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We study diffractive vector meson production in ultra-peripheral collisions (UPCs) of heavy nu-
clei, utilizing a theoretical framework based on the Color Glass Condensate (CGC) formalism. We
focus on Au+Au, U+U, Ru+Ru, Zr+Zr, and Pb+Pb collisions, examining the transverse momen-
tum dependence of vector meson production cross-sections and cos(2A®) asymmetries in the decay
product distributions to explore the role of nuclear geometry. The angular modulation is due to
the linear polarization of the incoming photons and quantum interference effects. We extract nu-
clear radii and find them to be consistent with experimental data from the STAR collaboration.
The amplitudes of the cos(2A®) modulation in the cross-section and the extracted radii depend on
the nuclear geometry. This dependence is dominated by the geometry-dependent variation of the

minimum impact parameter required for ultra-peripheral collisions.

I. INTRODUCTION

Exploring nuclear deformation has been a central topic
in nuclear physics. The understanding of nuclear struc-
ture is essential as it plays a fundamental role in a wide
range of phenomena, from nuclear reactions and element
synthesis in stars to the behavior of matter in extreme
astrophysical environments [1]. Recently, new methods
for accessing nuclear structure in high-energy collision
experiments have emerged, including heavy ion collisions
[2-4] and future electron-ion collisions [5].

Heavy-ion collisions are used to explore nuclear matter
under extreme conditions and have been shown to create
the deconfined Quark-Gluon Plasma (QGP) [6, 7]. In
these collisions, the initial shape of the colliding nuclei
plays a crucial role in determining the spatial distribu-
tion of nuclear matter produced in the collision. This
distribution determines the initial pressure anisotropies,
which are transformed into observable momentum space
correlations via strong final state interactions. Hydro-
dynamic modeling of heavy-ion collisions, incorporating
a precise description of the initial state of different ion
species, has demonstrated that the detailed structural
properties of the colliding nuclei affect a variety of ob-
servables [8-20].

Future Deep Inelastic Scattering (DIS) facilities, such
as the Electron-Ton Collider (EIC) [21, 22], LHeC/FCC-
he [23], and EicC [24], hold great promise in their pursuit
to unravel the multi-dimensional structure of protons and
nuclei. In particular, it has been recently demonstrated
that exclusive vector meson production at high energy in
electron-nucleus (e + A) collisions can provide valuable

insights into the geometric structure of the target nucleus
at multiple length scales, including its deformation [5].
One advantage of e + A over heavy-ion collisions is that
it provides a cleaner probe of the nuclear properties.

Before these facilities are realized, ultra-peripheral col-
lisions (UPCs) of heavy ions at the Relativistic Heavy Ion
Collider (RHIC) and the Large Hadron Collider (LHC)
offer a great opportunity to explore nuclear structure
with beams of quasi-real photons [25, 26]. In UPCs,
for which the distance between the two colliding nu-
clei is larger than the sum of the radii of the nuclei,!
the strong hadronic interactions are suppressed and the
photon-nucleus (v + A) interactions involving photons
emitted from one of the colliding nuclei are dominant.
UPCs provide high-energy quasi-real photons at a high
luminosity, allowing for the study of exclusive vector me-
son production with high precision.

In the dipole picture, valid at high energy, the produc-
tion of vector meson in UPCs occurs as follows: the quasi-
real photon splits into a quark-antiquark pair, which then
interacts with the nuclear target via a net color-neutral
exchange. The transverse momentum A imparted by
the nuclear target is Fourier conjugate to the impact pa-
rameter of the photon relative to the center of the tar-
get nucleus, allowing the spatial imaging of gluons inside
the nuclei. Experimentally, one measures (reconstructs)
the transverse momentum q; of the vector meson, which

1 This statement is approximate as, in any given event, there can
be fluctuations of which impact parameters allow for a UPC, as
we will see below.



by momentum conservation is the sum of A, and k|,
the latter being the transverse momentum carried by the
quasi-real photon. The inability to distinguish which nu-
cleus is the photon source or the target, results in the
quantum interference of the two contributions [25]. A
proper description of the experimental measurement of
vector meson production and decay requires the consider-
ation of the photon k| , the quantum interference effects,
as well as the linearly polarized nature of the incoming
photons involved [27, 28].

Recent observations by the STAR collaboration have
revealed significant cos(2A®) modulations in exclusive p
meson photoproduction in UPCs [29], where A® is the
angle between the produced p meson transverse momen-
tum q; and its decay product pions’ relative transverse
momentum. The observed modulations arise due to the
linear polarization of the UPC photons, as well as the
interference between the two indistinguishable channels.

STAR has used this data to extract the strong-
interaction nuclear radii of *”Au and 238U. For both
nuclei, radii larger than the charge radius were found.
For uranium, the obtained values were even larger than
previous results that take into account the presence of a
neutron skin. Recently, STAR presented a new measure-
ment of the cos(2A®) modulation for diffractive J /1 pro-
duction in ultra-peripheral Au+Au collisions at Quark
Matter 2023 [30]. In addition, STAR has reported re-
sults for vector meson production in ultra-peripheral iso-
bar $Ru+3$Ru and $$Zr+95Zr collisions [31], which show
differences attributed to the different radii and deforma-
tions of Ru and Zr. The isobar collisions were originally
proposed to control the background in search for the chi-
ral magnetic effect (CME) [32-38]. However, the nuclear
structure difference caused significant observable differ-
ences between the isobar systems, such as in their event
multiplicities and elliptic flow coefficients [18, 39]. As
these differences were not considered before the blind
analysis, the original background estimates were not suf-
ficient to allow for a CME signal extraction. This high-
lights the importance of a detailed understanding of nu-
clear structure.

In this work, we investigate the qi—dependence of the
diffractive vector meson production cross-section and the
cos(2A®) modulation in the angular distributions of de-
cay products in ultra-peripheral Au+Au, U+U, Zr+Zr,
Ru+Ru, and Pb+Pb collisions within the Color Glass
Condensate (CGC) framework. We demonstrate how
the deformation of the uranium nucleus impacts the ¢% -
dependence of the cross-section and the extracted ra-
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dius for p production. We further show predictions for
p, ¢ and J/¢ production and their cos(2A®) modula-
tion in ultra-peripheral Au+Au collisions. We discuss
the sensitivity of the ¢% -dependent cos(2A®) modulation
and extracted radius to the minimum impact parameter
Bpin- We also study the cos(2A®) modulations in differ-
ent forward neutron multiplicity classes in Pb+Pb colli-
sions at the LHC and compare them to experimental data
from the ALICE Collaboration. Finally, we present the
sensitivity of the production of vector mesons in ultra-
peripheral isobar collisions to the structure of Ru and Zr
nuclei.

This paper is organized as follows. In Sec. IT we review
the formalism for computing exclusive vector meson
production cross-sections in ultra-peripheral collisions,
including the decay of the vector meson using a joint
impact parameter and transverse momentum-dependent
framework. The CGC implementation of the calculation
of the scattering amplitudes for vector meson production
is presented in Sec. III. Our results are presented,
compared with data (where available), and discussed in
Sec. IV. We conclude by presenting a summary of our
findings in Sec. V.

II. ULTRA PERIPHERAL COLLISIONS

As mentioned in the introduction, in UPCs there are
two indistinguishable contributions to vector meson pro-
duction. This is because either of the colliding nuclei can
act as a source of linearly polarized photons while the
other plays the role of the target. As a consequence, we
need to take into account the quantum mechanical inter-
ference of these two processes [25]. Another important
ingredient is the implementation of the non-zero trans-
verse momentum of the incoming photons, as it signif-
icantly impacts the transverse momentum spectrum of
the produced vector mesons. This effect is particularly
important near the diffractive minima of the coherent
cross-section.

Following the joint impact parameter and transverse
momentum-dependent framework in Ref. [27, 40], the
differential cross-section for the diffractive p or ¢ pro-
duction, and the subsequent decay into pions or kaons,
respectively, is given by

{ </d2BLMi(y1ayzﬂh;BJ_)MT’j(yhyzaQL,BL)PiPiG(|B¢| - Bmin)> } . (1)
Q



FIG. 1. Schematic of p meson production in UPCs. The red
rectangle represents the CGC shock-wave interaction of the
quark-antiquark pair with the target. The gray oval repre-
sents the formation of the p meson, and the black dot repre-
sents its decay into a 77~ pair. We only show the diagram
in which the nucleus A; acts as the target, while the nucleus
As acts as photon source. B and b are transverse position
vectors of the center of the photon source (ion As) and the
photon, respectively, relative to the center of the target (ion
Aq).

This expression takes into account the (four-)momentum
transfer k£ imparted by the linearly polarized quasi-real
photons and the momentum transfer A of the nuclear
target, both of which contribute to the momentum of
the produced vector meson ¢ = k + A. The information
on these momenta is encoded in the amplitude M® (see
below). This framework also implements the interference
effect in the exchange of photon source and target. The
transition p — 77 + 77, or ¢ — K+ + K~ follows the
usual Breit-Wigner approach, implemented at the ampli-
tude level [40].

Here My denotes the vector meson mass, @) is the
invariant mass of the daughter particle system, and y;

J

The subscripts A; and Ay refer to the colliding nuclei,
and the x values are x1 = \/(P} + m?)/s(e¥* + e¥2) and
za = /(P? + m?)/s(e”¥* + e~¥2), where m is the mass
of the daughter particle. The first term in the square
bracket of Eq.(2), corresponds to the contribution in
which A, is the photon source and A; is the nuclear tar-
get, while the second term corresponds to the inverse.
B, is the impact parameter vector between the two nu-
clei, and b is the impact parameter vector of the quasi-
real photon relative to the center of the target nucleus.
The functions 77, and Ay, are the Fourier transforms

of the electromagnetic field 77 (wx, k1) of the photon
source and the amplitude for vector meson production
Aﬂlk (zk, AL ), respectively. The latter is calculated in
the CGC formalism. _

We will specify the amplitude A’ (zx,b.) in detail

k

0
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and yo are the daughter particles’ rapidities. P
(P11 — P21)/2 and @1 = py, + Pyy with py; and pyy
being the transverse momenta of the daughter particles.
An important consequence of the linear polarization of
the photons is its imprint on the angular correlations be-
tween the transverse momenta of the daughter particles
P, and q,, which in Eq. (1) are reflected in the tensor
contraction between MM and PY P’ [27, 41].

We use T’ ', = 0.156 GeV [40, 42, 43], and
'y = 0.00443 GeV [42, 44] for p and ¢ production, respec-
tively. The effective couplings f are not used as the avail-
able experimental data does not determine the absolute
normalization. The minimum impact parameter above
which hadronic collisions seize to occur is denoted by
Bin- It is determined by requiring no nucleon-nucleon
collision (N¢on = 0) event-by-event, employing the Monte
Carlo Glauber model. The average over the target con-
figurations €2 is taken at the cross-section level, which
corresponds to the total diffractive (sum of coherent and
incoherent) cross-section. Consequently, our event-by-
event calculation includes the interference term for both
coherent and incoherent contributions. The interference
term has a negligible contribution in the g, region where
the incoherent cross-section dominates over the coherent
part. Whether or not the interference is included in the
incoherent cross-section results in a small difference.

It is advantageous for our subsequent numerical imple-
mentation to express the amplitude M*(y1,y2,9,,B1)
as the convolution of the photon field F (zx,bi —By)

and the vector meson production amplitude AVAk (xg,bi)
in coordinate space [41]:

,(z2,by —BY) + Au, (22,0 — Bl)fgl(xl,bl)} (2

(

in Sec.III. As we only need the electromagnetic field at
distances |B | 2 Bmin, we can replace the electromag-
netic field of the nucleus as that of a point particle of
charge Z 4 moving relativistically (using a Woods-Saxon
form factor has a negligible effect on our results). In this
case, we have

1/2

1 Zsaem bJ_j
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b|
(3)

where Z 4 is the ion charge, and M), is the mass of the
nucleon.

In order to make the cos(2A®) modulation more
clearly visible, we introduce the isotropic (Cp) and el-
liptic (Cq) coefficients and write Eq. (1) as

ﬁi(xkva) =

s
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Similarly, the diffractive J/4 production with subsequent decay into a dilepton can be written as

dJJ/wal‘*l_
d?P d2q  dy dys
2402, €2 |6345(0) 2P? 2P?
= Q2 — M‘Z/)z —SM‘%FQ My [1 - 1\4‘2/} Co(21,22,]qu]) — WCZ($17x27 lai])cos(2(dp, — ¢q.)) ¢, (7)

where [¢;,,(0)] = 0.0447 GeV? [43] is the value of the
modulus squared of the radial wave function of the J /4
at the origin. The J/¢¥ EM decay width into two leptons
is related to the zero point wave function through I' =
16ﬂ'a§m63% [43], with e, = 2/3 the charm quark
charge in units of e, and aey = 1/137 the fine-structure
constant. Eq.(7) is equivalent to the result derived in
[28].

The difference in the angular dependence A® of the
differential cross-section for J/¢ and p or ¢ production
can be attributed to the different spin of the decay prod-
ucts. The J/v¢ decays into electrons or muons, which
are spin 1/2 particles, while p and ¢ decay into pions or
kaons, which are scalar particles [28, 40].

Note that with the definitions of Cy and Cs, the
cos(2A®) asymmetry can be expressed as:

_ 1/ Va[PL[d[P,|Co(|quL])
2 [Vo|PL|dPL|Co(lar])’

(cos[2(¢p, — ¢q.)]) (®)

where Vo = Vo =1for p — 777~ or ¢ -+ KTK~, and
Vo = —2P%, V) = (MZ —2P?) for J/vp — IT1~. Here
the 2 dependence of Cy and Cy in Egs. (5) and (6) is
removed by integrating y; and yo over the experimental
kinematic range.

In the case of p and ¢ there are potential problems
with contributions from non-perturbative physics that
are not well under control. Due to the relatively small
vector meson masses, there is no large scale ensuring that
only small dipoles in the perturbative domain contribute.
This could be remedied at high energy, where saturation
scales are large and cross-sections will be dominated by
contributions from small dipoles. We will study the sen-
sitivity of our results in realistic kinematics to the large-
dipole contributions below.

Classification of UPC events is possible by detecting
neutrons emitted at forward angles. The probability for
the target nucleus to emit a neutron is strongly depen-
dent on the impact parameter. This leads to a larger
weight for smaller impact parameters when more neu-
trons are detected. To account for this effect, we in-
tegrate the differential cross-section over an impact pa-
rameter range from By, to oo with a weight function,

27r/ B, dB, P*(B,)do(B,,...), (9)
Bmiu

where the probability P(B ) of emitting a neutron from
a nucleus is conventionally parametrized as [27, 45]
P(B1) = Pip(B1)exp[—Pin(B1)] which is denoted as
the “In” event, while for emitting any number of neu-
trons (“Xn” event), the probability is given by P(B,) =
1 — exp [~ Pi,(B.1)] with?

Z3(A — Z)

P1,(By) =545 x107°
A2/3B%

fm?. (10)
To compare to STAR measurements, the subsequent nu-
merical calculations for Au+Au and U+U [29] are made
for “XnXn” events. For isobar collisions STAR does not
select events using neutron multiplicity classes [31]. Con-
sequently, our calculations use P(B)) = 1 for the ultra-
peripheral isobar collisions. For the comparison to AL-
ICE data, we will present different neutron multiplicity
classes.

2 There is some uncertainty related to the prefactor in Eq. (10)
reflected by different numerical values quoted in Refs. [46] and
[27]. We further note that neither of these values accurately
reproduces the photon fluxes quoted in recent ALICE papers [47,
48] obtained from the n8n (noon) [49] Monte Carlo setup.



III. VECTOR MESON PRODUCTION AT HIGH
ENERGY

As discussed in the introduction, we employ the dipole
picture to describe vector meson production in photon-
nucleus scattering at high energy. In the nucleus rest
frame, the lifetime of a fluctuation of the incoming pho-
ton into a quark-antiquark dipole is much longer than the
characteristic timescale of the dipole-target interaction.
Consequently, the scattering amplitude can be factorized
into a convolution of photon and vector meson wave func-
tions and the dipole-target interaction. The latter is de-
scribed in the CGC framework [50-54]. It can be written
as [55-57] (see also Refs. [58-61] for recent developments
towards NLO accuracy)

d
Ap(z,by) = 2i/d2u ﬁ[‘ll*v—\lky}(rl, 2)Na(z,r.,b.).
(11)

Here, z is the fraction of the large photon lightcone
momentum carried by the quark, r; is the relative
transverse spatial separation of the ¢g dipole, and b
is the impact parameter measured relative to the tar-
get center. The quasi-real photon v — ¢g splitting
is described by the photon light-cone wave function
WU, [50]. The non-perturbative vector meson wave func-
tion Wy is parametrized using the Boosted Gaussian
model from [55], with model parameters constrained by
the decay width data.

The dipole-target scattering amplitude Na(z,r;,b;)
describes the eikonal propagation of the quark-antiquark
pair in the target color field and reads

Na(z,ri,by) =

1

L= tr [V(be + (1= 2)ry) Viby —2ry)], (12)
C

where V(x ) is the light-like Wilson line, which describes

the color rotation of a quark state when propagating

through the target field at transverse coordinate x, , and

it is given by

V(ix,)=P_ {exp (—ig /Oo da~ W)} .
- (13)

Here, P_ represents path ordering in the z~ direction,
and we introduced the infrared regulator m, which is
needed to avoid the emergence of unphysical Coulomb
tails. As in [62], the color charges p® (with a the color
index) are sampled from a distribution whose width is
given by the average squared color charge density, which
is obtained from its relation to the local saturation scale
extracted from the IPSat dipole-proton amplitude [63].
The geometry of the nucleus and nucleons is essential for
determining this saturation scale and will be discussed
in detail below. To simplify the calculation, the Wilson
lines are evaluated at a fixed z12 = \/M‘Q,/s. When cal-
culating J/4¢ production at RHIC kinematics this value

would be greater than 0.01, and we compute the Wilson
lines at zp = 0.01 to stay in the small-zp region where
the setup is applicable.

In this work, we introduce an event-by-event fluctuat-
ing nucleon density by following Refs. [64, 65]. We write
the density profile of nucleons T),(b, ) as

N,
1 q

Ty(by) = N piTy(bi —by ), (14)
=1

q

with the single hot spot density distribution Ty(b,) =
%e*bi/ (2Ba) | The coefficients p; allow for different

2
normalizations for individual hot spots. They follow a
log-normal distribution with the width o controlling the
magnitude of the density fluctuations. The sampled p;
are normalized to make their expectation value one.

This prescription results in N, hot spots with width
B,, whose positions b, ; are sampled from a two-
dimensional Gaussian distribution of width Bg.. The
center of mass is shifted to the origin (of the nucleon)
in the end. In this work, we use the Maximum a Pos-
teriori (MAP) parameter set from a Bayesian analysis,
in which the geometric parameters of the proton were
constrained by the exclusive J/¢ production data from
HERA [66] at z = 1.7- 1073 with N, = 3.

To model the geometric shape of large nuclei, we first
sample nucleon positions from a Woods-Saxon distribu-
tion

p
1+ exp[(r — R'(9))/aws]’

with R'(6) = Rws[l + HY2(60) + BY2(0) + A1Y(0)),
and p is the nuclear density at the center of the nucleus.
Here Rws is the radius parameter, aws is the skin dif-
fuseness, and 6 is the polar angle. The spherical harmonic
functions Y, (#) and the parameters j3; account for pos-
sible deformations. Following [14, 67], we further impose
a minimal distance of dyi, = 0.9fm between nucleons
when sampling in three dimensions. When a nucleon is
added and violates the minimum distance criterion with
one or more already sampled nucleons, we re-sample its
azimuthal angle ¢ to keep the distributions of radial dis-
tances and polar angles unchanged [67]. A random ro-
tation of the entire nucleus is applied after the sampling
process.

The default Woods-Saxon parameters for gold, lead,
uranium, ruthenium, and zirconium are listed in Table I.
Note that the radius of uranium is fixed by fitting the
STAR data shown in Fig. 4 under the assumption that
B2 = 0.28. We note that this value of Rwg = 7.2 fm
is close to the mass radius determined from an effective
density functional method in [20]. We have neglected
any deformation for the gold nucleus in this study to
provide a cleaner reference for the studies of deformed
nuclei. Including a small gy for Au only minimally af-
fects the observables discussed in this paper. In the case
of ruthenium, we study the default (case 1) along with

p(r,0) =

(15)



TABLE I. The parameter sets for the nuclear geometries. The
parametrizations for Ru and Zr are from Refs. [17, 68, 69]

Nucleus Rws [fm] aws [fm] B2 83 fa
Au 6.38 0.54 0.0 0.0 0.0
Pb 6.62 0.546 0.0 0.0 0.0
U 7.20 0.55 0.28 0.0 0.093
Ru (case 1) 5.09 0.46 0.16 0.0 0.0
Ru (case 2) 5.09 0.46 0.16 0.20 0.0
Ru (case 3) 5.09 0.46 0.06 0.20 0.0
Ru (case 4) 5.09 0.52 0.06 0.20 0.0
Zr 5.02 0.52 0.06 0.20 0.0
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FIG.2. ThedN/dq? as afunction of g7 for Au+Au collisions
for ¢ bins at 0° and 90°. The STAR data is from [29].

three other cases. These cases gradually approach the
parameter values for zirconium [17, 68, 69].

IV. RESULTS

A. p production in ultra-peripheral Au+Au and
U+4U collisions

The transverse momentum squared, g2 , dependence of
p meson production in ultra-peripheral Au+Au collisions
for the pair rapidity |y| < 1.0 and pair invariant mass of
0.65 < @ < 0.9 GeV, as measured by the STAR Collab-
oration [29] and calculated in our framework, is shown
in Fig. 2. As the STAR data is presented with arbitrary
normalization, we normalize the calculated spectra such
that we reproduce the measured cross-section integrated
over q; < 60 MeV at AP = 0.

The differential cross-section vanishes as ¢; — 0 as a
result of the destructive interference. Turning our atten-
tion to the angular dependence, after reaching a peak,
the spectrum at A® = 0 decreases faster as a function of
qf_ than the spectrum at A® = 7/2. For our calculation
to reproduce all these features, we must consider the lin-

LR AL BN AL AL RN B
0.5 = STARdata, Au+Au -
0.4 —— Full Calculation 3
A Band for B, £ 2fm 3
g 03 & E
J o2 3
0 ]
g 0.1 _E
N O =5
0.1 ’ E
-0.2 3
0 0.05 01 015 0.2
ql[GeV]
FIG. 3. The 2 (cos2A®) modulation as a function of ¢, of
+

p — 7w~ in Au+Au collisions. The red band is calculated
by varying the Bmin = 2 fm: the upper limit corresponds to
smaller Bmin and the lower limit to larger Bmin. The black
line is calculated with the wave function of p cut at rmax,p =
1.0 fm. The STAR data is from [29].
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FIG. 4. The dN/dg? as a function of ¢3 for U+U collisions
with different B2 values averaged over A®. The STAR data
is from [29].

ear polarization of photons, the interference effects, and
the photon k; [41]. We note that the slope of the ¢?
spectrum is sensitive to both the nuclear and vector me-
son size and as such depends on the p wave function in
the poorly constrained region of non-perturbatively large
dipoles. However, the p meson size is mainly determined
by its mass, and all realistic p wave function models are
expected to result in very similar sizes.

In Figure 3, we present the 2 (cos 2A®) modulation as
a function of ¢, in ultra-peripheral Au+Au collisions,
with the solid red line representing the full calculation.
The band indicates the systematic uncertainty resulting
from the lack of precise knowledge of the lower limit of
the inter-nuclear impact parameter, Bpni,. The upper
and lower bounds of the band shown in Fig. 3 correspond
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FIG. 5. The 2(cos 2A®) modulation as a function of g, for
p — nTr~ in U+U collisions with different deformation pa-
rameter 2. The red band is calculated by varying the Bpin+2
fm: the upper limit corresponds to smaller Bnin and the
lower limit to larger Bmin for B2 = 0.28. The STAR data
is from [29].

to the results when B, is decreased or increased by 2
fm, respectively.

Our default setup, where B, is determined by ensur-
ing Neon = 0 as obtained from the Monte-Carlo Glauber
model, results in (Bpin) = 15 fm. This means that the
scenario with reduced B, leads to an average value
(Bmin) &~ 13 fm, which is close to 2 Rwsg, the value used in
[27]. Reassuringly, the result corresponding to this choice
for Buin, the upper limit of the shaded band, is consistent
with that of Ref. [27], which uses exactly Bmin = 2Rws.
This exercise demonstrates the important effect that the
minimal distance between the nuclei has on the angular
modulation. It is expected that interference effects van-
ish at very large impact parameters, as they disappear at
very large ¢, [25, 41]. Reversely, interference effects, in
this case, angular modulations, are stronger for small im-
pact parameters and are thus increased when decreasing
Bpin- Fig. 3 also shows that the variation of 2 {cos 2A®)
with B, is mild at low ¢; and becomes maximal around
q1 ~ 0.1 GeV. This is because variations in By, need
to be at least of order 1/¢, to show a significant effect.

To study the sensitivity of our results to non-
perturbatively large distance scales we also show in Fig. 3
the 2 (cos 2A®) modulation calculated by neglecting the
contribution from dipole sizes |[r | > 1 fm in Eq. (11).
In this case, the obtained modulation is identical up to
g1 =~ 0.1 GeV. In the larger transverse momentum region
there is moderate sensitivity to non-perturbatively large
dipoles, and we consider our results to be most reliable
in the ¢; < 0.1 GeV region.

Fig. 4 shows the effects of nuclear deformation on
the g2 dependence of the (angle averaged) spectra in
ultra-peripheral U+U collisions. As already mentioned
in Sec. ITI, we determine an optimal value for the ura-
nium radius parameter Rwgs by requiring that the ¢,
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FIG. 6. The ®p — &, distribution for e~ pairs collected
from Au+Au (a) and U4U collisions with different B2 values
(b) with a pair transverse momentum less than 60 MeV. The
STAR data is from [29].

dependence of the STAR data is reproduced. It is evi-
dent that increasing the degree of deformation leads to
a flatter dN/dg? distribution. The sensitivity to defor-
mations is due to two separate effects. First, a larger §o
value results in increased fluctuations that enhance the
incoherent cross-sections, causing the total cross-section
to drop at a slower rate at large ¢3 compared to cases
with smaller 35 [5]. Second, the larger 3y value leads to
a wider By distribution. Configurations that allow for
small B, that have a different degree of interference
and larger photon transverse momentum, result in flatter
spectra and enter with a larger weight [41].

To demonstrate the sensitivity of the angular modu-
lation to the deformed structure of uranium we show
in Fig. 5 the extracted magnitude of the modulation,
2(cos 2A®), as a function of p meson transverse momen-
tum. Strong sensitivity on [ is seen especially in the
0.05GeV < q; < 0.1GeV region.® Again, the main
driver of the 85 dependence is the change in impact pa-
rameter distributions with 5. As mentioned in our dis-
cussion of Fig.3, to achieve a noticeable effect on the
modulation, changes in By, need to be of order 1/q,,

3 We emphasize that, as demonstrated above, results in this kine-
matical domain are not sensitive to non-perturbatively large
dipoles.
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FIG. 7. The effective radius obtained from a fit using Eq. (16)
as a function of the ®p — @, angle for Au+Au and U+U with
B2 = 0.28. The bands show errors from varying Bmin by 2 fm
along with errors from the fit used to extract R. The lower
edge of the band corresponds to the smaller Bmin. The STAR
data is from [29].

explaining why we do not observe strong effects of differ-
ent B2 at small ¢, . The positive modulation coefficient
measured for ¢, 2 0.1GeV is only reproduced for re-
duced Bpin, shown as the upper end of the band for the
B2 = 0.28 case.

Fig. 6 shows the A® distribution for Au+Au and U+U
events. Here, we include the 7~ 7+ pairs with a pair
transverse momentum squared qi < 0.0036 GeV?, cor-
responding to the range used by the STAR Collabora-
tion [29]. Each distribution is scaled such that the aver-
age yield (integrated over A®) is normalized to unity.
Both the Au+Au and U+U data sets exhibit a clear
and prominent cos(2A®) modulation, which is well re-
produced by the CGC calculations. The > dependence
seen in Fig. 5 is present here, but it is small in the chosen
qf_ range. As can already be seen from the qf_ spectra
shown in Fig. 4, the cross-section is sensitive to deforma-
tion only in the larger ¢ = 0.006 GeV? region.

The STAR collaboration has also extracted the nu-
clear radius by using an empirical model to fit the mea-
sured ¢? -spectrum [29, 70]. This model is composed of
a coherent contribution characterized by the form fac-
tor of a spherically symmetric Woods-Saxon distribution,
Eq. (15), and an incoherent contribution characterized
by a dipole form factor. Following the STAR method,
we perform the Fourier transform of the thickness func-
tion obtained from the density distribution in Eq. (15)
to get the nuclear form factor, denoted as FJ[...](¢?) in
Eq. (16) below (see also Ref. [41] for a discussion on how
the saturation effects modify the nuclear geometry). The
effective radius is then extracted by fitting the calculated
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FIG. 8. The effective radius obtained from a fit using Eq. (16)
as a function of the ®p — &, angle for U+U with different (>
values. The bands indicate the uncertainties from extracting
the radius. The STAR data is from [29].

qf_—spectra with a function of the form

Ai/Q3
1+ 1/
(16)
Here A, is the amount of coherent production and A;
is the amount of incoherent production. We use the
value Q3 = 0.099 GeV? for p, Q% = 0.084 GeV? for
¢ and Q3 = 0.53 GeV? for J /v production obtained by
fitting the calculated e+A incoherent photoproduction
cross-sections at 0.2 < [t| < 0.5 GeV2. Then, we de-
termine optimal values for the parameters A., A; and R
in Eq. (16) by fitting the calculated ¢2 spectra within
0.0034 < ¢2 < 0.0127 GeV?2,

Fig. 7 presents the fitted radius R as a function of A®
in Au+Au and U+4U collisions computed using the pa-
rameters provided in Table I. The plot reveals a clear
modulation in the resulting R values with respect to
A®, similar to the behavior observed in Fig. 6. Consis-
tent with the STAR data, U+U collisions show a weaker
cos(2A®) modulation than Au+Au collisions. This dif-
ference can be attributed to the larger radius of uranium
nuclei, which leads to larger B, values. As discussed
above, larger B,in reduces interference effects and leads
to smaller modulation. This effect is also seen in the sys-
tematic error band shown in this figure, where again we
have varied By by 2 fm. The lower edge of the band,
which varies more strongly with A® than the upper edge,
corresponds to the smaller overall Bpy.

It is noteworthy that the fitted radii R are significantly
larger than the input parameters Rwg for the Woods-
Saxon distribution shown in Table I. This difference is
due to the contributions from the finite size of the p me-
son wave function, interference effects, and the photon
transverse momentum (with the latter leading to smaller
effective radii), and as such R should not be directly in-
terpreted as the nuclear radius.

F(@2) = AJF [pa(ri R,a)] (I47])]* +
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and OnOn (c) with a pair transverse momentum less than 100 MeV. The preliminary ALICE data is from [71].

To remedy this situation, we also extract the radii
of gold and uranium from our calculations using the
same method as STAR [29], which estimates the con-
tributions from the interference effect and the finite
size p wave function. We find Ra, = 6.59 £ 0.02 fm,
and Ry = 7.31 £ 0.04 fm, which are consistent with the
STAR data [29]. The extracted radius from our calcu-
lations of '97Au, which use the commonly used default
value for Rwg is consistent with the world measurements
of Au charge radii plus neutron skin width at low ener-
gies, with Ra, = 6.45 + 0.27 fm from the German Elec-
tron Synchrotron (DESY) and Ra, = 6.7440.06 fm from
Cornell [72-75]. As we have chosen an Rywg for uranium
to be larger than the commonly used value to fit the
spectra, our result for the radius of 238U agrees with the
STAR result and is larger than that expected from its
charge radius Ry = 6.90 £ 0.06 fm measured at DESY
plus the known value of neutron skins of similar nuclei
[72-75].

To further investigate the effect of nuclear deforma-
tions on the effective radius R, we present the radius as
a function of A® using different deformation parameters
B2 = 0.0,0.28 and 0.50 in Fig. 8. Smaller deformations
(small B3) are found to result in larger effective radii R, a
trend consistent with the results in Fig. 4 where a steeper
spectrum corresponding to a larger size is obtained with
smaller (5. See discussion of Fig. 4 for more details. We
note that the stronger dependence on (2 compared to
what is observed in Fig. 6 is a result of including here con-
tributions from higher qﬁ_, which are sensitive to shorter
scale structures.

To complete this section, we present in Fig. 9 the angu-
lar modulation in p — 77~ production in Pb+Pb colli-
sions at the LHC compared with the preliminary ALICE
data [71]. At the LHC energy, the nucleus is probed at
much smaller Bjorken-z values compared to RHIC, where
the nuclear saturation scale is larger. This further sup-
presses contributions from the non-perturbatively large
dipoles. The ALICE data is reported separately in dif-
ferent neutron multiplicity classes [71]. Fig. 9 shows the
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FIG. 10. The ®p — ®, distribution for p — 7777, ¢ —

K*K~ and J/v — eTe™ pairs collected from Au+Au at 200
GeV with a pair transverse momentum less than 60 MeV.

A® distribution for Pb+Pb collisions at /s = 5.02 TeV.
Following the ALICE measurement [71], we include the
77T pairs with a pair invariant mass of 0.6 < Q < 0.95
GeV, a pair transverse momentum ¢; < 0.1 GeV and
rapidity values within -0.8 and 0.8. Each distribution
is scaled so that the average yield, integrated over A®,
is normalized to unity. The magnitude of the modula-
tion strongly depends on the neutron multiplicity class,
with the most pronounced modulation observed in the
“XnXn” case. This dependence arises from the fact that
events with higher forward neutron multiplicities are bi-
ased towards smaller impact parameters. As discussed
earlier, smaller nucleus-nucleus distances result in an en-
hanced angular modulation. Our calculation accurately
reproduces this dependence on neutron multiplicity.
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J/1 — eTe™ in Au+Au collisions. The band is calculated by
varying the Bpin + 2 fm.

B. ¢ and J/vy production

We now examine the production of vector mesons ¢
and J/v in ultra peripheral collisions of Au+Au nuclei
at 200 GeV. The J/¢ production is especially intriguing,
as the large mass provides a scale suppressing contribu-
tions from the non-perturbatively large dipoles even if
the saturation scale of the nucleus is not clearly in the
perturbative domain.

The dependence on the vector meson species is illus-
trated in Fig. 10, where we present the A® = ¢p—@, dis-
tributions of p = 777, ¢ - KTK~, and J/¢) — eTe™
production, with the pair transverse momentum being
less than 60 MeV. The invariant mass range for the decay
process ¢ — KT K~ is specified as 1.0 < Q < 1.1 GeV.
As the J/v decay width '/, = 5.5 x 1076 GeV is very
small, we approximate the Breit-Wigner distribution by
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a delta function when calculating J/v¢ production.

We demonstrate that both the p and ¢ mesons exhibit
the same sign for the cos(2A®) modulation, with their
magnitudes being remarkably close, which is expected
based on the similar form of p and ¢ wave functions used.
The equal sign of the modulation is a result of the decay
products, namely K and 7, being both scalar particles.
In contrast, for the J/¢ — e~ + et decay, where the
daughter particles are spin-1/2, the cos(2A®) modula-
tion peaks at A® = /2, see also Refs. [28, 40]. This
sign difference is already apparent from Eq. (8). We note
that the modulation of the effective radius with A® is
larger for J/v production compared to the other mesons.
This is in contrast to the smaller modulation of the cross-
section for J/+ shown in Fig.10. The difference could
emerge because the effective radius is sensitive to larger
q1 compared to those included in Fig. 10.

In Fig. 11, we present the extracted radii as a function
of the angle A® for p, ¢, and J/1¢ production. Again, it
is evident that the p and ¢ mesons exhibit similar A®
dependencies, whereas the J /1) meson exhibits the oppo-
site sign for the modulation. We note that the extracted
radius in the case of ¢ production is slightly smaller than
that for p meson production. This difference can be at-
tributed to the narrower width of the wave function of
the ¢ meson compared to that of the p meson, as dis-
cussed in Ref. [55]. Additionally, due to the compara-
tively narrower wave function of the J/1 vector meson,
its extracted radius is the smallest among the three.

To conclude the discussion of heavy vector meson pro-
duction, we present the ¢, dependence of the cos2A®
modulation in J/4¢ production. The predicted modula-
tion in STAR kinematics is shown in Fig. 12. Again, the
sensitivity to the uncertainty in By, is illustrated by
varying the minimum impact parameter by £2 fm. As
seen before, for J/1 production, the modulation has the
opposite sign from light meson production studied pre-
viously, and the magnitude of this modulation is smaller
by approximately a factor of 2. We note that, unlike in
Ref. [28], we have not incorporated the correction for soft
photon radiation in the case of J/4 production. This cor-
rection predominantly affects results at ¢, > 0.12 GeV /c
[28] and as such our main results should not be signifi-
cantly modified by this contribution.

C. Vector meson production in ultra-peripheral
isobar collisions

In this section, we present the results for ultra-
peripheral $Ru+J5Ru and §5Zr+357Zr collisions, show-
casing the sensitivity of vector meson production to the
nuclear structure of the isobars.

Fig. 13 shows the ¢ -spectra of p production in ultra-
peripheral $Ru+J5Ru and 95Zr+35Zr collisions, consid-
ering different deformation parameters for Ru and one
set of parameters for Zr as shown in Table I. Following
the STAR measurement [31], we include all possible Zero
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FIG. 13. Differential p photoproduction cross-section in

ultra-peripheral Ru+Ru and Zr+Zr collisions using different
parametrizations for the Ru geometry shown in Table I. The
preliminary STAR data is from [31]

Degree Calorimeter (ZDC) neutron classes in the isobar
calculations. With the default parameter sets (case 1 for
Ru), our framework provides a reasonable description of
the shape of the ¢3 -spectra for p production. The agree-
ment is particularly good for ¢2 < 0.015 GeV?, beyond
which the data is underestimated for both collision sys-
tems.

Fig. 14 presents the ratio between the ¢3 spectra of the
two systems, which helps to mitigate some systematic un-
certainties, also in our calculation (e.g. related to the vec-
tor meson wave function). Our results demonstrate that
this ratio is sensitive to the specific choice of Woods-
Saxon parameters. For instance, at ¢% =~ 0.016 GeV?2,
the ratio reaches 1.44 for the (Ru+Ru, case 1)/(Zr+Zr)
parameter choice, while it is 1.19 for case 4. By com-
paring different cases, one can isolate the effects of the
parameters aws, O2, and (3, respectively. The difference
between Ru+Ru, case 4, and Zr+Zr is primarily caused
by the photon flux, which is proportional to the square
of the atomic number (Zry,/Zz,)? = 1.21.

The preliminary STAR data for the ratio exhibit a
clear increasing trend for ¢% < 0.014 GeV?, which aligns
well with our calculation of the ratio between the case us-
ing the complete ruthenium parameter set and zirconium
[(Ru+Ru, case 1)/(Zr+7Zr)]. Cases 3 and 4 are clearly dif-
ferent from this result, with case 4 being the least com-
patible with the data. This indicates that the o and
diffuseness awg differences between isobars could be con-
strained using precise measurements of ratios like this.
At higher ¢3 (where non-perturbatively large dipoles also
have a non-negligible contribution) the different choices
for Ru parameters result in very similar cross-section ra-
tios and the STAR data can not distinguish between the
different geometries. These results emphasize the sig-
nificance of considering the detailed nuclear structure in
studying vector meson production in ultra-peripheral col-
lisions of 9Ru+3$Ru and 5Zr+95Zr. The sensitivity to
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Ru+Ru and Zr+Zr collisions with different parameter sets on
Table. I. The preliminary STAR data is from [31].

various deformation parameters opens up opportunities
for further investigations and constraining the nuclear
structure of isobar systems.

V. CONCLUSIONS

We have studied vector meson production in ultra-
peripheral collisions at RHIC and the LHC involving
Au+Au, U+U, Pb+Pb, and Ru—Zr isobar systems within
the CGC framework. We investigated the ¢3 depen-
dence of the differential cross-sections and studied the
cos(2A®) modulations in the momentum distribution of
the decay particles.

Including the interference effect and the transverse mo-
mentum of the linearly polarized photons in the UPC, our
CGC calculations for vector meson production success-
fully reproduced the ¢2 spectrum of p production and
the cos(2A®) azimuthal angular correlation of the decay
pions in ultra-peripheral collisions both at RHIC and the
LHC. For the angular modulation, it was essential to con-
sider the linear polarization of the incoming photons.

We studied the dependence of the cross-section and its
modulations on the nuclear species with a focus on the
role of different radii and deformations. We identified
that the sensitivity to variations of the nuclear radius
and degree of deformation is mainly a result of different
radii and deformations requiring different minimal im-
pact parameters By, between the two nuclei to obtain a
UPC. Increasing B, leads to weaker interference effects
and smaller modulation amplitudes. We further reported
the systematic uncertainty of our results from the lack of
precise knowledge of Bpin-

We next extracted the nuclear radius as a function of
the angle A® by fitting the ¢2 spectra. The extracted
radius from the CGC calculations for Au nuclei is in good
agreement with that obtained by the STAR Collabora-
tion when using the default Woods-Saxon parameters for



Au. For uranium nuclei, we need to assume a larger ra-
dius than the default value to describe the STAR data.
When this is done, the extracted radius, which agrees
with the STAR result, is larger than the U charge radius
plus a neutron skin typical for similar nuclei.

Investigating the effects of nuclear deformation on the
extracted radii, we found that more deformation leads to
smaller extracted radii because i) more deformation leads
to more fluctuations and thus an increased incoherent
contribution, which makes the total spectra flatter; and
ii) deformation alters the distribution of impact param-
eters, allowing in particular for smaller impact parame-
ters that enter with a larger weight and go along with
larger photon transverse momentum, which also flattens
the spectra.

We further predicted the ¢ and J/¢ meson produc-
tion cross-sections, along with the cos(2A®) modulations
in their decay product distributions, for ultra-peripheral
Au+Au collisions. The behavior of ¢ mesons resembled
that of p production due to the same scalar nature of
their decay products and similar wave functions. In con-
trast, J/1) mesons exhibited cos(2A®) modulations with
an opposite sign to those of p and ¢ mesons, which is
attributed to the spin 1/2 nature of its decay products.

Compared to p production data in Pb+Pb UPCs at
LHC from the ALICE Collaboration, our calculations
showed good agreement with the measured angular mod-
ulations. The trend with changing forward neutron mul-
tiplicity classes is well reproduced and again is dominated
by the role of the minimally allowed impact parameter.

Using a ratio of cross-sections, we presented the sensi-
tivity of the production of p mesons in ultra-peripheral
isobar collisions to the specific structures of Ru and Zr
nuclei. Our calculation demonstrates the potential of this
process as an innovative means to constrain the geomet-
ric features of isobaric nuclei.

Our study highlights the potential of vector meson pro-
duction in ultra-peripheral collisions as a powerful tool
for exploring spatial gluon distributions and geometric
deformations of nuclei at small-x.
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