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Heavy quarkonia production at energies available at the CERN Large Hadron Collider and future
electron-ion colliding facilities using basis light-front quantization wave functions
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We study exclusive charmonium and bottomonium production in ultraperipheral heavy-ion collisions and
electron-ion collisions within the dipole picture. We employ heavy quarkonium light-front wave functions
obtained within the basis light-front quantization framework, which has some features of the light-front
holographic QCD. We focus on comparison with measurements of exclusive charmonium and bottomonium
production in ultraperipheral pp, pPb, and PbPb collisions at the CERN Large Hadron Collider and find
reasonable agreement with the cross sections. We also discuss the coherent production cross-section ratios of
excited states to the ground state for charmonium and bottomonium, which exhibit insensitivity to the dipole
model parameters. We show that electron-ion collisions provide an opportunity for a quantitative study of heavy

quarkonium structure.
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I. INTRODUCTION

Several fundamental aspects of quantum chromodynamics
(QCD) in the high energy limit can be understood by study-
ing diffractive processes in high energy nuclear collisions
[1-3]. In particular, diffractive vector meson production [4,5]
provides valuable insights into gluon saturation [6-12] at
low Bjorken x, where gluon recombination effects become
important. Moreover, generalized parton distributions (GPDs)
of the target nucleus can be extracted from suitable exclusive
scattering processes in terms of the squared momentum trans-
fer ¢, which also provide the transverse spatial distribution of
the nuclear partons.

Gluon saturation is favored by data collected at various ex-
periments at the Hadron-Electron Ring Accelerator (HERA)
at DESY, the Relativistic Heavy Ion Collider (RHIC) at BNL
and the Large Hadron Collider (LHC) at CERN. However,
models without saturation can provide alternative descriptions
of the data; see Ref. [13] and references therein. Currently,
unambiguous evidence of saturation is lacking, due to the
limited kinematic coverage of previous experiments.

Our knowledge of nucleon structure, including the satura-
tion mechanism, has grown significantly over the past decades
by colliding leptons with protons, in particularly by measuring
the inclusive deep inelastic scattering (DIS) at HERA [14].
Although hadron production in semi-inclusive DIS (SIDIS)
and hard exclusive processes in DIS have led to fascinating
new insights into the structure of the nucleon, the current
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experimental information we have on nucleon structure is
basically one-dimensional, that is, solely in the longitudinal
direction.

Experimental evidence for gluon saturation and three-
dimensional tomographic imaging of the nucleon’s structure
are anticipated at future experimental facilities, e.g., the Large
Hadron electron Collider (LHeC) [15] and the Electron-Ion
Collider (EIC) [16]. Hard exclusive processes are anticipated
to play an important role in these quests. On the one hand,
the luminosity at future electron-ion collision facilities is
expected to increase by at least two orders of magnitude
over past and existing lepton-hadron collision facilities. On
the other hand, it is expected that the total diffractive cross
section would constitute around 30% of the total cross section,
very close to the black disk limit of 50%. Consequently, the
statistical uncertainty associated with the diffractive processes
would be significantly reduced by the large number of events.
Furthermore, several accurate measurements which are not
possible at HERA would be viable at a future LHeC and at the
EIC. For instance, one may anticipate measuring diffractive
production of higher excited vector meson states. Such exper-
iments could provide major new tests of meson and nucleon
structures.

In the dipole picture [17-19], diffractive vector meson
production is calculated by convoluting the photon light-front
wave function (LFWF) and the vector meson (VM) LFWF
with the dipole cross section. In the leading Fock sector, a
dipole pair consists of a quark and an antiquark. This seem-
ingly simple quantum mechanical formalism is promising for
incorporating up to next-to-leading-order (NLO) corrections
in QCD in the near future [20,21], due to the utility of the
Eikonal approximation at high energy [22].

One of the major theoretical challenges in calculating
diffractive vector meson production in the dipole picture is

©2019 American Physical Society


https://orcid.org/0000-0002-7655-9180
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevC.100.025208&domain=pdf&date_stamp=2019-08-23
https://doi.org/10.1103/PhysRevC.100.025208

CHEN, LI, TUCHIN, AND VARY

PHYSICAL REVIEW C 100, 025208 (2019)

our poor knowledge of the LFWF of vector mesons, especially
their excited states. Some of the popular vector meson LFWFs
currently employed in calculating diffractive vector meson
production are based on analogy with the virtual photon
LFWE, such as the boosted Gaussian [23,24] and holographic
LFWFs [25]. The description of higher excited states is miss-
ing within the holographic approach, while boosted Gaussian
requires additional assumptions which inevitably introduce
more uncertainty relative to ground states [26]. Since the
higher excited vector meson states should have a more com-
plicated structure than the ground state, and they are expected
to be available for precise measurements at future electron-ion
collision facilities, a better understanding of the vector meson
sector is in order.

The basis light-front quantization (BLFQ) approach
[27-31] provides a novel numerical solution for vector meson
LFWFs. The heavy quarkonium system is solved using an ef-
fective Hamiltonian which has some features of the light-front
holographic QCD effective Hamiltonian [32,33]. In addition
to the soft-wall confinement in the transverse direction, it
includes longitudinal confinement to complete the confining
potential for the heavy flavors, and the one-gluon exchange
interaction is implemented to generate the spin structure of
heavy quarkonium [34]. Recently, the running coupling has
been implemented for the one-gluon exchange interaction,
and the resulting spectroscopy is improved compared with
previous results [35].

The LFWFs obtained within the BLFQ formalism provide
a reasonable description of heavy quarkonia, including all
states below the open flavor thresholds. For example, the
LFWFs yield results for the mass spectroscopy, the decay con-
stants, the rms radii [34,35] and the decay via magnetic dipole
radiation [36]. Furthermore, the BLFQ LFWFs calculated in
Ref. [34] were employed in the dipole picture, and the results
were found to be consistent with diffractive charmonium
production data at HERA and the PbPb collisions at LHC [37].
In particular, we found that the diffractive production cross-
section ratio oy(2s)/0y/¢ exhibits significant independence of
model parameters, especially for the deeply virtual processes.

In this paper, we calculate diffractive production of vector
charmonium and bottomonium states below the open flavor
thresholds in the dipole picture using the LFWFs obtained
in Ref. [34], to be consistent with an earlier application of
BLFQ LFWFs, which was primarily focused on predicting
charmonium production at HERA. Diffractive production of
vector charmonium and bottomonium using the LFWFs ob-
tained in Ref. [35] differs from the prediction we present
here by less than 2% and will be reported elsewhere. We
emphasize comparing our calculation to experimental data
for ultraperipheral pp, pPb, and PbPb collisions at LHC,
which complement our previous calculations in Ref. [37].
We also make predictions for future EIC experiments for the
bottomonia production.

This paper is organized as follows. In Sec. II, we review the
vector meson production in the dipole picture and the heavy
quarkonium LFWFs in the BLFQ approach. We compare the
predictions of the diffractive production cross sections to the
experimental data collected at LHC, including data from LHC
run 2, in Sec. III. We make predictions for the cross-section

ratios of Y production at future EIC experiments in Sec. IV.
We summarize our results in Sec. V.

II. BACKGROUND
A. The dipole model

The diffractive production of vector mesons and semi-
inclusive DIS can be described simultaneously in the color
dipole picture, e.g., in Refs. [7,10,38]. In the dipole picture,
due to the time dilation of the photon LFWF in the proton
rest frame, both diffractive and semi-inclusive DIS can be
assumed to occur in three subprocesses: first the incoming
virtual photon fluctuates into a quark-antiquark pair, then
the gg pair scatters off the proton, and finally the g4 pair
recombines to form a virtual photon or a vector meson. The
effectiveness of the dipole picture relies on the separation of
timescales: the lifetime of the ¢4 pair at small x is much longer
than its typical interaction time with the target.

In the dipole picture, the total DIS cross section can be
factorized in the following form:

ol P (x, Q)
2 ! dz N
=Y [ [ @ ez 00w, 0
s o

with the summation over quark flavor f, and (\Il*\Il)’; ;, de-
notes the overlap of the incoming and outgoing virtual photon
LFWFs of the leading quark-antiquark Fock sector in the
transverse (7) or longitudinal (L) polarization configuration;
04q(x, 1) is the cross section of a g4 pair scattering off a
proton; and Q®> = —¢g” denotes the virtuality of the photon
where g represents the four-momentum of the photon, r is
the transverse separation of the quark and antiquark, and
z is the LF longitudinal momentum fraction of the quark.
The momentum fraction of gluons in the proton which are
interacting with the dipole is specified by Bjorken x.

The diffractive vector meson production cross section can
be calculated in an approach similar to the total DIS cross
section. The production amplitude can be calculated as [39]
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where 1 = —A? denotes the momentum transfer between the

dipole and the nucleus. On the right-hand side, r is the trans-

verse size of the color dipole and b is the impact parameter

of the dipole relative to the proton. W and W} are LFWFs of

the virtual photon and the exclusively produced vector meson

respectively. The cross section then is calculated from the
amplitude via

dot ' PEp _AV Ep N 5
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The photon LFWFs, Wthh describe the amplitude for the

photon to fluctuate into a quark-antiquark dipole, are usually
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calculated using perturbative methods [40,41]. In the leading
order (LO) of a, (the fine structure constant), the normalized
photon wave function for the longitudinal photon polarization,
with A = 0, is given by

Ko (6 r )

2
and for the transverse photon polarizations, A = %1, they are
given by

Wio=t1(r 2, Q)

= tese /2N {ie*" [28,,+85+ — (1 — 2)8,+8; +19,
KQ(EI")
27

with e = /47 oy, being the charge of the electron and ey the
quark charge number; the subscripts 4 and h are the light-
front helicities of the quark and the antiquark, respectively;
and 6, is the azimuthal angle between the vector r and the
polarization x axis in the transverse plane. Ky is a modified
Bessel function of the second kind, €2 = z(1 — )0 + mﬁ
and N, = 3 is the number of colors. We employ the LO photon
LFWFs in this paper. However, it is worth mentioning that
promising progress has been made in generalizing the dipole
factorization for DIS at NLO [20,21].

The interactions between the quark-antiquark dipole and
the proton are encoded by the dipole cross section o44(x, 7).
Several successful models have been proposed and the pa-
rameters were determined by fitting the theoretical total DIS
cross section calculated for the proton structure function F,
measured primarily at HERA. In pioneering studies of the
dipole model [42,43], the contributions from the multigluon
exchange diagrams were resummed up to the leading log-
arithm in 1/x, through the Balitsky-Fadin-Kuraev-Lipatov
(BFKL) equation [44]. Later the Golec-Biernat and Wiisthoff
dipole model, which is based on the scaling of saturation scale
O, as a function of Bjorken x, was able to describe the total
inclusive and diffractive DIS cross sections at HERA, except
for the large Q7 data.

Dipole models with explicit impact parameter dependence
are favored in the study of diffractive vector meson produc-
tion. For instance, the diffractive vector meson production
as a function of the momentum transfer between the dipole
and the proton can provide valuable information on the GPDs
and spatial parton distributions of the proton. The dipole
cross section can be obtained by integrating over the impact
parameter dependent dipole cross section as follows:

do,:(x,r,b)
Ogq(x, 1) = / dzb‘”dT. (6)

In the following we discuss the bCGC and bSat dipole models
since they are currently widely used in investigations of DIS,
and we adopt these two dipole models for our investigation.
For small-x gluons, nonlinear dynamics is dominant in
the saturation regime. Consequently the Balitsky-Kovchegov
(BK) equation [45] is considered to be more relevant in DIS
involving small-x gluons. Inspired by the color glass conden-
sate, the effective theory of QCD in the saturation regime,
Iancu, Itakura, and Munier proposed the CGC dipole model,

Wyiso(r. 2, Q) = ere /No 8, _;20z(1 — 2) )

+msdp,+07 4} 5)

which adopts the solutions of the BFKL equation for small
dipoles and the Levin-Tuchin solution [46] of the BK equation
for larger dipoles. The CGC dipole model was generalized
to the bCGC dipole model by Watt and Kowalski [47]. The
dipole proton cross section is

doyg(x, 1, b) 5 NO(rTQ)ZVeﬂ’

rQS < 21
d2b 1 — e—Alnz(BrQS)’ )

rQs > 2,
where Ny, A, and B are determined such that the above
equation is smooth at rQ; = 2, with

1
Kkshs In(1/x) In % '

Yeft = Vs + (®)
and the impact parameter dependence was introduced in
Ref. [47], which we follow here:

X As/2 b2
Os(x,b) = (—0> exp (——) GeV, )
X 4y,Bcge

where xo, Vs, K5, Ag, and Bege are parameters to be determined
by inclusive DIS data [14]. In this investigation, we use re-
cent parametrizations by Rezaeian and Schmidt [38] obtained
by fitting to the updated combined DIS data by the ZEUS
and H1 Collaborations [14]. We follow the prescription in
Refs. [38,47] for the skewness correction in the bCGC dipole
model. Rycge is assumed to be

220cact3 [(Syege + 5/2)

Rycge(Sveae) = T TOwaetd) (10)
with
*p—E
O .
bCGC = o)

where Ar; is the production amplitude in Eq. (2). The ob-
tained Rpcqc is then applied multiplicatively to the production
amplitude.

The bSat dipole model was first proposed by Kowalski and
Teaney [10] based on the Glauber-Mueller formula [17] and
assumes the dipole cross section as follows:

doy; 2
—ip = 2[1 —exp (— Z”NC o (1 )xg(x, MZ)T(b)>], (12)
where «; is determined using LO evolution of the running
coupling, with fixed number of flavors N;. u? is related to
the dipole size r through u? = 4/r* 4+ ug. The gluon den-
sity is determined using the LO Dokshitzer-Gribov-Lipatov-
Altarelli-Parisi evolution [48] from an initial scale /L%, where
the initial gluon density is

xg(x, ug) = Agx ¢ (1 — x)*0. (13)

The impact parameter dependence was introduced through the
proton shape function,

To(b) = exp(—b*/2Bg)/ (27 Bg), (14)

with Bg = 4 GeV~2. In the bSat dipole model, 1o, A, and
Ag are parameters to be determined by the inclusive DIS data
[14]. We use values for these parameters given in Ref. [49] for
this investigation. We follow the prescription in Refs. [39,49]
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for the skewness correction in the bSat dipole model. Rysy S
assumed to be

220543 T (Spgar + 5/2)
VT T(Spsa+4)

Rysai(Spsat) = (15)

with

_ 9ln[xg(x, 1*)]
(SbSat = W (16)

The obtained Rysy is then applied multiplicatively to the gluon
density function in Eq. (12).

In order to make comparison with experimental data, it is a
widely adopted practice to include another phenomenological
correction in the calculation; e.g., the contribution from the
real part of the scattering amplitude is conventionally incor-
porated by multiplying the cross section by a factor (1 + 8?)
[39], where B is the ratio of the real and imaginary parts of the
scattering amplitude, and is calculated as [50]

I (A} 77")

B =tan(wA/2) withA = 31n(1/m)

. an

where Ay, is the production amplitude in Eq. (2).

B. Heavy quarkonium in the basis approach

The understanding of the meson structure from first princi-
ples is hindered by unsolved problems in the nonperturbative
regime of QCD such as the origin of confinement and the
dynamics of chiral symmetry breaking. However, a quantita-
tive vector meson LFWF is critical for the study of diffractive
vector meson production in the dipole picture. Currently, the
boosted Gaussian (bG) LFWF [23,41] and the holographic
QCD LFWEF [32,33] are two popular choices.

Both the bG and holographic LFWFs rely on the assump-
tion that the vector meson LFWFs have the same spin struc-
ture as a virtual photon. They differ only by the specifications
of the scalar components of the LFWFs. For example, the
bG LFWFs are obtained by boosting a Gaussian type wave
function in the meson rest frame to the infinite momentum
frame [23], and the holographic LFWFs are obtained by
solving a Schrodinger-like eigenequation with an effective
light-front holographic Hamiltonian [32]. Both of them have
enjoyed successes in phenomenological applications. Nev-
ertheless, there are several limitations to be overcome. The
major drawback of the bG LFWFs is that the parameters
cannot be uniquely determined which introduces uncertainties
to the calculation. On the other hand, the holographic LFWFs
have better control over the model parameters, but their appli-
cation is limited to the massless or small quark mass regime.
Moreover, there are some ambiguities in the description of the
higher excited states within the light-front holographic QCD
approach. In the following we discuss the holographic LFWF
and sketch how the BLFQ formalism extends the Hamiltonian
to include additional features of QCD.

In principle, the hadron mass spectrum and the associ-
ated light-front amplitudes can be obtained by solving the
eigenequation of the light-front QCD (LFQCD) Hamiltonian

operator H, rocp,

Hiroeo Vi) = Mi 1Y) (18)

However, it is a formidable task to work with the QCD Hamil-
tonian directly. As a compromise for the quarkonium system,
Brodsky and de Teramond work with the semiclassical ap-
proximation of light-front QCD, i.e., light-front holographic
QCD [32], which is based on the correspondence between
anti—de Sitter (AdS) space and QCD:

K+m?

Z(l _ Z) +Kcon€l_’ (19)
where k and z are the transverse momentum and longitu-
dinal momentum fraction of the quark, respectively; ¢, =
/z(1 — z)r is the transverse separation of quark and antiquark
on the light front; and k.o, is the strength of the confinement.
The meson mass spectrum can be reproduced well by solving
Eq. (19) [32], and the associated meson LFWFs yield diffrac-
tive p and ¢ productions which are consistent with measure-
ments at HERA and LHC [25]. The light-front holographic
QCD was derived in the massless limit. It can be extended to
small quark masses using the invariant mass ansatz [51]. It is
a challenge to describe the heavy quarkonium system using
the light-front holographic Hamiltonian in Eq. (19). Even
within the light quark sector, it is a challenge to include higher
excited states within the light-front holographic formalism
only.

The BLFQ approach to heavy quarkonia [34] transcends
the above limitations and generalizes the holographic QCD to
heavy flavor sector by introducing a longitudinal potential and
including the the one-gluon exchange dynamics [34]:

H holographic =

4

K
ﬁaz[z(l —2)9.]

HBLFQ = Hholographic -

4 Cra o
- ”Qﬁ 6 b (Kt (K Yo Ry vs(B), (20

where Cp =% and Q* = —1(k' —k)? — 3(k —k')>. This
BLFQ approach is suitable for generating all the states of the
heavy quarkonia systems governed by the same Hamiltonian
in the chosen Fock space representation. The second term,
which is the longitudinal confining potential, can be solved
analytically, and the resulting wave function resembles the
known asymptotic parton distribution ¢™*(x) ~ x%(1 — x)”.
The last term, the one-gluon exchange interaction which is
derived from light-front QCD, provides the short-distance
physics and spin structures needed for the angular excitations
and the hyperfine structure. With this effective Hamiltonian,
there is no need for additional assumptions about the spin
structure of the bound states, including all the excited states.
In particular, the one-gluon exchange interaction gives rise to
D-wave components in our vector meson LFWFs.

The model for the BLFQ effective Hamiltonian has several
parameters: the strong coupling constant o, the effective
quark mass m,, and the confining strength kcon. These pa-
rameters are determined by fitting the mass spectrum of the
Hamiltonian to the experimental spectrum for heavy quarko-
nium states below the open-flavor thresholds. There are 8
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charmonium states (2 of which are vector mesons) and 14
bottomonium states (4 of which are vector mesons), that fall
into this category. In an initial study [34], o is fixed, with
as(Mz) > 0.36 and o (M) ~ 0.25. They are related through
the pQCD evolution of the coupling constant. With a root-
mean-square (rms) deviation in their masses from experiment
of about 50 MeV, the other two parameters are fitted to be
me = 1.522 GeV and k.o, = 0.938 GeV for charmonium and
my, = 4.763 GeV and ko, = 1.490 GeV for bottomonium. In
a subsequent investigation [35], the evolution of the strong
coupling «; as a function of invariant four-momentum transfer
is included. With a resulting rms deviation in their masses
from experiment of about 31 MeV, the other two parameters
are fitted to be m. = 1.603 GeV and k., = 0.966 GeV for
charmonium. For the bottomonium states, the fitting gives
mp = 4.902 GeV and «.onp = 1.389 GeV, with an rms de-
viation in their masses from experiment of about 38 MeV.
The resulting LFWFs from both investigations [34,35] predict
the decay constants, the form factors, and the charge radii,
which compare reasonably well to the experiments and other
established methods, such as lattice QCD and the Dyson-
Schwinger equation. The resulting LFWFs from Ref. [34]
were also employed for the calculation of diffractive charmo-
nium production in the dipole picture, without adjusting the
parameters [37]. The charmonium cross section predicted by
the LFWFs from Ref. [34] is in reasonable agreement with
experimental data at HERA, RHIC, and LHC.

In Fig. 1, we present the transverse overlap functions
between the Y'(1s) LFWF and the photon LFWF predicted by
the BLFQ LFWF and a parametrization of the boosted Gaus-
sian LFWF for three representative values of Q>. The BLFQ
LFWEF is obtained by diagonalizing the effective Hamiltonian
in Eq. (20) [34]. The boosted Gaussian is given in Refs. [26].
The bottom quark mass in the virtual photon LFWF is set to
4.2 GeV throughout this paper. For ultraperipheral collisions,
the contribution from transverse overlap function dominates.
Comparison of overlap functions for J/W¥ can be found in
Ref. [37]. Our emphasis is to provide an approach that is
systematic and improvable. Among other features of the
BLFQ Hamiltonian approach is the prediction of LFWFs for
many states of heavy quarkonia. The comparison with the
boosted Gaussian LFWF is meant to show the similarities
and differences with a popular phenomenological model using
diffractive vector meson production. Note that the overlap
functions from two distinct approaches give very similar
predictions for the photoproduction of Y in ultraperipheral
collisions.

The appealing features of heavy quarkonium LFWFs ob-
tained from the BLFQ approach can be summarized as fol-
lows. First, the BLFQ formalism provides a unified descrip-
tion for a variety of observables, such as mass spectroscopy
and decay constants. The BLFQ LFWFs also provide valuable
insights for additional quantities such as the form factors
and the charge radii. Second, the excited states are described
without introducing additional assumptions, e.g., the LFWFs
for all charmonium and bottomonium states below the open-
flavor thresholds are dictated by the effective Hamiltonian in
Eq. (20). Predictions for excited states, from BLFQ and from
other approaches, will be valuable for the future EIC, where

0.04 T
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FIG. 1. The transverse overlap functions between the Y(ls)
LFWF and the photon LEWF predicted by the BLFQ LFWF and a
parametrization of the boosted Gaussian LFWF for three representa-
tive values of Q. The BLFQ LFWF is obtained by diagonalizing the
effective Hamiltonian in Eq. (20) [34]. The boosted Gaussian is given
in Refs. [26]. The bottom quark mass in the virtual photon LFWF is
set to 4.2 GeV when calculating the overlap function between the
BLFQ LFWFs and virtual photon LEFWF; see the text.

these states can be accurately measured. It is also anticipated
that we would be able to study the dipole-nucleus interaction
in the time-dependent BLFQ framework [52,53], and provide
a more consistent description of the diffractive vector meson
production process.

In our previous calculation [37] and also in this investi-
gation, we employ LFWFs calculated in Ref. [34] to study
diffractive heavy quarkonium production in various experi-
ments. The quark masses obtained by the fitting were regarded
as the effective quark masses in the bound states, which are
not necessarily the same as the quark masses in the virtual
photon LFWF or the dipole cross section. We hypothesize
that the energy scales of QCD interactions are different in
the above processes, thus effective quark masses could be
different. The hypothesis we adopted is based on speculations
as follows. First, distinct theoretical approaches are used
in obtaining the virtual photon LFWF, heavy quarkonium
LFWF, and dipole model. For instance, the virtual photon
LFWEF is calculated using the perturbative method, while in
the BLFQ approach heavy quarkonium is nonperturbative.
Higher-order effects could account for the difference in quark
mass. Furthermore, in the dipole picture, diffractive vector
meson production proceeds in three stages: the incoming
virtual photon fluctuates into a quark-antiquark pair, then the
quark-antiquark pair elastically scatters on the proton, and
finally the quark-antiquark pair recombines to form a virtual
photon. The energy scales for these three subprocesses could
be different and, as a result, the relevant effective quark mass
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could be different. We will specify our choice of quark mass
for each of our applications.

C. Diffraction off a nucleus

Accurate measurements of the diffractive events at future
EIC facilities will provide a three-dimensional tomographic
scan of the parton distribution inside a nucleus, and will also
provide invaluable insights into the gluon saturation mech-
anism in the small-x regime [15,16]. The EIC will provide
a wide variety of heavy-ion beams, two to three orders of
magnitude increase in luminosity (comparing to existing ex-
periments), and a versatile range of kinematics for the study of
diffractive processes [16]. Compared to electron-proton colli-
sions, electron-nucleus collisions reach the saturation regime
at much lower energy, because the saturation effect is ampli-
fied by the number of nucleons along the path of the projectile
(~A'/3, with A the atomic number of the nucleus). For this
reason, studies of vector meson production in ultraperipheral
heavy-ion collisions (UPC), where two heavy ions scatter
without overlap at large impact parameter, have provided a
complementary look into the higher energy scale [54].

It is straightforward and intuitive to extend the dipole
formalism in diffractive DIS from ep collision to eA and AA
collisions. With an impact parameter dependent dipole model,
the nucleus can be regarded as a collection of nucleons ac-
cording to a given nuclear transverse density distribution, e.g.,
the Woods-Saxon distribution. If the Bjorken x of a parton
in the hadron is small, e.g., x < A’1/3/(MNR1,) ~ 1072(My
is the mass of the nucleus and R, is the proton radius), its
wavelength in the x~ direction is larger than the radius of the
nucleus, such that the exact position of each nucleon within
the nucleus is not significant. Consequently the cross section
should be calculated by averaging over all possible nuclear
configurations at the cross section level,

dototal _ L
dt 167

(lA(x, Q% 1, Q)P)a, 1)

where €2 denotes nucleon configurations.

The diffractive vector meson production can be further
classified into two cases: the coherent and incoherent pro-
ductions. In a coherent event, the incoming photon interacts
coherently with the whole nucleus. In the case of an incoher-
ent event, the incoming photon interacts not with the whole
nucleus, but rather with a single nucleon. The coherent cross
section should be calculated by averaging over all possible
nuclear configurations at the amplitude level,

dOconerent 1 ) 2
dt - 167T|(A(X,Q L Q))QI . (22)
In this paper we will focus on coherent heavy quarkonium
production.

One additional approximation is needed for calculating the
diffractive VM production in UPC using the dipole model.
In the rest frame of one of the ions, the target ion, the
exclusive vector meson production can be regarded as a result
of the scattering of equivalent photons radiated by the incident
ion [54], and thus the VM production cross section can be

calculated as

w

o= /dw@a”, (23)

where 074 is the photon-nucleus cross section and n(w) is
energy spectrum of the equivalent flux of photons generated
by the projectile. In a modified version of the Weizsédcker-
Williams approximation, the equivalent photon flux associ-
ated with a proton is [55]

dNy(C()) _ Olem 4 (1 B 2_(,())2
do  2mw s

In& = + ) ) + ! (24)
x| né——+-—-—+-—=1.
6 & 28 38
where @ is the photon energy and /s is the center-of-
mass energy between two colliding nuclei. The dimensionless
quantity & equals 1 + (Q2/Q2. ) with 02 = 0.71 GeV? and
Qrznin = o)y}, where y, = \/s/ (2m,,) is the Lorentz factor of
the projectile proton beam. The photon flux associated with a
nucleus, with number of protons Z and radius Ry, is

%-2
2

Zzozem

n(w) = [sKo(sﬂq(s) — = [K7(€) - Ké(é)]},

(25)

integrated over all possible impact parameters b > by, =
2R4. In the above expression, & = 2wR4 /(v B), and y is the
Lorentz boost factor of the beam in the center-of-mass frame,
B ~ 1 is the velocity of the projectile nucleus, and K, and K,
are modified Bessel functions of the second kind.

np

III. EXCLUSIVE HEAVY QUARKONIUM
PRODUCTION AT THE LHC

In this section, we compare the predictions using BLFQ
LFWFs to measurements of exclusive charmonium and bot-
tomonium production in ultraperipheral pp, pPb, and PbPb
collisions at various energies, including recent data collected
at run 2 LHC energies. For such a purpose, we select
one representative bSat dipole model parametrization from
Ref. [49] with m, = 1.4 GeV, which corresponds to bSat V
from Table 1 in Ref. [37]. We select one representative impact
parameter dependent color glass condensate dipole model
(bCGC) parametrization from Ref. [38] with m, = 1.4 GeV,
which corresponds to bCGC III from Table 2 in Ref. [37].
Both are fitted to the combined DIS data released in 2015
[14]. Throughout this section, bSat and bCGC dipole model
parametrizations are adopted from Refs. [38,49]. Our study
complements investigations on heavy quarkonium production
at LHC using other phenomenological LFWFs [56-63].

A. Ultraperipheral pp collisions

The ultraperipheral pp collision at high center-of-mass
energy up to multi-TeV per nucleon can provide insight into
gluons with Bjorken x as small as 1073 &~ 107®. The LHCb
Collaboration has reported J/W¥ and W(2s) production in pp
collisions at a center-of-mass energy /s = 7 TeV [64] and
at a center-of-mass energy /s = 13 TeV [65]. The LHCb
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FIG. 2. Differential cross sections as a function of rapidity, y,
using the BLFQ LFWF for the central exclusive J/W production in
pp collisions at center-of-mass energy /s = 7 TeV (top panel), and
at center-of-mass energy /s = 13 TeV (bottom panel), compared
with the measurements by the LHCb Collaboration [64,65]. The solid
curve was produced using the bSat dipole model parametrization
with m. = 1.4 GeV [49]. The dashed curve was produced using
the bCGC dipole model parametrization with m, = 1.4 GeV [38].
Error bars show the statistical and systematic uncertainties added in
quadrature.

Collaboration has also reported Y production in pp collisions
at center-of-mass energies /s = 7 TeV and /s = 8 TeV [66].
Heavy quarkonia are produced exclusively through the
interaction between the photon emitted by one of the protons
and the other proton by exchange of a colorless strongly
coupled object. The large mass of the produced heavy quarko-
nium provides a hard scale which supports the application of
the dipole model in such a diffractive process. The Bjorken
x of the gluons being probed through the exclusive heavy
quarkonium production in the pp collision is x & mye® /\/s,
where my and y are the mass and the rapidity of the produced
heavy quarkonium, and s the center-of-mass energy squared.
The gluon distribution in the regime 1072 < x < 107% is
constrained by experimental measurements reported in Ref.
[64-66]. It is thus possible for us to study the heavy quarko-
nium production in pp collisions using the dipole model and
the heavy quarkonium LFWFs obtained within the BLFQ
framework to provide insights into the gluon distribution.

TABLE I. The products of the photoproduction cross sections
(in pb) of the J/y in pp collisions and the branching fractions
for the decays to dimuons, corrected by LHCb acceptance, are
calculated using the BLFQ LFWF and compared to the recent LHCb
measurements (errors are summed in quadrature) [64,65]. The bSat
dipole model parametrization with m. = 1.4 GeV from Ref. [49] and
the bCGC dipole model parametrization with m, = 1.4 GeV from
Ref. [38] are used for the calculation.

bSat bCGC LHCb
J/V — utp at7 TeV 310.8 302.6 291 £20.24
J/V — ptpoat 13 TeV 436.1 421.6 435 £27.09

In Fig. 2, we show the predictions using the BLFQ LFWF
for the central exclusive J/W production in pp collisions
at center-of-mass energy /s =7 TeV (top panel) and at
center-of-mass energy /s = 13 TeV (bottom panel), com-
pared with the measurements by the LHCb Collaboration
[64,65]. The solid and dashed curves are produced using
the bSat dipole model parametrization and the bCGC dipole
model parametrization, respectively. Using both bSat and
bCGC dipole models, the predictions using the BLFQ LFWF
are close to experiment for the rapidity regime 2 < y < 3 and
overestimate the J/W production at larger rapidities. Note that
at very high rapidity both the small and large Bjorken-x gluons
in the proton contribute to the interaction: a small-x photon
can scatter off a large-x gluon or vice versa, which add to the
theoretical uncertainties for J/W production at large rapidity.

We calculate the photoproduction cross sections (in pb) of
the J/4 in pp collision at center-of-mass energies /s = 7
TeV and /s = 13 TeV. The integrated yield of dimouns from
decay of J/r, taking into account the branching fractions and
corrections by LHCb acceptance is calculated subsequently
and is shown in Table I. Our calculations using BLFQ LFWF
are within experimental uncertainty when compared to re-
cent LHCb measurements (errors are summed in quadrature)
[64,65]. The bSat dipole model parametrization with m, = 1.4
GeV from Ref. [49] and the bCGC dipole model parametriza-
tion with m. = 1.4 GeV from Ref. [38] are used for the
calculation.

In Fig. 3, we show the predictions using the BLFQ LFWF
for the central exclusive Y(1s) production in pp collisions
at center-of-mass energies /s =7 TeV and /s =8 TeV,
compared with the measurements by the LHCb Collabora-
tion [66]. The solid and dashed curves are produced using
the bSat dipole model parametrization and the bCGC dipole
model parametrization, respectively. Another calculation us-
ing bCGC diple model and boosted Gaussian LFWF [62] is
shown (dotted line) for comparison. The calculations using
BLFQ and boosted Gaussian wave function are comparable
to each other. The yield of Y(ls) is much lower compared
to the charmonium production, which resulted in a larger
uncertainty for the experiment data. For both bSat and bCGC
dipole models, the predictions using the BLFQ LFWF agree
with data within experimental uncertainty. Note that for Y(1s)
production the Bjorken x of the gluons being probed are
roughly three times larger compared with the production of
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FIG. 3. The predictions using the BLFQ LFWF for the central
exclusive Y(ls) production in pp collisions at center-of-mass en-
ergeis /s =7 TeV and /s = 8 TeV, compared with the measure-
ments by the LHCb Collaboration [66]. The solid curve is produced
using the bSat dipole model parametrization with m, = 1.4 GeV
[49]. The dashed curve is produced using the bCGC dipole model
parametrization with m, = 1.4 GeV [38]. Error bars show the sta-
tistical and systematic uncertainties added in quadrature. Another
calculation using the bCGC diple model and boosted Gaussian
LFWF [62] is shown (dotted line) for comparison.

J/W at the same rapidity in pp collisions at the same center-
of-mass energy.

In Table II, we present the calculated results for the total
photoproduction cross section (in pb) of the Y(1s) within the
LHCDb acceptance using the BLFQ LFWF and compare with
the LHCD data. The bSat dipole model parametrization with
m. = 1.4 GeV from Ref. [49] and the bCGC dipole model
parametrization with m, = 1.4 GeV from Ref. [38] are used
for the calculation. Both calculations are within experimental
uncertainty [65].

Overall, within the dipole model, the predictions of BLFQ
LFWFs for the J/W and Y(ls) agree with the latest experi-
mental data from pp collisions at various energies at the LHC
[64-66].

B. Ultraperipheral pPb collisions

In a pPb collision, heavy quarkonium can be produced
by the interaction of a photon with either a proton or a lead
nucleus, where the photon is emitted from one of the two
colliding particles. However, the density of photons emitted

TABLE II. The total photoproduction cross section (in pb) of
the Y(1s) in the LHCb acceptance, is calculated using the BLFQ
LFWF and compared to the recent LHCb measurements (errors are
summed in quadrature) [65]. The bSat dipole model parametrization
with m, = 1.4 GeV from Ref. [49] and the bCGC dipole model
parametrization with m, = 1.4 GeV from Ref. [38] are used for the
calculation.

bSat bCGC LHCb

T(1ls) at 7 and 8 TeV 10.63 10.054 9.0£2.7
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FIG. 4. Predictions using the BLFQ LFWF for the central ex-
clusive J/W production in proton-lead collisions at center-of-mass
energy /s = 5.02 TeV, compared with the measurements by the AL-
ICE Collaboration [67]. The solid curve is produced using the bSat
dipole model parametrization with m, = 1.4 GeV [49]. The dashed
curve is produced using the bCGC dipole model parametrization with
m, = 1.4 GeV [38]. Error bars show the statistical and systematic
uncertainties added in quadrature.

by the nuclear projectile is enhanced by the atomic number
Z, so photon emission from the ion is strongly enhanced with
respect to that from the proton. Consequently, the y 4+ p —
p + V process strongly dominates over the process y + Pb —
Pb+V.

In a pPb collision, for example, if we set the proton
motion in the n < 0 direction, the y p center-of-mass energy
W, , is determined by the produced vector meson rapidity:
Wyzp = 2E,My exp(—y), where My is the vector meson mass,
y is the vector meson rapidity, and E, is the proton energy
(E, =4 TeV in the laboratory frame). The Bjorken x of the
gluons being probed is given by x = (My/W,,)*. A unique
feature of the pPb asymmetric collision is that the diffractive
vector meson production at different center-of-mass energies
W, , can be investigated simultaneously. For instance, for the
exclusive J/W photoproduction off protons in ultraperipheral
pPb collisions at /s = 5.02 TeV, the J/W¥ produced within the
rapidity regime 2.5 < y < 4.0 corresponds to 21 < W, , < 45
GeV and the J/W¥ produced within the rapidity regime —3.6 <
y < —2.6 corresponds to 577 < W, , < 952 GeV. The J/¥
produced within the rapidity regime —3.6 <y < —2.6 thus
can provide valuable constraints on the gluon distribution at
small x.

In Fig. 4, we show the predictions using the BLFQ LFWF
for the central exclusive J/W production in pPb collisions
at center-of-mass energy /s = 5.02 TeV, compared with the
measurements by the ALICE Collaboration [67]. The solid
and dashed curves are produced using the bSat dipole model
parametrization and the bCGC dipole model parametrization,
respectively. Using the BLFQ J/W¥ LFWFs, both bSat and
bCGC dipole models predict a yield slightly smaller than
the data. The predictions of bSat and bCGC agree with each
other for y < 0, which corresponds to high center-of-mass
energy W,,, and the prediction of bSat deviates from the
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bCGC prediction for y > 0 which corresponds to low center-
of-mass energy W,,. Note that the data points with y > 0
correspond to Bjorken x larger than 0.01 in the dipole model,
while the dipole model is more reliable for Bjorken x much
smaller than 0.01. Indeed we observe that the predictions
of both bSat and bCGC for y < 0 are within experimental
uncertainty.

C. Ultraperipheral PbPb collisions

Ultraperipheral heavy ion collisions can provide photon-
nucleus interactions in the kinematic regime of Q> ~ 0 GeV>.
Such studies thus can shed light not only on small-x gluon
distribution for nucleons but also for nuclei, leading to a better
understanding of cold nuclear effects in high energy nuclear
collisions. In ultraperipheral PbPb collisions, the yield of
heavy quarkonium is enhanced due to the large photon density
(~Z?) and the large number of target nucleons. One of the
appealing facts about heavy quarkonium production in ultra-
peripheral PbPb collisions is that three different collaborations
have measured the J/W production at two different center-
of-mass energies [68—71] and the data sets are in reasonable
agreement.

The exclusive photoproduction of heavy quarkonium can
be either coherent, characterized by low transverse momen-
tum of the produced heavy quarkonium, where the photon
couples coherently to almost all the nucleons; or incoherent,
characterized by large transverse momentum of the produced
heavy quarkonium, where the photon couples to a single
nucleon. We focus on coherent heavy quarkonium production
here. In Fig. 5, we show the predictions using the BLFQ
LFWF for the coherent J/W production in PbPb collisions
at center-of-mass energy /s = 2.76 TeV (top panel) and at
center-of-mass energy /s = 5.02 TeV (bottom panel), com-
pared with the measurements by the ALICE Collaboration
[68,69], the CMS Collaboration [70], and the LHCb Ccol-
laboration [71]. The solid and dashed curves are produced
using the bSat dipole model parametrization and the bCGC
dipole model parametrization, respectively. For the coherent
J/W production in PbPb collisions at center-of-mass energy
A/s = 2.76 TeV, the bSat dipole model prediction slightly
overestimates the yield while the bCGC model agrees with
the data. On the other hand, for the coherent J/W production
in PbPb collisions at center-of-mass energy /s = 5.02 TeV,
the bSat dipole model prediction agrees with the data within
uncertainty while the bCGC dipole model prediction slightly
underestimates the yield. Note that the theoretical uncertain-
ties for J/W production at large rapidity are larger compared
to central rapidity as well.

IV. THE CROSS-SECTION RATIO

In a previous investigation [37], we studied the ratio of the
W(2s) cross section to the J/W cross section as a function
of Q°. If we assume that the quark-antiquark pair originat-
ing from quantum fluctuation of the virtual photon scatters
universally on the nuclear target for the production of differ-
ent states of the same quarkonium system, the uncertainties
coming from the dipole model parametrizations may partially

6
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FIG. 5. Predictions using the BLFQ LFWF for the coherent
J/W¥ production in PbPb collisions at center-of-mass energy /s =
2.76 TeV (top panel) and at center-of-mass energy /s = 5.02 TeV
(bottom panel), compared with the measurements by the ALICE
Collaboration [68,69], the CMS Collaboration [70] and the LHCb
Collaboration [71]. The solid curve is produced using the bSat dipole
model parametrization with m. = 1.4 GeV [49]. The dashed curve
is produced using the bCGC dipole model parametrization with
m. = 1.4 GeV [38]. Error bars show statistical uncertainties only.

cancel in the ratio of different states, e.g., J/W and W(2s).
Under such an assumption, the cross-section ratio of higher
excited states over the ground state should also exhibit weaker
dependence on the dipole model than the cross section itself.
Our calculation agreed with the experimental data collected
at HERA [72] and indeed showed that the cross-section ratio
of oy /0w exhibited weak dependence on dipole models,
especially in the large Q? regime [37].

In this paper we calculate the cross-section ratios for up-
silon production in electron-ion collisions. In Fig. 6, we show
the cross-section ratios ovy(zs)/0v(1s) and oyas/ovs) as a
function of Q7 predicted using the BLFQ LFWF with various
dipole cross-section parametrizations in eCu collisions and in
¢Pb collisions. The parameters of dipole models bSat I-V and
bCGC I-II used in this calculation can be found in Tables 1
and 2 in Ref. [37]. We observe that the cross-section ratios
for Y states exhibit weak dipole model dependence as well.
Furthermore, the oy (25)/0v(15) and oy 3s)/0y(15) CrOss-section
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FIG. 6. The cross-section ratios oy(2)/0r(1s) and ov(3s)/0r(1s) as a function of Q? predicted using the BLFQ LFWF with various dipole
cross-section parametrizations. Such measurements are possible at a future Large Hadron electron Collider (LHeC) [15]. The parameters of
dipole models bSat I-V and bCGC I-1II used in this calculation can be found in Tables 1 and 2 in Ref. [37]. From left to right, we show the
cross-section ratios oy /015 (a) and oy /015 (b) as a function of Q? in eCu collisions, and the cross-section ratios Ov(s)/ s (c) and
Ov(s)/0r(1s) (d) as a function of Q? in ePb collisions. Note that the predictions for several bSat parametrizations are almost indistinguishable

from each other.

ratios shows weak dependence on the colliding nucleus as
well.

A precise measurement of higher excited states of Ys is
difficult at HERA or LHC but it would be achievable at future
electron-ion colliding facilities, such as the Large Hadron
electron Collider (LHeC) [15] and the Electron-Ion Collider
(EIC) [16]. Our studies in this paper and in Ref. [37] suggest
that properties of the heavy quarkonium LFWFs could be
investigated through measurements of cross-section ratios of
higher excited states to the ground state in exclusive heavy
quarkonium production, since the cross-section ratios are
weakly dependent on the dipole model but show sensitiv-
ity to heavy quarkonium LFWFs. Furthermore, with well-
constrained heavy quarkonium LFWFs, the three-dimensional
tomographic information of the proton can be extracted more
efficiently from diffractive events.

V. CONCLUSIONS AND OUTLOOK

We study exclusive charmonium and bottomonium produc-
tion in ultraperipheral heavy-ion collisions and electron-ion
collisions in the dipole picture. We employ heavy quarkonium
light-front wave functions (LFWFs) obtained within the basis
light-front quantization (BLFQ) approach. We have studied
charmonium production using these BLFQ heavy quarkonium
LFWFs and compared our predictions to selected experi-
mental data at HERA, RHIC, and LHC. Our results provide
reasonably good descriptions of charmonium production for
the experimental data we surveyed [37]. In this investigation,
we focus on comparing the theoretical prediction of the BLFQ
LFWFs to experimental measurements of exclusive charmo-
nium and bottomonium production in ultraperipheral pp, pPb,
and PbPb collisions at LHC at various energies, including the
data collected from run 2 at LHC. For the new experimental
data we surveyed, our theoretical predictions are in satis-
factory agreement with experiment. Furthermore, we make
predictions for the coherent production of Y’s, including the

excited states, at future electron-ion collision experiments.
We find that the cross-section ratios of excited states to the
ground state for bottomonium exhibit very little sensitivity
to the dipole model parameters. Our study suggests that
measurement of such cross-section ratios at future electron-
ion collider experiments could provide properties of heavy
quarkonium. A well-constrained heavy quarkonium wave
function will be useful for extracting the three-dimensional
tomographic information of the nucleon structure and will
provide insights into gluon saturation physics.

The LFWFs we employed in this paper, which are obtained
by diagonalizing an effective heavy quarkonium Hamilto-
nian in the BLFQ framework, have been found to pro-
vide reasonable descriptions of heavy quarkonia decay con-
stants, radiative decay, and form factors. We also show in
this paper, consistent with a previous investigation, that the
BLFQ LFWFs can also describe a wide range of experi-
mental data for diffractive charmonium and bottomonium
production.

Our work indicates that the theoretical uncertainty is larger
in the low Q? regime for the diffractive charmonium and
bottomonium production. One possible improvement is to
extend the BLFQ approach to higher Fock sectors, e.g., the
quark-antiquark-gluon Fock sector, and use a dipole model
parametrizations that incorporate the quark-antiquark-gluon
sector as well. We believe such theoretical improvement
would be a major advance for investigating diffractive heavy
quarkonium production in future electron-ion collision exper-
iments.
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