Physics and Astronomy Publications

Physics and Astronomy

6-10-2017

Diffractive charmonium spectrum in high energy
collisions in the basis light-front quantization
approach
Guangyao Chen
Iowa State University

Yang Li
Iowa State University

Pieter Maris
Iowa State University, pmaris@iastate.edu

Kirill Tuchin
Iowa State University, tuchin@iastate.edu

James P. Vary
Iowa State University, jvary@iastate.edu

Follow this and additional works at: https://lib.dr.iastate.edu/physastro_pubs
Part of the Physics Commons
The complete bibliographic information for this item can be found at https://lib.dr.iastate.edu/physastro_pubs/464. For information on how to cite
this item, please visit http://lib.dr.iastate.edu/howtocite.html.
This Article is brought to you for free and open access by the Physics and Astronomy at Iowa State University Digital Repository. It has been accepted
for inclusion in Physics and Astronomy Publications by an authorized administrator of Iowa State University Digital Repository. For more information,
please contact digirep@iastate.edu.

Diffractive charmonium spectrum in high energy collisions in the basis
light-front quantization approach
Abstract

Using the charmonium light-front wavefunctions obtained by diagonalizing an effective Hamiltonian with the
one-gluon exchange interaction and a confining potential inspired by light-front holography in the basis lightfront quantization formalism, we compute production of charmonium states in diffractive deep inelastic
scattering and ultra-peripheral heavy ion collisions within the dipole picture. Our method allows us to predict
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a b s t r a c t
Using the charmonium light-front wavefunctions obtained by diagonalizing an effective Hamiltonian with
the one-gluon exchange interaction and a conﬁning potential inspired by light-front holography in the
basis light-front quantization formalism, we compute production of charmonium states in diffractive deep
inelastic scattering and ultra-peripheral heavy ion collisions within the dipole picture. Our method allows
us to predict yields of all vector charmonium states below the open ﬂavor thresholds in high-energy
deep inelastic scattering, proton–nucleus and ultra-peripheral heavy ion collisions, without introducing
any new parameters in the light-front wavefunctions. The obtained charmonium cross section is in
reasonable agreement with experimental data at HERA, RHIC and LHC. We observe that the cross-section
ratio σ(2s) /σ J / reveals signiﬁcant independence of model parameters.
© 2017 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3 .

1. Introduction
Exclusive vector meson production in diffractive deep inelastic
scattering (DIS) and deeply virtual Compton scattering (DVCS) are
effective tools for studying Quantum Chromodynamics (QCD) [1].
At low x these processes are dominated by gluon saturation [2,3].
Models incorporating saturation physics successfully describe the
high precision data harvested at the Hadron–Electron Ring Accelerator (HERA) [4–9] and are instrumental for deriving predictions for future experiments at the Large Hadron electron Collider
(LHeC) [10] and the Electron–Ion Collider (EIC) [11]. Theoretical
calculations often employ the dipole model [12,13] that relies on
the separation of scales: in the proton rest frame, the lifetime of
the virtual photon and the quarkonium formation time are much
longer than the time scale of the interaction. The dipole model
was used in Refs. [14,15] to describe both exclusive and diffractive
HERA measurements at low x.
The largest theoretical uncertainty in the calculation of diffractive heavy quarkonium production in the dipole picture arises from
poor knowledge of the heavy quarkonium light-front wavefunction
(LFWF). In phenomenological applications, the LFWFs are simply
educated guesses with several free parameters [7,14]. While such
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phenomenological models can be successful in explaining the experimental data, the presence of free parameters limits the predictive power. With electron–ion colliders on the horizon, where
around 30% of total events are expected to be diffractive, ﬁnding
well-constrained heavy quarkonium LFWFs based on the dynamics
of QCD becomes important.
Fortunately, recent progress in the basis light-front quantization (BLFQ) approach [16–20] has paved an avenue for improving
the understanding of the heavy quarkonium system. It has enabled the computation of the LFWFs for any heavy quarkonium
state and thus calculate the corresponding diffractive cross sections. The BLFQ approach has been successfully applied to calculate the electron anomalous magnetic moment [18], and to study
the positronium system [19,20]. Recently, some of us employed
the light-front Hamiltonian formalism to obtain the mass spectra and LFWFs for charmonium and bottomonium [21]. This was
achieved by diagonalizing an effective Hamiltonian that incorporates the one-gluon exchange interaction and a conﬁning potential
inspired by light-front holography [22,23]. The decay constants and
the charge form factors for selected eigenstates calculated using
these LFWFs are comparable to the experimental measurements as
well as to results from Lattice QCD and Dyson–Schwinger Equation approaches. Compared to phenomenological LFWFs used in
the literature, LFWFs from the BLFQ approach possess appealing
merits. In particular, the BLFQ LFWFs arise from successful ﬁts to
the heavy quarkonia mass spectroscopy, show success in applications to decay constants and provide predictions for additional

http://dx.doi.org/10.1016/j.physletb.2017.04.024
0370-2693/© 2017 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by
SCOAP3 .
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Table 1
Parameters of the initial gluon distribution in the bSat model in Eq. (5) determined from ﬁts to F 2 data. Parameters of the bSat I–III are ﬁtted to ZEUS data only [14]. Parameters of the bSat IV and V are ﬁtted to combined
HERA data [29].
Model

Q 2 /GeV2

Nf

mu ,d,s /GeV

mc /GeV

μ20 /GeV2

Ag

λg

χ 2 /d.o.f.

bSat
bSat
bSat
bSat
bSat

[0.25,650]
[0.25,650]
[0.25,650]
[0.75,650]
[0.75,650]

3
3
3
4
4

0.14
0.14
0.14
≈0
≈0

1.4
1.35
1.5
1.27
1.4

1.17
1.20
1.11
1.51
1.11

2.55
2.51
2.64
2.308
2.373

0.020
0.024
0.011
0.058
0.052

193.0/160 = 1.21
190.2/160 = 1.19
198.1/160 = 1.24
298.89/259 = 1.15
316.61/259 = 1.22

I
II
III
IV
V

quantities such as charge form factors all within the same formalism.
The main goal of this letter is to employ the theoretically sound
and phenomenologically-constrained BLFQ wavefunctions to compute the diffractive cross sections for the heavy quarkonium production at low x using the dipole model to take into account the
gluon saturation.

study we employ two representative dipole parametrizations: the
impact parameter dependent saturation model (bSat) [7] and the
impact parameter dependent Color Glass Condensate model (bCGC)
[9] to take advantage of their explicit impact parameter dependence, which is important in diffractive quarkonium production.
The bSat dipole model is based on the Glauber–Mueller formula
[12] and assumes the dipole cross section as follows,

2. Background

dσqq̄
d2 b

In the dipole model, the amplitude for exclusive heavy quarkonium production in DIS can be calculated as [14]
γ ∗ p → Ep

AT ,L

(x, Q , )


=i

d r


×

1
2

dz
4π

0

d2 b ( E∗ ) T , L (r , z, Q ) e−i[b−(1−z)r ]·

dσqq̄
d2 b

(x, r ) ,

(1)

where T and L denote the transverse and longitudinal polarization of the virtual photon (with virtuality Q 2 ) and the produced
quarkonium, and t = −2 denotes the momentum transfer. On the
right-hand side, r is the transverse size of the color dipole, z is the
LF longitudinal momentum fraction of the quark, b is the impact
parameter of the dipole relative to the proton and x is the Bjorken
variable.  and  E∗ are LFWFs of the virtual photon and the exclusively produced quarkonium respectively. The cross section is
related to the amplitude via
γ ∗ p → Ep

dσ T , L

dt

=

1

γ ∗ p → Ep

16π

|A T , L




π2 2
= 2 1 − exp −
r αs (μ2 )xg (x, μ2 ) T (b)
,

where T (b) is the proton shape function, which is assumed to
be Gaussian, T G (b) = exp(−b2 /2B G )/(2π B G ), with B G = 4 GeV−2 .
αs is determined using LO evolution of the running coupling, with
ﬁxed number of ﬂavors N f . μ2 is related to the dipole size r
through μ2 = 4/r 2 + μ20 . The gluon density is determined using
LO Dokshitzer–Gribov–Lipatov–Altarelli–Parisi evolution [25] from
an initial scale μ20 , where the initial gluon density is,

xg (x, μ20 ) = A g x−λ g (1 − x)5.6 .

(5)

In the bSat dipole model, μ0 , A g and λ g are parameters to be
determined by the inclusive DIS data [26–28]. We use parametrizations given in Refs. [14,29] for this investigation, which we provide in Table 1. We follow the prescription in Ref. [14] for the
skewedness correction in the bSat dipole model. R bSat is assumed
to be

R bSat (δb Sat ) =

δbSat ≡
(x, Q , )|2 .

(4)

2N c

(2)

22δbSat +3

(δbSat + 5/2)
(δbSat + 4)

√

π
∂ ln xg (x, μ2 )
∂ ln(1/x)

with
(6)

.

Furthermore, several phenomenological corrections are needed in
order to describe the experimental data. For example, the contribution from the real part of the scattering amplitude is conventionally incorporated by multiplying the cross section by a factor
(1 + β 2 ) [14], where β is the ratio of the real and imaginary parts
of the scattering amplitude, and is calculated as [24]

The obtained R bSat is then applied multiplicatively to the gluon
density function in Eq. (4). This prescription of the skewedness correction is also adopted in Refs. [29–32].
The bCGC dipole model is a smooth interpolation of the solutions of the Balitsky–Fadin–Kuraev–Lipatov equation [33] for small
dipole sizes and the Levin–Tuchin solution [34] of the Balitsky–
Kovchegov equation [35] deep inside the saturation region for
larger dipoles,

β = tan(π λ/2),

dσqq̄

with λ ≡

 ∗

γ p → Ep
∂ ln AT , L
∂ ln(1/x)

.

(3)

The skewedness correction, which takes into account the fact that
two gluons interacting with the dipole are carrying slightly different momentum fractions, will be speciﬁed in Sec. 2.1, since it has
been implemented differently for different dipole models in the
literature.
2.1. Dipole cross section parametrizations
There are many dipole cross section parametrizations available
in the literature based on different theoretical considerations and
inspired by the Golec-Biernat Wuesthoff (GBW) model [4]. For this

d2 b

= 2N (r Q s , x)
⎧  
1
2(γs + κ λ ln
ln r Q2 )
⎨
s
s s (1/x)
N0 r Q2 s
:
=2
2
⎩
−
A
ln (Br Q s )
:
1−e

rQs ≤ 2

,

(7)

rQs > 2

with Q s ≡ Q s (x) = (x0 /x)λs /2 Q 0 , where Q 0 = 1 GeV. γs , κs , λs are
parameters to be determined by inclusive DIS data [26–28]. A and
B should be evaluated by continuity conditions at r Q s = 2. We
use the parametrization by Soyez [36] and two parametrizations
in Ref. [37] for this investigation, which we provide in Table 2.
Note that different conventions were used for the impact parameter dependence in Refs. [36,37]. We follow the prescription in
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Table 2
Parameters of the bCGC model in Eq. (7) determined from ﬁts to F 2 data. Parameters in the bCGC I are ﬁtted to
ZEUS data only [36]. Parameters of the bCGC II and III are ﬁtted to combined HERA data [37].
Model
bCGC I
bCGC II
bCGC III

B CGC /GeV−2
5.591
5.5
5.5

mc /GeV
1.4
1.27
1.4

γs
0.7376
0.6599
0.6492

N0

x0

λs

χ 2 /d.o.f.

0.7
0.3358
0.3658

1.632 × 10−5

0.2197
0.2063
0.2023

144.0/160 = 0.900
368.4/297 = 1.241
370.9/297 = 1.249

Refs. [37,38] for the skewedness correction in the bCGC dipole
model. R bCGC is assumed to be,

R bCGC (δbCGC ) =

δbCGC ≡

2

2δbCGC +3

√

π

 ∗

γ p → Ep
∂ ln AT , L
∂ ln(1/x)

(δbCGC + 5/2)
(δbCGC + 4)

.

0.00105
0.00069

H eff =

k2 + mq2
z(1 − z)

−

with

(8)

The obtained R bCGC is then applied multiplicatively to the production amplitude.
The parametrizations of dipole model bSat I–III [14] and bCGC I
[36] were ﬁtted to the 2001 HERA DIS structure function data [26].
The parametrizations of dipole model bSat IV & V [29] and bCGC II
& III [37] were ﬁtted to the 2013 combined DIS data from the ZEUS
and H1 collaborations [27]. The ZEUS and H1 collaborations released updated combined DIS data in 2015 with more data points
and higher precision [28]. A recent study [44] shows that the CGC
dipole model parametrization of Ref. [37] gives an excellent ﬁt to
the 2015 combined DIS data with χ 2 /d.o.f. = 1.07, and a reﬁt to
the 2015 combined DIS data gives parameters rather similar to
those ﬁtted to the 2013 combined DIS data. Thus we expect only
small discrepancies between parametrizations ﬁtted to the 2013
combined DIS data and 2015 combined DIS data. In Sections 3
and 4 we show results with the dipole parametrization bCGC II
& III, which were ﬁtted to the 2013 combined DIS data [27], and
in Section 5 we compare all 8 parametrizations of Tables 1 and 2.
2.2. Heavy quarkonium in a holographic basis
Most phenomenological vector meson LFWFs used in the literature are based on analogy with the virtual photon LFWF, which can
be evaluated perturbatively [39,40]. Phenomenological wavefunctions typically have the same spin structure as the photon LFWF,
and differ only by the speciﬁcation of the scalar components of
the LFWFs. For example, the boosted Gaussian (bG) [41,42] LFWFs
are obtained by boosting a Gaussian type wavefunction in the meson rest frame to the inﬁnite momentum frame. Our vector meson
LFWFs are obtained by solving for the charmonium bound states
of an effective Hamiltonian [21]. The dynamics of this effective
Hamiltonian determines the spin structure of the bound states; in
particular, the one-gluon exchange interaction gives rise to D-wave
components in our vector meson LFWFs.
Our effective Hamiltonian is based on the correspondence between anti-de Sitter (AdS) space and QCD, which leads to the
light-front holographic QCD [22,23]. In the light quark sector the
light-front holographic QCD wave functions lead to diffractive ρ
and φ electroproduction that are in agreement with HERA data
[43,44]. It is a challenge to apply the light-front holographic QCD
to the heavy ﬂavor sector since light-front holographic QCD works
only in the zero or small quark mass limit [23].
Within the basis light-front quantization formalism, Li et al.
generalized the light-front holographic QCD in Ref. [21] by introducing a longitudinal conﬁning potential and including the onegluon exchange dynamics. The heavy quarkonia spectroscopy and
the corresponding LFWFs are obtained by solving the light-front
Schrödinger equation with the effective Hamiltonian,

4
ζ2 −
+ κcon

4π C F α s
Q2

4

κcon

∂z
4mq2

z(1 − z)∂z



ū s (k)γμ u s (k ) v̄ s̄ (k̄ )γ μ v s̄ (k̄) ,

(9)

where C F = 43 , Q 2 = − 12 (k − k)2 − 12 (k̄ − k̄ )2 . The last term is the
one-gluon exchange interaction derived from the light-front QCD,
and provides the short-distance physics and spin structures needed
for the angular excitations and the hyperﬁne structure. The rest
of the Hamiltonian is developed based on light-front holographic
QCD [22,23], which dominates the long-distance physics and delivers an effective conﬁnement. The longitudinal conﬁning potential
in Eq. (9) was proposed for heavy quarkonia in Ref. [21], implementing the pQCD asymptotics for the distribution amplitude (DA)
at the endpoints, φ da (x) ∼ xα (1 − x)β . In Ref. [21], the model is
solved in BLFQ with
√ the (generalized) light-front holographic wavefunctions φnm (k/ z(1 − z)) and χl ( z) being adopted as the basis
functions:

k, z, s, s̄|ψh ≡ ψss̄ (k, z) =





f nmlss̄ φnm (k/ z(1 − z))χl ( z),

n,m,l

(10)
where φnm and χl are analytically known functions1 and the coefﬁcients f nmlss̄ are obtained through diagonalization.
The model for the effective Hamiltonian has several parameters. The strong coupling constant αs is ﬁxed, αs ( M cc̄ ) 0.36 and
αs ( M bb̄ ) 0.25, related via pQCD evolution of the coupling constant. The effective quark mass mq and the conﬁning strength κcon
are determined by ﬁtting the mass spectrum of the Hamiltonian
to the experimental spectrum for heavy quarkonium states below
the open-ﬂavor thresholds. Thus the charmonium spectrum is ﬁtted to 8 states (2 of which are vector mesons), with ﬁt parameters
mc = 1.522 GeV and κcon = 0.938 GeV, and bottomonium is ﬁtted
to 14 states (4 of which are vector mesons) with ﬁt parameters
mb = 4.763 GeV and κcon = 1.490 GeV. Both ﬁts have a rootmean-square deviation in their masses from experiment of about
50 MeV. The resulting LFWFs are used to calculate the decay constants, the form factors and the charge radii [21]. The results compare reasonably well with the experiments and other established
methods (Lattice QCD and Dyson–Schwinger Equations). Here we
use these same LFWFs of the J / and (2s) for the calculation
of diffractive vector meson production, without adjusting the parameters.
We interpret the quark mass obtained by the ﬁtting as the effective quark mass in the bound state, which is not necessarily the
same as the quark mass in the virtual photon LFWF or the dipole
cross section. In this investigation, we set the quark mass in the
virtual photon LFWF to be 1.27 GeV when calculating the overlap function between the BLFQ LFWFs and virtual photon LFWF.
In Fig. 1, we present the overlap function between the J / LFWF
and the photon LFWF integrated over z as predicted by the BLFQ

1

In particular, the soft-wall wavefunction φnm is the harmonic oscillator func-

√

tion in holographic variable k/ z(1 − z), which is a generalization of the boosted
Gaussian wavefunction.
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Fig. 1. (Color online.) The longitudinal (Left) and transverse (Right) overlap functions between the J / LFWF and the photon LFWF predicted by the BLFQ LFWF and two
parametrizations of the boosted Gaussian LFWF for three representative values of Q 2 . The BLFQ LFWF is obtained by diagonalizing the effective Hamiltonian in Eq. (9) [21].
The boosted Gaussian LFWF I and II are given in Refs. [45] and [14], respectively. The charm quark mass in the virtual photon LFWF is set to 1.27 GeV when calculating the
overlap function between the BLFQ LFWFs and virtual photon LFWF, see texts.

LFWF and two parametrizations of the boosted Gaussian LFWF as
a function of transverse separation of the quark and antiquark. The
BLFQ LFWF is obtained by diagonalizing the effective Hamiltonian
in Eq. (9), as outlined above [21]. The boosted Gaussian LFWFs
with charm quark mass equals 1.27 GeV (boosted Gaussian I) and
1.4 GeV (boosted Gaussian II) are given in Ref. [45] and Ref. [14],
respectively. Parametrizations with different charm quark masses
generate signiﬁcantly different results [14,37]. In this investigation,
we focus on comparing the prediction of the BLFQ LFWF to experiments, and use the predictions of boosted Gaussian model for
comparisons.
3. Charmonium production at HERA
We calculate charmonium production using ﬁve sets of parameters in the bSat dipole model [14,29] and three sets of parameters
in the bCGC dipole model [36,37] using the BLFQ charmonium
LFWF in the kinematic range of the HERA experiment [46–48].
Various cross sections obtained as a function of the kinematic variables Q 2 , W and t are in reasonable agreement with experimental
data. As an illustration, we present some representative results in
Fig. 2, together with calculations using boosted Gaussian wavefunctions for comparison. In all four panels the solid curves are
calculated with our BLFQ vector meson LFWF, the dotted curves
are calculated with the boosted Gaussian I LFWF of Ref. [45] with
mc = 1.27 GeV, and the dot-dashed curves are calculate with the
boosted Gaussian II LFWF of Ref. [14] with mc = 1.4 GeV, respectively. The bCGC III parametrization for dipole cross section was
used for BLFQ LFWF and boosted Gaussian II LFWF. The bCGC II
parametrization for dipole cross section was used for the boosted
Gaussian I LFWF.
Fig. 2(a) shows the total J / cross section as function of
( Q 2 + M 2V ) for photon–proton c.m. energy W = 90 GeV. In Fig. 2(b)
we show the total J / cross section as function of W at various values of Q 2 . The differential cross section dσ /dt is shown
in Fig. 2(c) as function of the momentum transfer t. Qualitatively,
both the boosted Gaussian LFWFs and the BLFQ LFWF provide reasonable descriptions to the J / cross section data at HERA. (Note
that the boosted Gaussian II LFWF parametrization gives quantitatively better ﬁts to the J / cross section measurements at HERA,
if the bSat I parametrization is used for the dipole cross section
[14].) The BLFQ LFWF calculation underestimates the J / production at HERA, especially in the small Q 2 regime, and the boosted

Gaussian LFWFs lead generally to better agreement with the total
cross section data. The sizable discrepancy with the HERA measurements at small Q 2 should not pose a major hindrance for the
application of the BLFQ LFWF to diffractive charmonium production. The theoretical uncertainty in the dipole model is large at
small Q 2 . For the dipole cross section we employed, the photon
wavefunction is calculated based on tree-level perturbative QED,
without taking conﬁnement and QCD corrections into account. The
pQED photon wavefunction is more reliable at large spacelike values of Q 2 , since contributions from large size dipoles are suppressed except at the end points of z. At small Q 2 , conﬁnement
is likely to play an important role [40]. For these reasons, the J /
cross section at small Q 2 may have a stronger model dependence.
Such uncertainty may be reduced by a consistent treatment of
the heavy quarkonium wavefunction and the photon wavefuntion,
e.g., by including conﬁnement and QCD corrections in the photon
wavefunction.
Finally, in Fig. 2(d) we show the ratio of the longitudinal to
transverse cross section, R = σ L /σ T , for J / production at HERA.
We ﬁnd a qualitative difference between the boosted Gaussian
LFWFs and our BLFQ LFWF. The current data at large Q 2 seem
to favor the boosted Gaussian LFWF, but the error bars are large.
In Fig. 3, we compare the predictions of the BLFQ LFWF (solid
curve) and the boosted Gaussian II LFWF (dot-dashed curve)
for the cross-section ratio σ(2s) /σ J / as a function of Q 2 in
electron–proton scattering measured at HERA [48]. The parameterizations of the boosted Gaussian II can be found in Refs. [14,49]. In
the boosted Gaussian model, the parametrization of (2s) LFWFs
are very sensitive to the parametrization of J / LFWFs. The growing differences between the BLFQ and the boosted Gaussian results
at larger Q 2 suggest the importance of additional data in this region to further distinguish between the LFWFs.
An accurate dipole cross section requires quantitative understanding of saturation in the small-x regime, which is not available
currently. Observables with weak dipole cross section dependence
are favored if one wants to test the validity of heavy quarkonium
LFWFs. We will discuss the dipole model dependence of the charmonium cross section and cross-section ratio in Sec. 5.
4. Charmonium production at RHIC and LHC
Diffractive charmonium production processes also occur in the
ultra-peripheral heavy-ion collisions (UPC), in which two heavy
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Fig. 2. (Color online.) Predictions of the BLFQ LFWF (solid curves, using bCGC III in Table 2), the boosted Gaussian I LFWF [45] (dotted curves, using bCGC II in Table 2)
and the boosted Gaussian II LFWF [14] (dot-dashed curves, using bCGC III in Table 2) compare to the HERA experimental data [46,47]. The inner bars indicate the statistical
uncertainties; the outer bars are the statistical and systematic uncertainties added in quadrature. (a): Total J / cross section for different value of ( Q 2 + M 2V ) at W = 90 GeV.
(b): Total J / cross section for different values of Q 2 and W . (c): The J / differential cross section dσ /dt as a function of t. (d): The ratio of the longitudinal to the
transverse cross sections R = σ L /σ T as a function of Q 2 .

ions scatter at large impact parameters. In the rest frame of one
of the ions, the exclusive heavy quarkonium production in UPC
can be regarded as a result of the scattering of equivalent photons radiated by the incident ion off the target ion [50,51]. At low
x the color dipole scatters coherently from the entire nucleus. The
saturation effect is ampliﬁed by the large number of nucleons interacting with the dipole along its path through the nucleus.
The coherent diffractive heavy quarkonium production can be
obtained by averaging over all possible states of nucleon conﬁgurations  of the nucleus. In the photon–nucleus collision, the
corresponding diffractive heavy quarkonium production amplitude
can be calculated by replacing the photon–proton dipole cross section dσqq̄ /d2 b in Eq. (1) with the nucleon conﬁguration averaged
dipole cross section [7],



dσqq̄





d2 b 



=2 1− 1−
p

T A (b )
2

p
qq̄

σ

A
,

(11)

where σqq̄ is the photon–proton dipole cross section, integrated
over the impact parameter, and A is the atomic number of the nucleus. T A is the thickness proﬁle of the nucleus in the transverse
dimension, with b the impact parameter of the dipole relative to
the nucleus. We adopt a Woods–Saxon proﬁle for the nucleon distribution.
Extensive experimental data have been collected for heavy
quarkonium production at both RHIC and LHC. The dipole picture
has provided a reasonable explanation for the experimental data
using phenomenological charmonium LFWFs, e.g., Refs. [32,52–54].
In this section, we investigate the predictions of the BLFQ LFWF
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√

Fig. 3. (Color online.) Using the bCGC III parametrization in Table 2, the predictions
of the BLFQ LFWF (solid curve) and the boosted Gaussian II LFWF [14] (dot-dashed
curve) for the cross-section ratio σ(2s) /σ J / as a function of Q 2 compare to the
HERA experimental data [48].

Fig. 4. (Color online.) The predictions of the BLFQ LFWF (solid curve, using bCGC III
in Table 2), the boosted Gaussian I LFWF [45] (dotted curve, using bCGC II in Table 2) and the boosted Gaussian II LFWF [14] (dot-dashed curve, using bCGC III in
Table 2) for the coherent production of J / production in Pb–Pb ultra-peripheral
√
collision at s N N = 2.76 TeV, compare with the measurements by the ALICE collaboration [57,59] and CMS collaboration [58] at LHC. Error bars show statistical
uncertainties only.

in comparison with measurements in Refs. [55–59] using bCGC III
in Table 2 as dipole cross section parametrization. We also present
the prediction of the boosted Gaussian LFWF for comparison.
The latest measurement at RHIC for coherent J / production
√
at mid-rapidity with two gold nuclei colliding at sNN = 200 GeV
provides a J / cross section dσ /d y = 45.6 ± 13.3 (stat) ±5.9
(sys) μb [56]. A previous study using the boosted Gaussian II
LFWF [14] and bSat I dipole parametrization provides a prediction of 109 μb [32]. Using the BLFQ LFWF, the bCGC III dipole
parametrization provides a prediction of 60.4 μb, which is consistent with the latest data within experimental uncertainty. Note
that the kinematic region of the RHIC experiment corresponds to a
photon–nucleon c.m. energy of W = 34 GeVs, with the probed gluons carry x roughly 0.015, which implies that the dipole picture is
marginally applicable for such a process at mid-rapidity.
The predictions of the BLFQ LFWF are also consistent with experimental data for coherent production of J / at mid-rapidity in
Fig. 4. Here, the solid curve, the dotted curve and the dot-dashed
curve show the predictions of the BLFQ LFWF, the boosted Gaussian I LFWF [45] and the boosted Gaussian II LFWF [14] respectively, for the coherent production of J / production in Pb–Pb

ultra-peripheral collision at
s N N = 2.76 TeV, compared to the
measurements of the ALICE collaboration [57,59] and the CMS collaboration [58] at LHC. The bCGC III dipole model parametrization
is implemented for the BLFQ and the boosted Gaussian II LFWFs
calculations, the bCGC II dipole model parametrization is implemented for the boosted Gaussian I LFWF calculation. The predictions of the BLFQ LFWF and the boosted Gaussian II LFWF are
within the statistical uncertainty of the experimental data. The
prediction of the boosted Gaussian I LFWF slightly overshoots the
data.
The cross-section ratio σ(2s) /σ J / measured by the ALICE experiment is approximately twice as large as in photon–proton collision experiments [59]. The predictions of the BLFQ LFWF, the
boosted Gaussian I LFWF and the boosted Gaussian II LFWF, which
are based on photon–proton collisions, underestimate (2s) pro√
duction in Pb–Pb ultra-peripheral collision at s N N = 2.76 TeV. It
is possible that (2s) production is enhanced in photon–nucleus
collisions due to nuclear effects. However, more experiments will
be needed to conﬁrm this.2
5. Dipole model dependence
In the dipole model, the cross section for the diffractive vector meson production is calculated through a convolution of the
dipole cross section and the overlap of the vector meson LFWF
and the photon LFWF. Consequently, it is expected that uncertainties from both the dipole cross section and the vector meson LFWF
contribute to the uncertainty of the result. Inclusive data from the
DIS experiment at HERA used to determine the dipole cross sections have large uncertainties in the small-x regime, which leads to
large uncertainties in the dipole model parameters. State-of-the-art
ﬁts to the heavy quarkonium cross section measurement are not
suﬃcient for a conclusive statement on either the dipole cross section parametrization or the heavy quarkonium LFWF. For instance,
using the boosted Gaussian parametrization given in Ref. [14], the
J / cross section at Q 2 = 0 could differ by as much as 30% using
dipole cross section parametrizations in Table 1.
On the other hand, one might expect that the quark–antiquark
pair originating from quantum ﬂuctuation of the virtual photon
scatter universally on the nuclear target for the production of different states of the same quarkonium system, e.g., J / and (2s).
Under such an assumption, the cross-section ratio of higher excited
states over the ground state should exhibit weaker dependence on
the dipole model than the cross section itself. Our calculations suggest this is indeed the case. In Fig. 5, we calculate the ratio of
the (2s) cross section to the J / cross section as a function
of Q 2 predicted by the boosted Gaussian II LFWF [14,49] (Left)
and the BLFQ LFWF (Middle) using various dipole cross section
parametrizations in Table 1 and 2 for electron–proton collisions.
The kinematic variables are chosen to be the mean values of experimental measurements [48]. We observe that the cross-section
ratio exhibits weak dependence on dipole models, especially in the
large Q 2 regime, where the dipole models we adopted are well
motivated by kt factorization [1,60].
In the right panel of Fig. 5, we also present the BLFQ LFWF predictions for the cross-section ratio σ(2s) /σ J / in electron–gold
collisions, with (2s) and J / being produced coherently. We
use the mean value of W at the HERA experiment of ep collisions
after integrating over t. The cross-section ratio for electron–gold
collisions also shows weak dependence on the dipole model. The

2

Recently, the ALICE collaboration has presented their preliminary analysis on

(2s) production for Pb–Pb collision at LHC based on data collected from Run II.
The updated cross section ratio σ(2s) /σ J /(2s) is consistent with HERA measurement.
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Fig. 5. (Color online.) The cross-section ratio σ(2s) /σ J / as a function of Q 2 predicted by the boosted Gaussian II LFWF [14,49] (Left) and the BLFQ LFWF (Middle) using
various dipole cross section parametrizations in Table 1 and 2 for electron–proton collisions. The cross-section ratio σ(2s) /σ J / as a function of Q 2 predicted by BLFQ LFWF
in the coherent charmonium production in electron–gold collisions is shown in the right panel (Right). The cross-section ratio exhibits weak dependence on dipole models.
The experimental data points are measurements by the ZEUS collaboration [48] in electron–proton scattering at HERA.

calculated results change by less than 1% when the gold target is
replaced by lead target. We also observe that the cross-section ratio σ(2s) /σ J / predicted by the BLFQ LFWFs is insensitive to the
charm quark mass in the virtual photon LFWF.
Future electron–ion collision experiments with high luminosity
are expected to deliver data on production of higher excited states
of heavy quarkonium over a wide kinematic range [11]. The uncertainties associated with heavy quarkonium LFWFs could be reduced through measurements of cross-section ratios of higher excited states to the ground state, owing to the insensitivity of such
ratios to the dipole model. With well-constrained heavy quarkonium LFWFs, the gluon density distribution in the small-x regime
could be extracted eﬃciently through the diffractive heavy quarkonium production process.
6. Summary and outlook
Using established dipole models, we study diffractive charmonium production with a theoretical LFWF obtained from the basis
light-front quantization approach. One-gluon exchange dynamics
from light-front QCD and an effective conﬁning potential inspired
by light-front holographic QCD are implemented in the effective
Hamiltonian. Two parameters in the effective Hamiltonian are ﬁxed
by the mass spectrum of charmonium. The resulting charmonium
LFWF gives reasonably good descriptions of currently available experimental data at HERA, RHIC and LHC within the dipole model.
We observe that the cross-section ratio of σ(2s) /σ J / as a function of Q 2 has a weak dependence on the dipole model but is
rather sensitive to the charmonium wavefunction. We suggest that
future electron–ion collision experiments could reduce theoretical
uncertainties associated with the structure of heavy quarkonium
by measuring the cross-section ratios of the higher excited states
to the ground state, owing to their weak dependence on the dipole
cross section. Accurate meson wavefunctions will eventually lead
to a more precise description of the gluon distribution in the saturation regime [11].
We are currently extending our calculations to diffractive bottomonium production. Note that the masses of the J / and (2s)
are the only two vector charmonium states used in the ﬁt of the
parameters in the effective Hamiltonian in the BLFQ approach.

On the other hand, four vector bottomonium states, ϒ(1s), ϒ(2s),
ϒ(3s) and ϒ(1d), were used in the ﬁt of the effective Hamiltonian parameters. Having four BLFQ LFWFs would therefore provide
more cross-section ratio predictions in the bottomonium sector
and, in principle, lead to improved conﬁdence in extracting gluon
saturation properties.
The effective Hamiltonian, whose wavefunctions we employ,
has been ﬁtted only to the mass spectra of heavy quarkonia. The
resulting LFWFs have been found to provide reasonable descriptions of heavy quarkonia decay constants, form factors and now
diffractive meson production. Therefore, the BLFQ formalism provides a platform for a uniﬁed description of the physical observables mentioned above. Our future goals include improving the
effective Hamiltonian of heavy quarkonium using additional experimental measurements, such as decay constants, as constraints.
Using the BLFQ LFWFs to predict diffractive heavy quarkonium
production in future electron–ion collision experiments is an important future goal since a large amount of experimental data,
especially data on the production of higher excited heavy quarkonium states, are anticipated.
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