
“It doesn’t matter how beautiful your theory is, it doesn’t

matter how smart you are. If it doesn’t agree with the

experiment, it’s wrong.”

− Richard P. Feynman

CHAPTER 4
EXCLUSIVE VECTOR MESON
PRODUCTION THROUGH BK

EVOLUTION

Exclusive diffractive processes, such as exclusive vector meson production, serve

as excellent probes of hadron structure within the perturbative regime of quantum

chromodynamics (QCD). The exclusive process involving light and heavy vector

mesons, ep → eV (V = J/Ψ, ρ, ϕ), has been investigated at the HERA accelerator

facility. In this chapter, we focus on the theoretical prediction of exclusive J/Ψ and

ρ0 vector meson production. Employing the color dipole description of deep inelastic

scattering (DIS), we calculate both the differential cross-section and total cross-

section for the electro-production of J/Ψ and ρ0 vector mesons, using an analytical

solution to the Balitsky-Kovchegov (BK) equation. Furthermore, we present the

ratio of the longitudinal to the transverse cross-section for the production of J/Ψ

and ρ0 as a function of Q2. Two well-known vector meson wave function models,

Boosted Gaussian (BG) and Gaus-Light Cone (GLC), have been integrated into our

analysis, showing slight sensitivity to the chosen vector meson wave functions. Our

theoretical predictions agree well with the available experimental data for vector

meson production. The analytical solution of the BK equation proves reliable for the
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theoretical prediction for the production of exclusive vector mesons within a specific

range of Q2. This chapter is based on the arXiv preprint: [arXiv:2405.07234] (In

communication).

4.1 Introduction

Quantum chromodynamics (QCD), recognized as the quantum field theory of the

strong force, elucidates interactions between hadrons. At short distances, correspond-

ing to low values of the strong coupling constant αs, perturbative QCD (pQCD)

effectively predicts the dynamics of strong interactions among quarks and gluons.

Numerous deep inelastic scattering (DIS) experiments conducted on hadrons by

leptons at the experimental location have provided significant insights into the distri-

bution of partons within hadrons (see to Ref. [1] for a review). The intricate structure

of protons at the parton level has been examined in electron-proton collisions at

the Hadron Electron Ring Accelerator (HERA). HERA has demonstrated a fast

escalation in gluon density at small-x [2, 3]. This increase cannot persist indefinitely

without contravening the Froissart bound and unitarity. Consequently, nonlinear

dynamics become relevant to nuclear structure as x approaches minimal values. At

small-x, gluon concentrations increase significantly, so that the diminutive nature of

αs is offset by the elevated gluon density. pQCD can be employed to characterize

nonlinear dynamics in high-density QCD.

Color glass condensate (CGC) is a resilient QCD theory formulated to address

nonlinear dynamics in high-density QCD. The CGC theory explains how gluons

behave in a nucleus traveling at speeds close to that of light. It accounts for gluon

saturation, forecasts the initial conditions of heavy-ion collisions, and streamlines

quantum chromodynamics (QCD) calculations through effective field theory methods.

The term "color" pertains to the attribute of the strong force, which is dictated by
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QCD. The "glass" portion of CGC is based on an analogy with disordered materials,

such as spin glasses. The gluons within a rapidly moving nucleus appear immobilized

over very short timeframes due to time dilation, much like atoms in a glass remain

disordered yet stationary over extended durations. The term "condensate" implies

that the gluons are densely packed. CGC operates in the proton saturation region

at small-x, illustrating the nonlinear saturation behavior of gluons within protons.

Despite its success in describing nonlinear physics at small-x, we are still far from

having strong evidence of the nonlinear saturation effect at present collider facilities.

Some future facilities are being developed, including the Eletron-Ion Collider (EIC)

in the United States [8], the Large Hadron electron Collider (LHeC) at CERN [9, 10],

and the Eletron-Ion Collider in China [11]. In these future experimental facilities,

the nonlinar effects will be easily accessible as the proton will be replaced by a

heavy nucleus, so that parton densities enhance nearly A1/3 in heavy nuclei. With

these advancements, future facilities are expected to address the gluon saturation

phenomenon and explore other QCD aspects associated with it.

In high-energy scenarios, diffractive processes serve as valuable tools for explor-

ing the nonlinear dynamics of QCD in DIS experiments. A diffractive process in the

context of high-energy QCD denotes a scattering process where a particle interacts

with a target and leaves mostly intact (or only slightly modified) while generating

a system with a significant rapidity gap, an area in phase space devoid of particles.

These processes shed light on gluon saturation, the Color Glass Condensate (CGC),

and pomeron exchange, enhancing our understanding of hadron structure within

QCD. Diffractive processes, like the exclusive production of vector mesons, are

especially effective for investigating the internal composition of hadrons, such as

protons, in the saturation regime at low values of x [12–14]. In these operations,

there is no net transfer of color charge, requiring the exchange of two gluons with

the target hadron at the amplitude level. As a result, the cross-section becomes



4.1 Introduction 91

responsive to the gluon density, and nonlinear dynamics are anticipated to emerge

through exclusive mechanisms. Moreover, exclusive processes such as vector meson

production distinctly allow for the computation of the entire momentum transfer

to the target, hence aiding in the examination of generalized parton distribution

functions (GPDFs). [15, 16] and the spatial configuration of target nuclei [17, 18].

Recent years have witnessed both theoretical and experimental endeavors aimed

at the production of vector mesons. The ZEUS and H1 partnerships at the HERA

accelerator facility have conducted investigations on vector mesons (J/Ψ, ρ, ϕ). The

LHCb collaboration at CERN’s LHC has supplied high-precision data on exclusive

J/Ψ production in pp collisions at energies of
√

7 TeV and
√

13 TeV [25, 26], as

referenced in [19–24]. The Golec-Biernat and Wusthoff (GBW) model [27], a semi-

nal contribution from two decades prior, concentrates on the investigation of gluon

saturation effects through diffractive deep inelastic scattering (DIS) processes at

HERA, utilizing Mueller’s dipole framework [28]. Comprehensive studies have been

undertaken to examine the gluon saturation phenomenon by diffractive deep inelastic

scattering mechanisms. Like the GBW model, the Color Glass Condensate (CGC)

model addresses gluon saturation effects by characterizing the dipole scattering

mechanism. Two impact parameter models, the IP-Sat [30] and b-CGC [31] models,

have been utilized to evaluate if exclusive vector meson production acts as a sensitive

indicator of gluon saturation at small-x. The above mentioned models are utilized to

investigate vector meson generation in proton-proton and nucleus-nucleus collisions

at the LHC experiment [32]. The results indicated that gluon saturation models offer

a qualitative interpretation of the experimental findings.

To analyze any diffractive DIS process such as vector meson production, the

color dipole model of DIS [28, 33–35] serves as a powerful tool. The color dipole

description of e-p DIS with two gluon exchanges is depicted in Figure 4.1. In the

color dipole model, electron-proton deep inelastic scattering can be articulated as
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Figure 4.1: The exclusive vector meson production within the pQCD approach in the color
dipole description of e-p DIS via two gluon exchange.

follows: The electron first interacts with the target proton through the exchange of a

virtual photon. The virtual photon subsequently bifurcates into a quark-antiquark

dipole prior to engaging with the proton and undergoing scattering through gluon

exchange. Ultimately, the dipole recombines, resulting in the generation of final-

state particles such as vector mesons or photons. The GBW model, CGC model,

and CGC-based models accurately characterize the dipole scattering mechanism

within this framework. The saturation effect in the IP-Sat and b-CGC models per-

tains to the DGLAP (Dokshitzer-Gribov-Lipatov-Altarelli-Parisi) equation and the

BFKL (Balitsky-Kuraev-Fadin-Lipatov) equation, respectively. The progression of

dipole-target scattering amplitude is mostly dictated by the BK (Balitsky-Kovchegov)

equation, which characterizes gluon saturation through a nonlinear term. The BK

equation serves as a mean-field approximation of the intricate JIMWLK (Jalilian-

Marian-Iancu-McLerran-Weigert-Leonidov-Kovner) equation. Notwithstanding vari-

ous numerical investigations [36–40], an exact analytical solution to this equation

continues to be unattainable owing to its intricate character.

We recently introduced an approximate analytical solution to the BK equation,

which is beneficial for phenomenological studies in the realm of nonlinear dynamics

in high-density QCD [41]. This method has been effectively utilized to evaluate
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the proton structure function F p
2 inside designated kinematic domains of x and Q2

at HERA [42]. In Ref. [40, 43], the exclusive production of vector mesons has

been examined using a numerical resolution of the BK equation. This study use

the analytical solution of the BK equation to examine the exclusive vector meson

production process and its dependency on several scales involved. In the color dipole

framework of deep inelastic scattering (DIS), we evaluate the theoretical predictions

for exclusive vector meson (J/Ψ, ρ0) production, encompassing: (i) the differential

cross-section with respect to the four-momentum transfer squared at the proton

vertex t, and (ii) the total cross-section as functions of the center-of-mass energy of

the photon-photon system W , and the virtuality of the exchanged photon Q2. The

new part of this study is that one component for measuring exclusive vector meson

production within the color dipole framework is derived from the analytical solution

of the BK equation.

The chapter is structured as follows: In Section 4.2, we examine and evaluate

the color dipole framework of exclusive vector meson production in the e-p deep

inelastic scattering process. In Section 4.3, we provide the theoretical calculation

of the differential and total cross-sections for the production of J/Ψ and ρ0 vector

mesons in the process ep → epV (V = J/Ψ, ρ0), taking into account the various

scales involved. Additionally, this section presents the ratio of the longitudinal to

the transverse cross-section the production of J/Ψ and ρ0 as a function of Q2. We

compare our theoretical findings with current experimental evidence on vector meson

generation. Section 4.4 offers an overview of the chapter.
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4.2 Exclusive Vector Meson Production within Color

Dipole Description of DIS

In this section, we briefly review and discuss the dipole description of e-p DIS for the

electro-production of exclusive vector mesons. We first provide the dipole scattering

amplitude for exclusive vector mesons production within the CGC framework. We

then discuss wavefunctions for vector mesons, which are a key portion of the dipole

description of DIS for vector meson production.

4.2.1 Dipole Scattering Amplitude for Vector Mesons

In the color dipole framework of deep inelastic scattering (DIS), a basic electron-

proton DIS process [ep → epV (V = J/Ψ, ρ, ϕ)] is seen as the interaction between

the color dipole (quark-antiquark pair) and the target proton. The dipole scattering

amplitude for exclusive vector mesons comprises three components: the photon

wave function, the dipole-proton scattering amplitude, and the vector meson wave

function. A schematic illustration illustrating exclusive vector meson creation within

the pQCD framework, utilizing the color dipole model of electron-proton deep

inelastic scattering by two gluon exchange, is presented in Figure 4.1. The transverse

dimension of the quark-antiquark pair is denoted as r, whereas b represents the

impact parameter for the dipole-proton interaction. The quark possesses a fraction of

momentum (z) of the photon’s light-cone momentum, while the antiquark possesses

(1 − z). In the perturbative regime, characterized by smaller dipole sizes (r), the

dipole-proton cross section is associated with the exchange of a gluon ladder. In

the proton’s rest frame, the imaginary component of the scattering amplitude for

exclusive vector meson generation within the dipole framework can be expressed
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as [44]

Aγ∗p→V p
T,L (x,Q2, t) = i

∫
d2r

∫ 1

0

dz

4π

∫
d2b(Ψ∗

V Ψ)T,Le
−ib.∆ × 2[1 − S(x, r, b)].

(4.1)

Here x represents the Bjorken variable, while Q2 denotes the virtuality of the photon.

The symbol ∆ represents the transverse momentum lost at the proton vertex by

the outgoing proton, which is correlated with the squared momentum transfer as

t = −∆2. Ψ denotes the wave function for the incoming photon in the process,

a well-established concept in quantum electrodynamics (QED). Ψ∗
V is the wave

function for the final state vector meson. (Ψ∗
V Ψ)T,L represents the overlap of the wave

functions between the photon and the vector meson, where T signifies transversely

polarized particles and L signifies longitudinally polarized particles. This expression

quantifies the probability amplitude for the virtual photon to produce an exclusive

vector meson or a real photon in the final state in e-p DIS within the framework of

the color dipole description.

The scattering amplitude shown in Eq. (4.1) contains only the forward component

of the amplitude. To have the non-forward scattering amplitude, we multiply the usual

forward wave functions by an exponential factor, exp[±i(1 − z)r.∆/2], following

the work done by Bartels et. al. [45]. Following this change, together with the

assumption that the S-matrix is purely real, we may write the scattering amplitude

Eq. (4.1) as

Aγ∗p→V p
T,L (x,Q2, t)

= i
∫
d2r

∫ 1

0

dz

4π

∫
d2b (Ψ∗

V Ψ)T,L e
−i[b−(1−z)r].∆ .

dσqq̄

d2b

= i
∫ ∞

0
dr(2πr)

∫ 1

0

dz

4π

∫ ∞

0
db(2πb)(Ψ∗

V Ψ)T,LJ0(b∆)J0([(1 − z)r∆])dσqq̄

d2b
,

(4.2)

where dσqq̄

d2b = 2[1 − Re S(x, r, b)] is the dipole-proton differential scattering cross
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section, with b being the impact parameter. The first-kind Bessel function is denoted

by J0. Here σqq̄ is the dipole-proton scattering cross section, which can be related

to the forward scattering amplitude N(x, r, b) for the dipole-proton system. The

scattering amplitude will come from the solution of the dipole evolution equation, in

our case, the BK equation.

The differental cross section for the production of final state vector mesons, given

by
dσγ∗p→V p

T,L

dt
=

R2
g

16π
∣∣∣Aγ∗p→V p

T,L

∣∣∣2(1 + β2
)
, (4.3)

where β is the ratio of real to imaginary parts of the scattering amplitude used to

determine the real part of the scattering amplitude and is given by

β = tan(πλ/2), λ =
∂ ln

(
Aγ∗p→V p

T,L

)
∂ ln(1/x) . (4.4)

The skewed effect is reflected by R2
g, given by [46]

Rg = 22λ+3
√
π

Γ(λ+ 5/2)
Γ(λ+ 4) . (4.5)

For the exponential dependence of t on the scattering amplitude Aγ∗p→V p
T,L [47], one

can rewrite Eq. (4.3) as follows:

dσγ∗p→V p
T,L

dt
(x,Q2, t) =

R2
g

16π
∣∣∣Aγ∗p→V p

T,L

∣∣∣2
t=0

(
1 + β2

)
e−BD|t|, (4.6)

where BD denotes the area size of the interaction region, which can be obtained with

a fit to the t-ditributions of the form dσ/dt ∝ exp(−BD|t|). The total scattering

cross section is then obtained as

σγ∗p→V p
tot (x,Q2) = σγ∗p→V p

T (x,Q2) + σγ∗p→V p
L (x,Q2), (4.7)
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with

σγ∗p→V p
T,L (x,Q2) =

R2
g

16πBD

∣∣∣Aγ∗p→V p
T,L

∣∣∣2
t=0

(
1 + β2

)
. (4.8)

For the ρ0 vector meson, BD is given by [47]

BD = N
(

14.0
( 1GeV 2

Q2 +M2
V

)0.2
+ 1

)
, (4.9)

with N = 0.55 GeV −2 and MV = 0.776 GeV for the ρ0 meson. For the J/Ψ vector

meson, BD is given by [48]

BD =


4.15 + 4 × 0.116 ln

(
W
W0

)
, Q2 ≤ 1 GeV 2

4.72 + 4 × 0.07 ln
(

W
W0

)
, Q2 > 1 GeV 2

, (4.10)

where W0 = 90 GeV and W is center of mass energy for γ∗p system, related to x

and Q2 by

x = xBj

(
1 + M2

V

Q2

)
= Q2 +M2

V

W 2 +Q2 , (4.11)

where xBj is the Bjorken scale and MV = 3.097 GeV for J/Ψ vector meson.

4.2.2 Vector Meson Wavefunctions

One of the key ingredients to measuring the production of exclusive vector mesons

is the overlap wave function (Ψ∗
V Ψ)T,L, which is a function of the longitudinal

momentum fraction z carried by the quark, the dipole size r, and the virtuality

of the photon Q2. In the literature, there are many different prescriptions for the

overlap wavefunction between the photon and the vector meson, such as the DGKP

(Dosch-Gousset-Kulzinger-Pirner) model [49], the Gaus-Light Cone (GLC) [30],

and the boosted Gaussian (BG) model [50], first proposed by Nemchik et. al [51, 52].

The overlap function between the photon and the vector meson wave functions can
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be written as

(Ψ∗
V Ψ)T = êfe

Nc

πz(1 − z){m2
fK0(ϵr)ϕT (r, z)− [z2 +(1−z)2]ϵK1(ϵr)∂rϕT (r, z)},

(4.12)

(Ψ∗
V Ψ)L = êfe

Nc

π
2Qz(1 − z)K0(ϵr)

[
MV ϕL(r, z) + δ

m2
f − ∆2

r

MV z(1 − z)ϕL(r, z)
]
,

(4.13)

where êf is the effective charge (êf = 2/3, 1/
√

2 for J/Ψ and ρ mesons, respec-

tively.), e =
√

4παem, Nc (= 3) is the number of colors, ∆2
r = (1/r)∂r + ∂2

r ,

ϵ =
√
z(1 − z)Q2 +m2

f (mf is the quark mass), and K0 and K1 are the second kind

Bessel function. ϕT and ϕL are the scalar parts of the overlap wave functions.

The vector meson wave functions are constrained by model-independent features.

Firstly, it should satisfy the following normalization condition:

∑
h,h̄

∫
d2r

∫ 1

0

dz

4π

∣∣∣∣ΨV
h,h̄(z, r)

∣∣∣∣2 = 1 (4.14)

Here, ΨV
h,h̄

(z, r) represents the light-cone wave function of the vector meson with

quark and antiquark helicities labeled by h and h̄, respectively. The above normal-

ization condition neglected the possible contributions of gluon or sea-quark states to

the vector meson wave function, assuming that the quantum numbers of the meson

are saturated by the quark-antiquark pair. For the scalar parts of the vector meson

wave functions, the normalization conditions are [51, 52]

Nc

2π

∫ 1

0

dz

z2(1 − z)2

∫
d2r {m2

fϕ
2
T + [z2 + (1 − z)2] (∂rϕT )2} = 1, (4.15)

Nc

2π

∫ 1

0
dz
∫
d2r

[
MV ϕL + δ

m2
f − ∆2

r

MV z(1 − z)ϕL

]2
= 1. (4.16)

In addition to that, another important constraint comes from the leptonic decay width
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Γ(V → e+e−), given by

fV,T = êf
Nc

2πMV

∫ 1

0

dz

z2(1 − z)2 {m2
f − [z2 + (1 − z)2]∆2

r} ϕT (r, z)
∣∣∣∣
r=0

, (4.17)

fV,L = êf
Nc

π

∫ 1

0
dz

[
MV + δ

m2
f − ∆2

r

MV z(1 − z)

]
ϕL(r, z)

∣∣∣∣
r=0

, (4.18)

where fV is the coupling of the meson to the electromagnetic current obtained from

the measured electronic decay width by

ΓV →e+e− = 4πα2
emf

2
V

3MV

. (4.19)

For the completeness of the vector meson wave functions, Eqs. (4.12) and (4.13),

the scalar parts (ϕT,L) should be mentioned. In this work, we employ the BG and

GLC models for the scalar part wave functions as they provide a better description of

existing experimental data using the constraints given in Eqs. (4.15), (4.16), (4.17),

and (4.18). We set δ = 0 in the GLC model and δ = 1 in the BG model, following

the work done by Kowalski et. al. [31].

The scalar-part wave functions in the GLC model are given by

ϕT (r, z) = NT [z(1 − z)]2 exp(−r2/2R2
T ),

ϕL(r, z) = NLz(1 − z) exp(−r2/2R2
L).

(4.20)

The parameters of the GLC model are given in Table 4.1.

Meson MV /GeV fV mf/GeV NT R2
T/GeV

−2 NL R2
L/GeV

−2

J/Ψ 3.097 0.274 1.4 1.23 6.5 0.83 3.0
ρ0 0.776 0.156 0.14 4.47 21.9 1.79 10.4

Table 4.1: Parameters of the GLC model for J/Ψ and ρ0 vector mesons [44].
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The scalar-part wave functions in the BG model are given by

ϕT (r, z) = NT z(1 − z) exp
(

−
m2

fR2

8z(1 − z) − 2z(1 − z)r2

R2 +
m2

fR2
T

2

)
,

ϕL(r, z) = NLz(1 − z) exp
(

−
m2

fR2

8z(1 − z) − 2z(1 − z)r2

R2 +
m2

fR2
L

2

)
.

(4.21)

The parameters of the BG model are given in Table 4.2. We include these two

Meson MV /GeV fV mf/GeV NT NL RT
2/GeV −2 RL

2/GeV −2

J/Ψ 3.097 0.274 1.4 0.578 0.575 2.3 2.3
ρ0 0.776 0.156 0.14 0.911 0.853 12.9 12.9

Table 4.2: Parameters of the BG model for J/Ψ and ρ0 vector mesons [44].

models into our calculations for vector meson production, which exhibit minimal

sensitivity to the specified vector meson wave functions, and analyze the impact of

both models on the outcomes. To facilitate visualization, we illustrate the transverse

and longitudinal overlaps between the vector meson and photon wave functions as a

function of the dipole size r at z = 1/2 (0 < z < 1) in Figure 4.2.

4.3 Results and Discussion

This section presents the numerical results for the cross sections for the production

of J/Ψ and ρ0 vector mesons as a function of various scales involved in the process

γ∗p → V p. We have provided the theoretical calculations of the differential and total

cross sections for the electro-production of J/Ψ and ρ0 vector mesons. Furthermore,

we have shown the ratios of the longitudinal to transverse cross sections that are

responsive to the vector meson wavefunctions. In the computation of cross sections,

Eqs. (4.6), (4.7), (4.8), we primarily require two pieces of information: the dipole-

proton scattering amplitude and the overlap wave functions for the vector mesons.

We utilized the solution of the BK equation from the second chapter for the dipole-
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Figure 4.2: Overlap function between the photon and the vector meson wave functions [Eqs.
(4.12) and (4.13)], as a function of dipole size r at z = 1/2 for various Q2 values.

proton scattering amplitude. We utilized two renowned models, the Gaus-LC and

the BG models, for the overlap wave functions. This document illustrates the impact

of these two models on the estimates of cross-sections for the electro-production of

specific vector mesons. We compared our theoretical predictions with the available

experimental data to validate our approach.

The initial analysis presents the differential cross section results for the produc-

tion of J/Ψ and ρ0 vector mesons as a function of the squared momentum transfer t

across various Q2 values of experimental data. The results, together the comparison

with the experimental data, are presented in Figures 4.3 and 4.4. The relationship

between the total cross sections of J/Ψ and ρ0 vector meson production and the

center-of-mass energy of the γ∗p system W for different Q2 values is illustrated

in Figures 4.5 and 4.6, respectively. Figure 4.5 illustrates the total cross-section

for the production of the exclusive J/Ψ vector meson as a function of W at the

highest accessible energy. The computed exclusive vector meson production aligns
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Figure 4.3: Differential cross section dσ/dt(γ∗p → J/Ψ p) vs. |t| calculated using the
solution of the BK equation with two different vector meson wave functions compared with
the experimental data from ZEUS 2004 [20] at W = 90 GeV (left) and H1 2006 [22] at
W = 100 GeV (right).
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Figure 4.4: Differential cross section dσ/dt (γ∗p → ρ0p) vs. |t| calculated using the
solution of the BK equation with two different vector meson wave functions compared with
the experimental data from ZEUS 2007 [23] for 30 GeV < W < 180 GeV(left) and H1
2010 [24] at W = 75 GeV (right).

well with the existing experimental evidence. The results presented are somewhat

contingent upon the two vector meson wave function models, namely the Gaus-LC

and BG models. Figure 4.2 illustrates the discrepancies between these two models

that influence the calculations of vector meson production. For the transversely

polarized ρ0, the Gaus-LC and BG models are identical, in contrast to other vector

meson components. Nonetheless, they yield analogous predictions for vector meson

generation using our solution the BK equation.

In the second analysis, we measured the total cross section, σ, for the production



4.3 Results and Discussion 103

1 0 2 1 0 3

1 0 1

1 0 2

1 0 3

  B K  w i t h  B o o s t e d  G a u s s i a n
  B K  w i t h  G a u s - L C

Z E U S  2 0 0 4  ( √ s  =  3 1 8  G e V )
L H C b  ( √ s  =  1 3  T e V )

σ(
γ∗ p →

 J/
Ψ

 p)
 [n

b]

W  [ G e V ]

Figure 4.5: Total cross section σ(γ∗p → J/Ψ p) vs. W calculated using the solution of the
BK equation with two different vector meson wave functions compared with experimental
data from ZEUS 2004 [20] and LHCb [26].
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Figure 4.6: Total cross section σ(γ∗p → ρ0p) vs. W calculated using the solution of the
BK equation with two different vector meson wave functions compared with experimental
data at various Q2 values from H1 2000 [19] (left) and ZEUS 2007 [23] (right).

of J/Ψ and ρ0 vector mesons as a function of Q2. The left plot of Figure 4.7

illustrates the total cross section for J/Ψ production at W = 90 GeV, whereas the

right plot depicts the total cross section for ρ0 production at W = 75 GeV. The

theoretical predictions align closely with the current experimental results.

We have ultimately shown the ratio of longitudinal to transverse cross sections,

R = σL/σT , as a function of Q2 at a constant W . Figure 4.8 illustrates that the

production ratio for the J/Ψ vector meson is directly proportional to Q2, whereas
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Figure 4.7: Total cross section σ vs. Q2 calculated using the solution of the BK equation
with two different vector meson wave functions. (left) For J/Ψ meson at W = 90 GeV
compared with experimental data from ZEUS 2004 [20] and H1 2006 [22]. (right) For ρ0

meson at W = 75 GeV compared with the data from H1 2000 [19] and ZEUS 2007 [23].

the production ratio for the ρ0 vector meson increases significantly with rising Q2.

As Q2 grows for both vector mesons, significant disparities emerge between the two

vector meson wave function models. Consequently, the ratio exhibits significant

sensitivity to the specified vector meson wave function models at elevated Q2.
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Figure 4.8: The ratio R vs. Q2 calculated using the solution of the BK equation with two
different vector meson wave functions: (left) R for J/Ψ meson at W = 90 GeV compared
with the data from ZEUS 2004 [20] and (right) R for ρ0 meson at W = 75 GeV compared
with the data from H1 2010 [24].
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4.4 Summary

This chapter examines exclusive vector meson production using the color dipole

framework of DIS. We computed the cross-sections for the production of J/Ψ and

ρ0 vector mesons as functions of t, W , and Q2 utilizing an analytical solution of the

BK equation or the BK evolution theory. To corroborate our study, we compared the

theoretical predictions for the cross-sections of J/Ψ and ρ0 vector meson production

with extant actual data, observing a satisfactory concordance between them. Our

inquiry commenced with a succinct examination of the color dipole framework

of DIS for vector meson production. In this context, we presented the scattering

amplitude for vector meson production. This amplitude necessitated two fundamental

components for vector meson production: the vector meson wavefunctions and the

dipole-proton scattering amplitude. Utilizing two established models, the Gaus-LC

and the BG, for the vector meson wave functions and deriving the dipole-proton

scattering amplitude from the solution of the BK equation, we calculated the cross-

sections for the production of J/Ψ and ρ0 vector mesons, as well as the ratios of

longitudinal to transverse cross-sections.

The findings indicate that our analytical solution to the BK equation accurately

calculates vector meson production in a modest Q2 range. The BK equation exhibits

strong performance in low Q2 and small-x regions. Nonetheless, with elevated Q2,

it is essential to include corrections from the DGLAP evolution equation in the

calculations. Nevertheless, our analytical technique is applicable for quantifying

vector meson cross-sections within the designated range. Furthermore, our findings

underscore the susceptibility of results to the Gaus-LC and BG models. Although

the disparities among these models become less apparent for the ρ0 meson as Q2

escalates, discrepancies are clearly observable for the J/Ψ meson, even at elevated

Q2 values. Furthermore, the ratios of longitudinal to transverse cross-sections for
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the production of J/Ψ and ρ0 vector mesons exhibit a notable dependence on the

two wave function models as Q2 escalates. Our investigations indicate that the

answers derived from solving the BK equation using the BG model offer a superior

representation of the data compared to those obtained from the Gaus-LC model.

The production of vector mesons is an effective approach to investigate the

characteristics of nuclear materials. Our analytical solution to the BK equation can

facilitate more phenomenological studies at both current and prospective experi-

mental sites. We expect that diffractive processes, such as exclusive vector meson

production at upcoming experimental facilities, will illuminate various facets of

QCD.
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