The uncertainty in the track reconstruction
efficiency for the STAR TPC is 3% per track [19] (6% for
two tracks), while the efficiency of the vertex finder is known
within a 5% uncertainty, driven by the effect of backgrounds.
The uncertainty in how often the BBC detectors will veto good
UPC events is due to fluctuating backgrounds. Even with use of
embedding techniques, we estimate that these veto conditions
introduce a 2% uncertainty to the results.

The same-sign pion-pair distributions are the best estima-
tors for the hadronic backgrounds for these two-track events.
The background subtraction was done at the level of raw
histograms and also after a fit to the background to eliminate
statistical fluctuations. These two procedures lead to final
results that agree within 1.5%.

The scaling from the rapidity distribution extracted from
1n1n events to the previously measured XnXn distribu-
tion uses a correction extracted from the event generator
STARlight. There is a 6% XnXn cross-section uncertainty
from the uncertainty in the neutron data used as input to
STARlight. This uncertainty is squared because we detect
neutrons in both beams but applies only to the XnXn results.

Table IV summarizes these common systematic uncertain-
ties. They are summed in quadrature to find the 18.2% overall
common uncertainty. This uncertainty is a bit higher than in
our comparable previous publication [7], largely because of
additional uncertainties associated with the pileup and the
more complex trigger that is required to deal with the higher
luminosities.

The main point-to-point systematic uncertainties in the
rapidity and pT distributions come from the track selection
and particle identification. The systematic uncertainties were
evaluated by varying the track quality cuts and PID cuts around
their central value in both the data and simulation and seeing

TABLE IV. The common systematic uncertainties present in the rapidity distribution in Fig. 6 and the −t

distributions in Figs. 7 and 8. These uncertainties are given as a percentage of the measured quantities.

Name Value Comment

Luminosity 10.0%
ZDC 5.0% ADC ch. to num. neutrons
TOF geometry modeling 7.0%
TPC tracking efficiency 6.0% 3.0% per track [19]
Vertex finder efficiency 5.0% Background driven
BBC veto in trigger 2.0% Background driven
Efficiency determination 7.0%
Conversion from π+π− pairs to ρ0 yield 2.2% Varying mass fit range
Background subtraction 1.5%
STARlight model 6.0% only for XnXn results
Quadrature sum 18.2%
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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.
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▸ integrated luminosity of 700 nb  of Au+Au data 
collected in 2010 

▸ high purity of  pairs in UPC data necessary  

−1

e+e−

candidate pairs before (in black) and after (in color)
applying the ΔΔTOF requirement. Together, these selec-
tion criteria achieve better than 99% pure eþe− selection.
In addition to the measurements in UPCs, we also

present measurements from collisions in 60%–80% central-
ity in which the nuclei interact via the strong force with an
impact parameter between approximately 11.5 and 13.5 fm
[42]. For these events, the hadronic and medium-induced
background in the selected kinematic range is at the level of
a few percent and is subtracted statistically. For more
details on the selection and analysis of these events, see
Ref. [42]. The cross section for exclusively produced eþe−

pairs was measured in a fiducial phase space defined by the
acceptance for daughter particles, corresponding to pairs
with an invariant mass of 0.4 < Mee < 2.6 GeV and with
transverse momentum of P⊥ < 0.1 GeV. The measured
fiducial cross section is 261" 4ðstatÞ " 13ðsystÞ " 34
(scale uncertainty [40]) μb for events with one or more
neutrons emitted in each beam direction. Measurements of
the production rate for exclusive eþe− pairs, fully corrected
for event selection and detector effects, are shown in the
three panels of Fig. 3. All observables are reported for
kinematic acceptance within P⊥ < 0.1 GeV with the Mee
limits noted in each panel.
Figure 3(a) shows the invariant mass of exclusive eþe−

pairs. The invariant mass spectrum is smooth and feature-
less even in the range of known vector mesons [44]. This is
a consequence of the quantum numbers of the two photons
involved in the Breit-Wheeler process [45] where helicity
state Jz ¼ 0 is absent for real photons but necessary for
exclusive single vector-meson production. Fits to the Breit-
Wheeler shape plus the vector meson’s mass spectral line
shape show the absence of all light vector mesons and result
in the following limits to the measured eþe− cross section:
ρ at ð−0.4" 1.2Þ%, ω at ð−0.5" 0.3Þ%, and ϕ at
ð0.2" 0.2Þ%. Potential background contribution from
exclusive photonuclear production of vector mesons [46]
with the decay branch ρ0ðϕÞ → eþe− is simulated in
STARLight and shown as purple lines in Fig. 3(a). The
STARLight model is also used to predict the background

from double vector meson production (e.g., γγ → ρ0ρ0)
where one vector meson decays to an eþe− pair. The cross
section for such a process is several orders of magnitude
lower than the exclusive photoproduction of a single ρ0

[46]. In addition, such a process of semi-inclusive ρ0

production results in a broad ρ0 transverse momentum
distribution and is estimated to be less than 10−5 times the
already negligible background contribution from photo-
nuclear production of ρ0.
Figure 3(b) shows the j cos θ0j distribution, in which θ0 is

the polar angle of the eþ momentum vector with respect to
the beam, measured in the eþe− center-of-mass frame. The
main structure, the falloff of j cos θ0j, is the result of the
gross detector acceptance that limits detection of particles
to 45°≲ θ ≲ 135°. However, the Breit-Wheeler process
exhibits an enhancement toward a small polar angle,
measurably different from that of isotropic eþe− emission.
The contribution from isotropic eþe− emission is deter-
mined via a template fit and is found to be consistent with
zero [ð1" 2Þ% of the measured cross section].
In Fig. 3(c), we show the differential cross section as a

function of the pair transverse momentum (P⊥) in UPCs
compared with the same distribution in 60%–80%
central collisions to demonstrate the sensitivity of the
process to the initial geometry of the colliding electro-
magnetic fields. The data show a clear peak in the
production rate at very low P⊥. The shapes of the spectra
are quantified by the spread in the transverse momentum
plane (via

ffiffiffiffiffiffiffiffiffiffi
hP2

⊥i
p

) calculated from the data, where
available, plus an exponential fit to estimate the addi-
tional contribution above the measured range [42]
(see Table I).
Finally, Fig. 4 shows the first measurement of the

angular distribution Δϕ for eþe− pairs produced in
photon-photon collisions. Distributions from both UPCs
and 60%–80% central collisions are shown with fits to a
function of the form

fðΔϕÞ ¼ Cð1þ A2Δϕ cos 2Δϕþ A4Δϕ cos 4ΔϕÞ; ð1Þ

(a) (b) (c)

FIG. 3. The fully corrected differential cross sections for exclusively produced eþe− pairs with respect to (a) the invariant mass Mee
(and predicted vector-meson background from photoproduction [43]), (b) the polar angle distribution j cos θ0j, and (c) the pair transverse
momentum P⊥.
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▸ when  is directly related to momentum transfer Q2 ∼ 0, pT of J/ψ (t ∼ p2
T)
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FIG. 2. Invariant mass mee, transverse momentum pT,ee, and rapidity yee of the electron pair candidates from Au+Au UPCs
at

p
sNN = 200 GeV. They are shown in the left, middle, and right panel, respectively. Template fits from J/ coherent and

incoherent production, QED processes, and  (2s) are included. Only statistical uncertainties are shown as vertical bars.

sample of data based on TOF triggering and selection.
This e�ciency was also applied by weighting the simu-
lated events. The selected and weighted events were used
to create template invariant mass and pT of the pair mee

and pT distributions for each simulated process.

C. Signal extraction

Figure 2 shows the pair mass mee, transverse momen-
tum pT,ee, and rapidity yee distributions. The mass dis-
tribution shown considers only pairs at low pT < 0.15
GeV/c, where the coherent J/ and �� ! e+e� pro-
cesses dominate. The pT distribution is in the J/ mass
range of 3.0 < mee < 3.2 GeV/c2. The rapidity distribu-
tion includes the full selected data sample and shows the
bins used for further analysis: |yee| < 0.2, 0.2 < |yee| <
0.5, and 0.5 < |yee| < 1.

Shown in Fig. 2 are the process templates from the
simulation. Their sum is fit to the data mee and pT dis-
tributions by �2 minimization. It determines the fraction
of extra radiative processes; the result is su�cient to ac-
count for the extra radiative e↵ects and bremsstrahlung.
The sums of all processes are also shown in Fig. 2, demon-
strating a good description of the data. The rapidity
distribution, not used for the fitting, demonstrates the
quality of the fit.

The fit templates are used to subtract backgrounds
to the physics processes of interest. For J/ pT dis-
tributions, the two-photon and  (2s) templates are sub-
tracted from the data. For two-photon mee distributions,
templates for all other processes are subtracted from the
data. The statistical uncertainty from the fit for each
subtracted template contributes to the systematic uncer-
tainty.

The simulated distributions are also used to determine
acceptance corrections. The corrections are applied bin-
by-bin to the pT and mee distributions. The e�ciency of
the TOF � 2 hits requirement in the trigger was deter-

mined using a TOF-independent trigger, such that the
TOF requirement is a complete subset of this trigger;
the losses due to the  6 TOF hits and BBC vetoes were
measured using a sample of zero-bias events (triggered
on colliding bunch crossing only). These two factors were
applied as scale factors to the final cross sections.

J/ production is measured as a doubly di↵erential
cross section d2�/dp2T dy. The cross section for each p2T, y
bin i is calculated as:

d2�

dp2T dy i

=
Nraw,i

✏trig · corri · L · BR ·�p2Ti · 2�yi
(1)

where:

• Nraw,i is the number of data events in bin i

• ✏trig is the scale factor correction for trigger e�-
ciency

• corri is the acceptance and e�ciency correction for
bin i

• L is the total luminosity

• BR = 5.97% is the branching ratio for J/ !
e+e�[53].

• �p2Ti and �yi are the widths of p2T, y bin i; the
factor of 2 accounts for events with y < 0 and y > 0.

The QED two-photon process is measured as a di↵er-
ential cross section d�/dmee. The cross section for each
mee bin i is calculated as:

d�

dmee i
=

Nraw,i

✏trig · corri · L ·�mee,i
(2)

where �mee,i is the width of bin i.
The fit templates are also used to separate the co-

herent and incoherent components of J/ production,
as described in Section VB. The measured distributions
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FIG. 6. Di↵erential cross section d2�/dp2Tdy of
J/ photoproduction as a function of p2T in Au+Au UPCs atp
sNN = 200 GeV. Four neutron emission classes, all n, 0n0n,

0nXn, and XnXn are shown in di↵erent panels. Coherent
and incoherent template fits are shown as dashed lines, and
the sum is shown as the solid line. Statistical uncertainty is
represented by the error bars, and the systematic uncertainty
is denoted as boxes. There is a systematic uncertainty of
10% from the integrated luminosity that is not shown.

cross sections parametrization as follows [51]:

�el = Nel · (W�⇤N/90)�el , (8)

�pd = Npd · (W�⇤N/90)�pd . (9)

Here the �el and �pd are the proton elastic and proton dis-
sociation cross section as a function of W�⇤N. The param-
eters are Nel = 81±3nb, �el = 0.67±0.03, Npd = 66±7nb,
and �pd = 0.42± 0.05. For the elastic proton case, UPC
measurements in proton-lead UPCs at the LHC [56] has
a similar parametrization. Thus, the cross section ratios
at di↵erent energies (e.g., 19.0 and 25.0 GeV) with re-
spect to the H1 measured energy (55 GeV) are derived,
which are used for obtaining the di↵erential cross section
d�/dt for proton elastic and proton dissociation at the
STAR UPC kinematics.

For the di↵erential cross section measurement, d�/dt,
as a function of momentum transfer |t| at H1 can be fit
by the following functions [51],

d�el/dt = Nt,ele�bel|t|, (10)

d�pd/dt = Nt,pd(1 + (bpd/n)|t|)�n. (11)

Here the parameter Nt,el = 213 ± 18 nb/GeV2, bel =
4.3± 0.2 GeV�2, Nt,pd = 62± 12 nb/GeV2, bpd = 1.6±
0.2 GeV�2, and n is fixed at 3.58.

Based on the above parametrization, the equivalent
Au+Au UPC incoherent J/ cross section of a free pro-
ton can be rewritten as follows:

d2�Au+Au!J/ +Y(hW�⇤N i)/dp2Tdy =

2�all n
T,� (hW�⇤pi) · A ·

⇥
d��⇤+p!J/ +Y(hW�⇤pi)/dt

⇤
.(12)
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FIG. 7. Di↵erential cross section d�/dy for coherent, inco-
herent, and their ratio of J/ photoproduction as a function
of |y| in Au+Au UPCs at

p
sNN = 200 GeV. There is a sys-

tematic uncertainty of 10% from the integrated luminosity
that is not shown, while it is canceled in the ratio.

Here the A is 197 for the Au nucleus, �all n
T,� = 5.03 is the

average transverse photon flux at y = 0 (the coe�cient 2
is the total flux from both beams being photon emitters),
and d��⇤+p!J/ +Y(hW�⇤pi)/dt is the published H1 data
at hW�⇤Ni = hW�⇤pi = 19.0 GeV scaled down from 55
GeV for both the elastic proton (Y = p) and the proton
dissociation (Y 6= p). The notation is similar for the
STAR data, where Y can be elastic nucleon or nucleon
dissociation. Note that the published H1 data had been
corrected for photon flux that is integrated over the phase
space of W�⇤p, which is equivalent to the normalization
of 1/dy in UPC measurements. The equivalent Au+Au
UPC cross section for the free proton data is shown as
the black solid line in Fig 9, where the uncertainty band
is propagated from the errors of the parametrization.

Moreover, we use the H1 free proton data as a tem-
plate to fit the STAR data with only the normalization
constant as a free parameter. The integral of d2�/dp2Tdy
from p2T = 0 to 2.2 (GeV/c)2 between the fit and the
H1 data is defined as the incoherent suppression factor,
SAu
incoh. It is found that the SAu

incoh is 0.49+0.04
�0.05±0.05±0.05

at W�⇤N = 19.0 GeV. For W�⇤N = 25.0 GeV correspond-
ing to the measurement within rapidity range |y| < 0.2,
the same procedure has been performed and the sup-
pression factor is found to be 0.36+0.03

�0.04 ± 0.04 ± 0.04.
Here the first uncertainty is the H1 parametrization un-
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FIG. 6. Di↵erential cross section d2�/dp2Tdy of
J/ photoproduction as a function of p2T in Au+Au UPCs atp
sNN = 200 GeV. Four neutron emission classes, all n, 0n0n,
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and incoherent template fits are shown as dashed lines, and
the sum is shown as the solid line. Statistical uncertainty is
represented by the error bars, and the systematic uncertainty
is denoted as boxes. There is a systematic uncertainty of
10% from the integrated luminosity that is not shown.

cross sections parametrization as follows [51]:

�el = Nel · (W�⇤N/90)�el , (8)

�pd = Npd · (W�⇤N/90)�pd . (9)

Here the �el and �pd are the proton elastic and proton dis-
sociation cross section as a function of W�⇤N. The param-
eters are Nel = 81±3nb, �el = 0.67±0.03, Npd = 66±7nb,
and �pd = 0.42± 0.05. For the elastic proton case, UPC
measurements in proton-lead UPCs at the LHC [56] has
a similar parametrization. Thus, the cross section ratios
at di↵erent energies (e.g., 19.0 and 25.0 GeV) with re-
spect to the H1 measured energy (55 GeV) are derived,
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d�pd/dt = Nt,pd(1 + (bpd/n)|t|)�n. (11)

Here the parameter Nt,el = 213 ± 18 nb/GeV2, bel =
4.3± 0.2 GeV�2, Nt,pd = 62± 12 nb/GeV2, bpd = 1.6±
0.2 GeV�2, and n is fixed at 3.58.

Based on the above parametrization, the equivalent
Au+Au UPC incoherent J/ cross section of a free pro-
ton can be rewritten as follows:

d2�Au+Au!J/ +Y(hW�⇤N i)/dp2Tdy =

2�all n
T,� (hW�⇤pi) · A ·

⇥
d��⇤+p!J/ +Y(hW�⇤pi)/dt

⇤
.(12)
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is the total flux from both beams being photon emitters),
and d��⇤+p!J/ +Y(hW�⇤pi)/dt is the published H1 data
at hW�⇤Ni = hW�⇤pi = 19.0 GeV scaled down from 55
GeV for both the elastic proton (Y = p) and the proton
dissociation (Y 6= p). The notation is similar for the
STAR data, where Y can be elastic nucleon or nucleon
dissociation. Note that the published H1 data had been
corrected for photon flux that is integrated over the phase
space of W�⇤p, which is equivalent to the normalization
of 1/dy in UPC measurements. The equivalent Au+Au
UPC cross section for the free proton data is shown as
the black solid line in Fig 9, where the uncertainty band
is propagated from the errors of the parametrization.

Moreover, we use the H1 free proton data as a tem-
plate to fit the STAR data with only the normalization
constant as a free parameter. The integral of d2�/dp2Tdy
from p2T = 0 to 2.2 (GeV/c)2 between the fit and the
H1 data is defined as the incoherent suppression factor,
SAu
incoh. It is found that the SAu

incoh is 0.49+0.04
�0.05±0.05±0.05

at W�⇤N = 19.0 GeV. For W�⇤N = 25.0 GeV correspond-
ing to the measurement within rapidity range |y| < 0.2,
the same procedure has been performed and the sup-
pression factor is found to be 0.36+0.03

�0.04 ± 0.04 ± 0.04.
Here the first uncertainty is the H1 parametrization un-
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RESULTS  IN AU+AUJ/ψ

J/  CROSS SECTION VS ENERGY  ψ Wγ*N

▸ VM at rapidity there is high energy photon 
candidate  and a low energy photon one ;  

▸ Different photon energies correspond to different 
flux factors (~number of photons)  

▸ Different neutron emission classes associate with 
different flux factors 
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FIG. 8. Total coherent J/ photoproduction cross section
as a function of W�⇤N in Au+Au UPCs. The data are com-
pared with an expectation of a free nucleon provided by the
Impulse Approximation (IA) [55] and color glass condensate
(CGC) [27]. The ratio between data and the Impulse Approx-
imation at W�⇤N = 25.0 GeV is the suppression factor, shown
in the figure. Statistical uncertainty is represented by the er-
ror bars, and the systematic uncertainty is denoted as boxes.
There is a systematic uncertainty of 10% from the integrated
luminosity that is not shown on the data points.

certainty [51], the second one is from the measurement
that includes statistical and systematic uncertainty, and
the third is the scale uncertainty on the integrated lumi-
nosity. Therefore, the nuclear suppression in incoherent
J/ photoproduction in Au+Au UPCs has been found to
be stronger than that in the coherent case. This has been
qualitatively predicted by the nuclear shadowing model
LTA [17, 18].

Another observation is the similarity of shapes of the
p2T distributions between bound and free nucleons, which
is quantified by the goodness-of-fit �2/ndf = 1.4. The
1 standard deviation (1�) error is denoted by the un-
certainty band. At very high p2T, there is a hint that
the STAR data deviate above the H1 free proton tem-
plate. However, measurements with higher precision and
p2T greater than 2.2 (GeV/c)2 are needed in order to draw
conclusions. These data are the first quantitative mea-
surement of incoherent J/ photoproduction of a bound
nucleon in heavy nuclei.

Furthermore, the data are compared with di↵erent
models. For the CGC calculations, the data are found
to be in between the scenarios of strong sub-nucleonic
parton density fluctuations and no fluctuations. It is not
clear that the data directly supports either scenario. For
the Sartre model, similar sub-nucleonic parton density
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FIG. 9. Incoherent J/ photoproduction di↵erential cross
section, d2�/dp2Tdy, as a function of p2T is shown for |y| < 1.0
without neutron class requirement. The H1 data in ep colli-
sions and its template fit to the STAR data are shown. The
1� error of the fit is denoted as uncertainty bands. The ratio
between the fit and the scaled H1 free data is the incoher-
ent suppression factor, shown in the figure. The BeAGLE
model [29], the LTA weak shadowing calculation [17], Sartre
model with sub-nucleonic fluctuation, and the CGC predic-
tions [27], are compared with the STAR data. Statistical
uncertainty is represented by the error bars, and the system-
atic uncertainty is denoted as boxes. There is a systematic
uncertainty of 10% from the integrated luminosity that is not
shown on the data points.

fluctuations are included, which describes well the high
p2T tail but not the low p2T behavior. For the LTA with
weak shadowing, the description of the data is very good.
However, this is expected as the LTA model uses the
HERA data parametrization. Finally, for the BeAGLE
event generator, the cross section is underestimated for
the entire p2T range, which indicates using only the nu-
clear PDF, e.g. EPS09 [57], is not su�cient to describe
the data.

VI. PHYSICS DISCUSSIONS AND MODEL
VALIDATIONS

A. Incoherent interactions and nuclear breakup

Figure 10 shows the di↵erential cross section of
J/ photoproduction as a function of p2T in the full ra-
pidity range |y| < 1 for the all n case; the subset 0n0n
neutron category is also shown. In the coherent peak at
lowest p2T, the ratio of 0n0n to all n is ⇠ 40%, consistent
with the fraction of 0n0n photon flux, where no neutrons
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as a function of W�⇤N in Au+Au UPCs. The data are com-
pared with an expectation of a free nucleon provided by the
Impulse Approximation (IA) [55] and color glass condensate
(CGC) [27]. The ratio between data and the Impulse Approx-
imation at W�⇤N = 25.0 GeV is the suppression factor, shown
in the figure. Statistical uncertainty is represented by the er-
ror bars, and the systematic uncertainty is denoted as boxes.
There is a systematic uncertainty of 10% from the integrated
luminosity that is not shown on the data points.

certainty [51], the second one is from the measurement
that includes statistical and systematic uncertainty, and
the third is the scale uncertainty on the integrated lumi-
nosity. Therefore, the nuclear suppression in incoherent
J/ photoproduction in Au+Au UPCs has been found to
be stronger than that in the coherent case. This has been
qualitatively predicted by the nuclear shadowing model
LTA [17, 18].

Another observation is the similarity of shapes of the
p2T distributions between bound and free nucleons, which
is quantified by the goodness-of-fit �2/ndf = 1.4. The
1 standard deviation (1�) error is denoted by the un-
certainty band. At very high p2T, there is a hint that
the STAR data deviate above the H1 free proton tem-
plate. However, measurements with higher precision and
p2T greater than 2.2 (GeV/c)2 are needed in order to draw
conclusions. These data are the first quantitative mea-
surement of incoherent J/ photoproduction of a bound
nucleon in heavy nuclei.

Furthermore, the data are compared with di↵erent
models. For the CGC calculations, the data are found
to be in between the scenarios of strong sub-nucleonic
parton density fluctuations and no fluctuations. It is not
clear that the data directly supports either scenario. For
the Sartre model, similar sub-nucleonic parton density
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FIG. 9. Incoherent J/ photoproduction di↵erential cross
section, d2�/dp2Tdy, as a function of p2T is shown for |y| < 1.0
without neutron class requirement. The H1 data in ep colli-
sions and its template fit to the STAR data are shown. The
1� error of the fit is denoted as uncertainty bands. The ratio
between the fit and the scaled H1 free data is the incoher-
ent suppression factor, shown in the figure. The BeAGLE
model [29], the LTA weak shadowing calculation [17], Sartre
model with sub-nucleonic fluctuation, and the CGC predic-
tions [27], are compared with the STAR data. Statistical
uncertainty is represented by the error bars, and the system-
atic uncertainty is denoted as boxes. There is a systematic
uncertainty of 10% from the integrated luminosity that is not
shown on the data points.

fluctuations are included, which describes well the high
p2T tail but not the low p2T behavior. For the LTA with
weak shadowing, the description of the data is very good.
However, this is expected as the LTA model uses the
HERA data parametrization. Finally, for the BeAGLE
event generator, the cross section is underestimated for
the entire p2T range, which indicates using only the nu-
clear PDF, e.g. EPS09 [57], is not su�cient to describe
the data.
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VALIDATIONS

A. Incoherent interactions and nuclear breakup

Figure 10 shows the di↵erential cross section of
J/ photoproduction as a function of p2T in the full ra-
pidity range |y| < 1 for the all n case; the subset 0n0n
neutron category is also shown. In the coherent peak at
lowest p2T, the ratio of 0n0n to all n is ⇠ 40%, consistent
with the fraction of 0n0n photon flux, where no neutrons


