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ARTICLE INFO ABSTRACT

Editor: F. Gelis

We study diffractive vector meson production at small-x in the collision of electrons and polarized deuterons

e +d'. We consider the polarization dependence of the nuclear wave function of the deuteron, which results in
an azimuthal angular dependence of the produced vector meson when the deuteron is transversely polarized.
The Fourier coefficients extracted from the azimuthal angular dependence of the vector meson differential cross-
section exhibit notable differences between longitudinally and transversely polarized deuterons. The angular
dependence of the extracted effective deuteron radius provides direct insight into the structure of the polarized
deuteron wave function. Furthermore, we observe slightly increased gluon saturation effects when the deuteron
is longitudinally polarized compared to the transversely polarized case. The small-x observables studied in this
work will be accessible at the future Electron-Ion Collider.

1. Introduction

Electron-ion collisions are a powerful tool for unraveling the internal
structure and dynamics of protons and nuclei. Deep Inelastic Scattering
(DIS) experiments on protons at the Hadron-Electron Ring Accelerator
(HERA) at DESY in Germany have provided a detailed picture of the
internal quark and gluon structure of the proton [1-10]. Furthermore,
exclusive vector meson production in electron-nucleus collisions at high
energies has been shown to offer valuable information about the geo-
metric structure of the target nucleus across various length scales [11].

The deuteron, the simplest composite nucleus consisting of a pro-
ton and a neutron, provides a convenient laboratory for investigating
nucleon-nucleon forces. Its structure at large momentum fractions (x)
has been well characterized through low-energy scattering experiments.
However, our understanding of the spatial distribution of small-x glu-
ons within the deuteron remains limited. To gain fundamental insight
into the small-x gluon structure of the deuteron and to furnish essential
inputs for models describing deuteron-gold collisions at the Relativistic
Heavy Ion Collider (RHIC) [12-17], new measurements are imperative.
The future Electron-Ion Collider (EIC) emerges as a promising avenue

* Corresponding author.
E-mail address: wenbinzhao237 @gmail.com (W. Zhao).

https://doi.org/10.1016/j.physletb.2024.139053
Received 4 September 2024; Accepted 28 September 2024
Available online 1 October 2024
0370-2693/© 2024 The Author(s).
(http://creativecommons.org/licenses/by/4.0/).

Published by Elsevier B.V. Funded by SCOAP®.

for such investigations, offering unparalleled precision in probing the
gluon distribution within deuterons [18,19].

Polarization provides a unique tool to control the orientation of the
deuteron. Hydrodynamic simulations of collisions involving polarized
deuterons (d1) and nuclei have demonstrated the valuable insights that
can be gained from such setups [15,20]. For example, studying the el-
liptic flow coefficient in the azimuthal distribution of produced charged
hadrons with respect to the polarization axis sheds light on the wave
functions of polarized deuterons and the nature of dynamics in small sys-
tems [15,20]. Electron + polarized deuteron collisions offer another rich
avenue for exploration. The angular dependence of exclusive vector me-
son production in these collisions can effectively image the deuteron’s
shape in coordinate space [21,22]. Moreover, such collisions offer an
opportunity to probe the Generalized Parton Distributions (GPD) of the
deuteron [23-27].

Current studies at small-x have focused on polarized observables in
electron-proton and proton-proton collisions [28—41]. In this manuscript,
we study electron-deuteron collisions at small-x and propose a mech-
anism to generate azimuthal asymmetries due to the polarization-
dependent nuclear wave function of the deuteron, which we take as
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Fig. 1. The nucleon density of the polarized deuteron with j_ = +1 (left) and j, = 0 (right).

an input for our Color Glass Condensate (CGC) [42] calculation. In
the transversely polarized case and when j, = +1 or 0, the azimuthal
anisotropies of the square of the wavefunction result in azimuthal
angular asymmetries of the produced vector meson relative to the
deuteron polarization axis. We compute the squared momentum transfer
t-differential coherent and incoherent cross-sections for the production
of ] /y and p mesons at various azimuthal angles, demonstrating the sen-
sitivity of the observables to the spatial structure of the wave function
squared. We further compute the ratio of the coherent photoproduc-
tion cross sections of p mesons between collisions with longitudinally
and transversely polarized deuteron targets. The greater extent of the
longitudinally polarized deuteron along the beam direction leads to a
weak saturation driven suppression of the cross section, relative to the
transversely polarized case.

This paper is organized as follows. In Sec. 2 we review the formal-
ism for exclusive vector meson production (coherent and incoherent) in
the Color Glass Condensate. We implement the polarization-dependent
nuclear wave function of the probed deuteron into the initial conditions
for the color-charged correlators from which the Wilson line correlators
are computed. We present the differential (both in ¢ and azimuthal an-
gle) cross-section of J/y and p vector meson production in Sec. 3. Our
conclusions and outlook are presented in Sec. 4.

2. Vector meson production at high energy

The differential cross-section for exclusive vector meson production
in virtual photon-nucleus collisions gives us access to the spatial dis-
tribution of small-x gluons inside the colliding nucleus, as well as its
fluctuations. The coherent cross-section, corresponding to the process
where the target remains in the same quantum state, can be obtained
by averaging over the target color charge configurations Q at the am-
plitude level [43]:
dgy*+A—>V+A 1

die| " 16z |

The incoherent vector meson production cross-section, for which the
final state of the target is different from its initial state, is obtained by
subtracting the coherent contribution from the total diffractive vector
meson production cross-section [44-46]. The incoherent cross-section
thus has the form of a variance
do? HA-V+A”

an ﬁ [(1417)q - |<A>Q|2] , .

In the dipole picture, the production of a vector meson can be seen
as the splitting of the virtual photon into a quark anti-quark pair, which

(Agl*. €y

then eikonally scatters off the small-x gluon field of the nucleus, and
finally recombines into the observed vector meson. The amplitude for
this process can be written as [47,48] (see also Refs. [49,50] for recent
developments towards NLO accuracy)

A= 21'/erlebLZ—Ze”‘[“’f(%*z)ﬂ]'Al
T

X [¥5 ¥, (0% r, . ) No(r; b, . xp).  (3)

Here r;, =x; —y, is the relative vector between the quark and anti-
quark positions x; and y,, b, = %(x 1 +Yy.) is the impact parameter
vector, and Q2 = —g? is the photon virtuality. The fraction of the large
photon momentum carried by the quark is given by z, xp is the fraction
of the target longitudinal momentum transferred to the meson in the
frame where the target has a large momentum, and A | is the transverse
momentum transfer, with —¢ =~ Ai. The y* — qq splitting is described
by the virtual photon light front wave function ¥, [51]. The vector
meson wave function ¥}, is non-perturbative and needs to be mod-
eled, introducing some uncertainty. Here, we use the Boosted Gaussian
parametrization from [47], where the model parameters are constrained
by the leptonic decay width data.

In the Color Glass Condensate effective theory (for a review see [42,
51-53]), the dipole amplitude

Ng(ry,b,,xp) =
1 I'J_ I'J_
1— ¢ [V(b —)VT(b ——)], 4
N, 1t 173 )

describes the eikonal scattering of the quark anti-quark pair with the
nucleus; thus, it depends on the small-x gluon content of the nucleus. In
the eikonal approximation, the quark transverse position is unchanged
by the scattering, and its color rotates according to the light-like Wilson
line V'(x, ):

[+

V(x;)=P_Jlexp ig/dz‘AJ’(z_,xl) , 5)

—00

where A™ is the gauge background field for the small-x gluons, and P_
represents path ordering operator along the z~ direction. It is obtained
by solving the Yang-Mills equations where the color current is generated
by large-x partons, which in the CGC are treated as classical color charge
density sources p*. In covariant gauge d, A¥ =0, the solution is given by
the Poisson equation:
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Fig. 2. The angular dependence @ of [f|-spectra of J/y productions for the transverse polarized deuteron with j, =0 and j, = +1.
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@ is defined relative to the

polarization direction of transverse polarization. The band shows the statistical uncertainty of the calculation.

P X I
V22
where we introduced the infrared regulator m to avoid the emergence
of unphysical Coulomb tails.

The color sources are obtained following the IP-Glasma initial state
description [54] used e.g. in Refs. [8,9,19,55-59]. They are computed
by first relating the average square color charge density to the local
(xp dependent) saturation scale extracted from the IPSat dipole-proton
amplitude [60]. The proton and the neutron consist of hot spots, and
the hot spot positions b, ; are sampled from a two-dimensional Gaus-
sian distribution with the width B, , and the center-of-mass is shifted
to the origin at the end. In this work, we use the Maximum a Posteriori
(MAP) parameter set from a Bayesian analysis where the nucleon ge-
ometry parameters at xp ~ 0.0017 are constrained by the exclusive J /y
production data from HERA [61].

The nucleon positions are sampled according to the polarization-
dependent squared wave function of the deuteron:

AT(xT,x )=~ ; (6)

o2 L 2
|lP(ra05¢,JZ—il)| —E [4U(7’)

~2V2 (1= 3cos2(0)) UMV (r)
+(5=3cos’(9)) V(r)?]. ™

(.0, 4: 7, =0)* = - [2U(?
T

+2V2 (1= 3¢0s%(9)) UV (r)
+(1+43cos’(0) V(7] @®

where U(r) and V (r) are the S-wave and D-wave radial functions. Fol-
lowing Refs. [15,20], we use the parametrizations for U(r) and V (r)
obtained from the Reid93 nucleon-nucleon potential listed in the liter-
ature [62]. In this parametrization, the weight of the D-wave part in
the probability distribution is around 6%, clearly exhibiting the strong
S-wave dominance. Fig. 1 shows the nucleon density distributions of
the polarized deuteron with the polarization direction being the z-axis,
for both j, = +1 and j, = 0. In the three planes we show 2D slices of
the density for the third coordinate outside the plane set to zero, for
example, the x — y plane shows the density distribution at z = 0.

This azimuthal asymmetry in the nucleon positions with respect to
the polarization vector results in anisotropy in the azimuthal angle of
the produced vector meson. From Egs. (7) and (8) (also see Fig. 1) we
anticipate to only get modulations of the kind cos(n®) with even n, and
@ defined as the angle between the produced vector meson and the po-
larization direction of the deuteron. When identifying the square of the
wave function with the probability of sampling the nucleon positions
we implicitly have assumed that the target does not change its polariza-
tion during the scattering process. We left for future work studying the
polarization changing case.

In this work the longitudinal and transverse polarizations are de-
fined in the y*d center-of-momentum frame. In the photoproduction

(Q? = 0) limit this corresponds to the polarization states defined with
respect to the electron beam as used in experiments, and as such we
mostly focus on photoproduction in this work. When Q2 > 0, the photon
momentum is not parallel to the electron, thus a Lorentz transformation
is required from the lab frame to this frame, which would mix the po-
larization states.

3. Results
3.1. Imaging polarized deuterons with exclusive vector mesons

Figs. 2 (a) and (b) show the [t|-spectra of coherent exclusive J/y
production cross-sections for the transversely polarized deuterons at
02 =0 GeV?, with Jj,==1 and j, =0, respectively, at various J/y an-
gles relative to the deuteron’s polarization. The coherent cross-sections
exhibit distinct J/y angle dependencies for transverse polarization. For
instance, the || distribution becomes flatter from ® =0 to ® = z/2
for deuterons with j, = +1. Here @ is the azimuthal angle between
the J/yw momentum and the deuteron polarization vector. Conversely,
deuterons with j, = 0 display the opposite angular dependence with the
|#| slope increasing with increasing ®. This disparity arises because in
transverse polarization configurations, the probed deuteron sizes vary
with the vector meson’s angle, and the variation depends on j,. In the
case of transversely polarized deuterons with j, = +1, as illustrated in
the left panel of Fig. 1, the probed size is larger at ® =0 than at ® > 0,
reaching its minimum at @ = x /2. Similarly, for transversely polarized
deuterons with j, = 0, the probed size increases from ® =0to ® =z /2.
Conversely, for longitudinally polarized deuterons with j, =0, +1, the
angular dependence of the size cannot be observed, as the projection
onto the x — y plane is circular. Furthermore, as depicted in panel (c) of
Fig. 3, the probed size is larger for j, =0 than for j, = +1. This angular
dependence of the coherent spectrum of the vector meson in e+d" inter-
actions can be scrutinized in forthcoming experimental measurements
at the EIC.

To compare the differences between the incoherent and coherent
cross-sections, Fig. 3 displays both the coherent and incoherent J/y
photoproduction for transversely polarized deuterons with j, =0 and
Jj.==+1at ®=x/2. It’s evident that j, =0 and j, = +1 exhibit simi-
lar incoherent cross-sections, indicating that event-by-event fluctuations
are comparable for different j, values. However, significant differences
are observed in the coherent cross-sections even at low |¢|, where the
coherent process dominates. For instance, at || = 0.1 GeV?, the coher-
ent cross-section with j, = +1 is approximately twice that with j, =0,
and it surpasses the incoherent cross-section. This discrepancy ensures
that such differences in the coherent cross-sections at different j, values
can be readily discerned through future experimental measurements.

To capture the vector meson angle dependence of the coherent cross-
sections at different |f| values, we perform a Fourier decomposition of
the cross-section, yielding coefficients a, of various orders as a function
of ||, defined as
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Fig. 3. The coherent and incoherent J /y photoproduction cross sections in trans-
verse polarized e + d collisions at ® = 7 /2.

e A iAaaas
=1 1 .« ]
fog YHdJUY+do
f=t1 Xp=17x10"° 7
j=0_—"- ]
//

0 0204 0608 1 12 1.4
It| [GeV]

Fig. 4. Real parts of the second (a,) and the fourth order (a,) coefficients as
functions of |¢| in transverse polarized e + d collisions.
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Fig. 4 shows the real parts of second and fourth order Fourier coeffi-
cients a, 4 as a function of |¢| for transversely polarized deuterons with
J. =0and +1 configurations. It is evident that at low |7 < 0.5 GeV?, the
vector meson angle dependence of the coherent cross-sections is pre-
dominantly described by the cos(2®) mode. Additionally, it reveals the
opposite signs of a, for j, =0 and j, = +1, consistent with the differing
angular dependence behaviors of the coherent cross-sections as depicted
in Fig. 3. As |f| increases beyond 0.5 GeV?, the coherent cross-sections
gradually reach their first dips, as illustrated in Fig. 3. At this stage, the
cos(4®) mode becomes significant, leading to large coefficients for a,.
In regions of large [t|, the a,’s undergo sign changes due to the coher-
ent cross-sections lying between the first and second dips. Specifically,
a, for j, = +1 of transverse polarization changes sign earlier than a, for
J = 0. This pronounced difference in the |f| dependence of Fourier coef-
ficients between j, = 0 and +1 can be examined in future measurements
at the EIC.

To visualize the shapes of the polarized deuteron in different direc-
tions with various j, values, we extract the vector meson angular de-
pendence of the effective radius. Following the methodology outlined in
references [63-65], we obtain the effective deuteron radius by employ-
ing an empirical model to fit the calculated coherent |¢|-spectrum. This
model is characterized by the form factor of a Gaussian distribution. We
fit the coherent 7-spectra cross sections by the formula do /dt ~ e~ Bpll
within 0 < |f] < 0.3GeV?, and extract the effective transverse radius
R = 4/2By,. Although the exact geometry differs from the Gaussian dis-
tribution, this parametrization can fit the calculated spectrum well in
the considered |f| range.

Fig. 5 shows the extracted effective transverse radius R as a func-
tion of ®. The extracted R values for transverse polarizations exhibit a
@ dependence with a period of z. Specifically, the extracted radius for
transverse polarization and j, = +1 peaks at ® =0 and reaches its min-
imum values at ® = +7/2. Conversely, the R for j, = 0 exhibits a dip at
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Fig. 6. Longitudinal-to-transverse polarization of coherent p photoproduction
cross-section ratio at |¢| =0 as a function of Q% in e + d collisions with j, = +1
at different initial x values.

@ =0 and reaches its maximum value at ® = 7 /2. In contrast, for longi-
tudinal polarization, no ® dependence is observed. These characteristics
are discernible from the projections onto the x — y and x — z planes in
Fig. 1. Experimental observation of such ® dependence of the radius
will provide direct insight into the shapes of polarized deuteron states
and verify whether the spatial distribution of small x gluons follows the
spatial distribution of nucleons at large x.

3.2. Probing saturation effects in vector meson production

The ratio of the coherent vector meson photoproduction cross-
sections at |f| = 0 between the longitudinal and transverse polarization
for polarized deuterons with j, = +1 offers a method to probe satu-
ration effects in e + d' collisions. Within the Color Glass Condensate
framework, the coherent vector meson photoproduction cross-section
at |f| =0 is directly related to the total gluon content of the target as
seen by the photon. Given that the effective radius (area) of longitudinal
polarization with j, = +1 is smaller than that of transverse polariza-
tion, the effective gluon density probed by the vector meson is higher in
longitudinal polarization than in transverse polarization. Consequently,
the gluon saturation effect is more pronounced in case of longitudinal
polarization, leading to smaller vector meson production cross-sections
compared to transverse polarization.

Fig. 6 depicts the longitudinal-to-transverse polarization ratio of the
coherent p cross-section at |t| =0 of j, = +1 as a function of 0? at
various initial x values. Although p production is not strictly speaking
perturbative in the photoproduction region, in Fig. 6 we show results ex-
trapolated to Q% = 0, but emphasize that our calculation is valid in the
0?2 1GeV? region. Our CGC calculations reveal that the longitudinal-
to-transverse ratio is consistently below one as expected. Furthermore,
the ratios exhibit a slight increasing trend as a function of Q2. This trend
arises because the vector meson production at a Q? probes gluons with a
size of 1/Q? in the target. Consequently, smaller Q2 values probe larger
gluons, thereby enhancing the overlap between gluons and resulting
in stronger gluon saturation effects. Additionally, we observe stronger
suppression in the CGC calculations for smaller xp values. However,
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the magnitude of the ratio remains within 3%, given that the deuteron
comprises only two nucleons. Note that as discussed in Sec. 2, here the
deuteron polarization is defined in the y*d center-of-momentum frame.
That means that for Q2 > 0 the polarization states in the laboratory
frame and in the y*d rest frame would mix, resulting in even smaller
saturation effects for the cross section ratio. Thus, our result can be
seen as an upper limit for the expected saturation effect at finite Q2.
In the future, if larger nuclei with elongated polarization states can be
employed, they may exhibit greater saturation signals.

4. Summary

We have explored the potential of Electron-Ion Collider (EIC) exper-
iments to probe the spatial distribution of small-x gluons within polar-
ized deuterons through exclusive vector meson production in e+d" col-
lisions. Our results demonstrate that the angular dependence of coherent
vector meson photoproduction cross-sections in transversely polarized
deuterons exhibits distinct features for j, =0 and j, = +1 configura-
tions. This angular dependence arises from the variation in the probed
deuteron size with the vector meson’s angle relative to the polarization
direction. Specifically, the Fourier coefficients and the angular depen-
dence of the effective radius exhibit notable differences between longi-
tudinally and transversely polarized deuterons, suggesting that future
experimental measurements at the EIC could shed light on the internal
structure of the deuteron with unprecedented precision.

Furthermore, our analysis highlights the potential of vector meson
production in probing saturation effects in small-x gluon distributions.
The longitudinal-to-transverse polarization ratio of the coherent p cross-
section at |f| =0 in j, = +1 indicates that the gluon recombination
(saturation) effects are more pronounced in longitudinal polarization,
leading to slightly smaller cross-sections compared to transverse polar-
ization. This observation underscores the role polarized targets could
play in understanding the dynamics of gluon saturation.

In summary, our findings highlight the potential of exclusive vector
meson production to reveal the spatial distribution of small-x gluons
within polarized deuterons, allowing access to the spatial wave function
squared of different polarization states. Corresponding measurements
will be possible at the future EIC, and similar studies in the large x
regime also at JLab. Extending such studies to larger polarized nuclei
may offer insights into saturation phenomena, providing a new handle
for understanding gluon dynamics at small momentum fractions.
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