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Exclusive production of light vector mesons at next-to-leading order
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Exclusive production of light vector mesons in deep inelastic scattering is calculated at next-to-leading
order in the dipole picture in the limit of high photon virtuality. The resulting expression is free of any
divergences and suitable for numerical evaluations. The higher-order corrections are found to be
numerically important, but they can be mostly captured by the nonperturbative fit parameters describing
the initial condition for the small-x evolution of the dipole scattering amplitude. The vector meson
production cross section is shown to depend only weakly on the meson distribution amplitude and the
factorization scale. We also present phenomenological comparisons of our result to the existing exclusive ¢
and p production data from HERA and find an excellent agreement at high virtualities.
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I. INTRODUCTION

Deep inelastic scattering (DIS) is a powerful tool to study
the partonic structure of protons and nuclei at high energies.
This process has been studied in detail in electron-proton
collisions at HERA, where the vast amount of measured
data has revealed a rapid increase in the density of gluons
with small momentum fraction x [1,2]. The observed
increase cannot continue indefinitely without violating
unitarity, and as such the saturation effects are expected
to dominate the small-x part of the hadron wave function.
To describe QCD in this region of phase space where parton
densities become of the same order as the inverse of the
strong coupling, an effective field theory approach to QCD,
called the color glass condensate (CGC), has been devel-
oped [3-5].

In CGC, the high density of small-x gluons gives rise to
nonlinear dynamics that slows down the growth of the
gluon density. Despite the success of the CGC-based
calculations in describing various high-energy collider
experiments [6], there has not been definitive experimental
evidence of saturation. To get precise DIS data from the
saturation region new experimental facilities have been
proposed, such as the upcoming Electron-Ion Collider
in the U.S. [7-9] and a similar collider at CERN [10].
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These facilities would allow for DIS measurements with
heavy nuclei where the saturation effects are amplified
approximately by A!/3. To meet the precision of these
future experimental studies where nonlinear QCD dynam-
ics is probed, it is necessary to promote the theory
calculations in the CGC framework to higher-order
accuracy.

One powerful process to probe gluon saturation is
exclusive vector meson production as it requires an
exchange of at least two gluons with the target. This
renders the cross section roughly proportional to the gluon
density squared [11] at leading order (but the situation is
more complicated at next-to-leading order in a collinear
factorization based approach, see Ref. [12]). Another
advantage of it is that only in exclusive processes it is
possible to measure the momentum transfer squared ¢ in the
process. The momentum transfer dependence can be related
to the impact parameter dependence via a Fourier trans-
form, providing access to the spatial distribution of nuclear
matter in nuclei at high energy [13,14] and to the
generalized parton distribution functions [15].

A convenient approach for describing exclusive vector
meson production in DIS is the dipole picture where the
process can be written in terms of the virtual photon and
meson light-front wave functions along with the dipole-
target scattering amplitude [16,17]. The dipole amplitude
satisfies perturbative small-x evolution equations, such as
the Balitsky-Kovchegov (BK) equation [18,19], which
resums large logarithmic contributions ~aIn1/x. The
photon wave function can be calculated perturbatively
[20,21], but the meson wave function is instead non-
perturbative and therefore requires additional modeling.
For heavy vector mesons one can take advantage of the
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small relative velocity of the quark-antiquark pair in the
meson and model it as a fully nonrelativistic bound state
[11], with velocity corrections that can be linked to the
nonrelativistic QCD (NRQCD) matrix elements [22].
Another possibility is to take the limit of high photon
virtuality, Q? > M? (where My is the meson mass), where
one can make a twist expansion for the process [23,24].
This corresponds to writing the meson wave function in
terms of a nonperturbative distribution amplitude, on top of
which higher-order corrections can be calculated perturba-
tively. This is especially suitable for light vector mesons
and is a basic assumption in this paper.

The next-to-leading order (NLO) calculations in the
dipole picture are starting to become available. First of
all, the BK equation is available at NLO accuracy [25-28].
The NLO corrections to the virtual photon wave function
have been calculated with both massless [29-31] and
massive [32,33] quarks. These developments enable phe-
nomenological studies of proton and nuclear structure
functions at small x, and also make it possible to determine
the nonperturbative initial condition for the small-x evo-
lution of the dipole amplitude by performing fits to HERA
data [34-37]. Another recently proposed approach to
determine the initial condition is based on a perturbative
calculation of the proton color charge correlators in terms
of the nonperturbative proton valence quark wave func-
tion [38,39]. In order to calculate exclusive vector meson
production at NLO accuracy, the additional ingredient
required is the meson wave function at NLO. This wave
function has been calculated in the nonrelativistic limit
for heavy vector mesons in Ref. [40] and used for
calculating longitudinal heavy vector meson production
at NLO accuracy in Ref. [41] including also the first
relativistic corrections [22]. Other recent developments
towards the NLO accuracy in the CGC framework include,
for example, studies of dijet production in DIS and
hadronic collisions [42—44], and inclusive hadron produc-
tion in proton-lead collisions [45-52].

The main focus of this work, light vector meson
production in the high-Q? limit at NLO, has been calcu-
lated in Ref. [53] using covariant perturbation theory in
momentum space including nonlinear QCD dynamics in
the shockwave approach. In this paper, we calculate the
NLO corrections using light cone perturbation theory [20]
in mixed transverse coordinate, longitudinal momentum
fraction space. The advantage of the light cone perturbation
theory is that the calculation can be divided into the photon
and meson wave functions that need to be combined only at
the end. One can also directly take advantage of the
recently calculated photon NLO wave function. The mixed
coordinate space is convenient as the transverse coordinates
of the partons do not change during the interaction with the
target at high energies. Compared to Ref. [53] we also use a
different scheme to subtract the rapidity divergence from
the real gluon emission part. This scheme is developed in

Refs. [46,51,54,55] in order to avoid unphysical results in
single hadron production and in proton structure function
calculations at NLO accuracy. Our results are also straight-
forward to apply in phenomenological analyses using
existing dipole amplitude fits as is demonstrated in this work.

The paper is structured as follows. In Sec. II we present
the framework for vector meson production and explain the
resummation of small-x gluons. In Sec. III, the photon
and meson NLO wave functions are shown explicitly. The
NLO corrections to the light vector meson wave function
are calculated using light cone perturbation theory at
leading twist. We then proceed to calculate the production
amplitude in Sec. IV and present the result in the mixed
space. In Sec. V, we show numerical calculations of the
NLO production amplitude along with comparisons to the
existing p and ¢ production data before presenting our
conclusions in Sec. VL.

II. EXCLUSIVE SCATTERING AT HIGH ENERGY

A. High energy factorization

The scattering amplitude for exclusive vector meson
production at high energy and in the zero squared momen-
tum transfer # = O limit can be written in a factorized form

—iA=) 12 / dP-2x,dP2x,
f

dZ()dZI *5qq V—=qag-\*
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W) Ny, (n

and the coherent vector meson V electroproduction cross
section can now be obtained as

1

do? tr=V+p
o lom

— AP, )

Here x;, are the quark, antiquark, and gluon transverse
coordinates, and z; denotes the fractions of the photon’s
plus momentum carried by these partons. This factorization
is justified at high energy as the lifetimes of the virtual
photon gg and ggg Fock states are much longer than
the timescales related to the interactions with the target
color field. We use the eikonal approximation and describe
the interactions with the target in terms of Wilson line
correlators. The Wilson line Vp4(x) describes a color
rotation of a quark (fundamental representation F) or a
gluon (adjoint representation A) when it propagates through
the target, and the relevant correlators read
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where Sy, = 1— Ngy;. Here we took the mean field
limit where the average over the target color charge
configurations denoted by (- --) factorizes. These correla-
tors satisfy the BK evolution equation discussed in Sec. II C
and depend implicitly on evolution rapidity, which we will
specify later.

We only consider forward production in this work even
though this framework can also be extended to calculate the
momentum transfer dependent cross section. The momen-
tum transfer is the Fourier conjugate to the impact param-
eter, and thus being able to calculate the cross section at
finite momentum transfer is an advantage of exclusive
processes as this can be used to do spatial imaging of the
hadron structure [13]. On the other hand, this means that
calculating vector meson production at ¢ # 0 would require
us to implement a model to describe the nonperturbative
spatial structure of the proton. As the purpose of this work
is to focus on a rigorous NLO calculation of a vector meson
production cross section we choose not to employ any such
modeling and limit our studies to t =0 where only the
dipole amplitude integrated over the impact parameter is
required. The same quantity is also probed in structure
function measurements that are used to constrain the initial
condition for the BK evolution of the dipole scattering
amplitude Ny; [37].

B. Twist expansion

The meson light-front wave function is highly non-
perturbative. For heavy vector mesons one can model
the wave function based on the nonrelativistic nature of
heavy quarks [22] but this simplification cannot be made
for light mesons. On the other hand, the high-virtuality
limit Q% > M3, which is justified for light mesons, can
be used to simplify the mathematical description of the
process. In this limit transverse momentum scales on the
meson side become corrections suppressed by powers of
1/Q?, leading to the twist expansion of the meson wave
function [23,24]. The leading-twist term then does not
depend on the transverse momentum scales of the meson,
meaning that only the dependence on the longitudinal
momenta remains.

The twist expansion can be explained formally using
the virtual photon wave function. The photon wave
function is exponentially suppressed in Q’r?, where r is
the dipole size, which renders the relevant dipole sizes
to be r> ~1/Q% We can then do a Taylor expansion

for the meson wave function WY(r,z)=V(0,z)+
VRV (0.2) +... =7 (0.2) + O(5) (see also Ref. [22]).
Thus, only the dependence on the momentum fraction z
remains at leading order in the twist expansion. The
momentum space equivalent of this is a delta function in
terms of the quark transverse momentum k: WPV (k,z) =
(27)?6°(k)¥Y(r = 0.2) + O(). This first term in the
wave function corresponds to the twist-2 distribution
amplitude ¢(z) of the meson. In an NLO calculation the
distribution amplitude has to be renormalized as we will
demonstrate explicitly below, and the scale dependence
of the renormalized distribution amplitude is described
in terms of the Efremov-Radyushkin-Brodsky-Lepage
(ERBL) evolution equation [20,56], which is discussed
in more detail in Sec. IV C.

The twist expansion also guarantees that we need the
nonperturbative part of the meson wave function only for
the gg state. The nonperturbative part for other Fock states,
such as ggg, is higher order in twist and can therefore be
neglected at high Q2 [57,58]. This means that the meson
wave function for the ggg state can be calculated pertur-
batively by considering a gluon emission from the gg state,
i.e., at high virtualities the Fock state ggg is created through
the process V — ggq — qgg [see Figs. 1(f) and 1(g)].

Another consequence of the high virtuality is that we
need to consider only the longitudinal polarization for both
the photon and the meson. A polarization flip is highly
suppressed in coherent vector meson production such that
the meson and photon effectively have the same polariza-
tion [59] (see also Ref. [60]). In fact, in the limit of zero
momentum exchange ¢t = 0 the polarization flip contribu-
tion vanishes exactly in our calculation. In the case of
transverse production the leading-twist distribution ampli-
tude is twist 3 [23], meaning that transverse production is
suppressed relative to longitudinal by 67/, ~ M3,/ Q? for
high virtualities. Thus, total light vector meson production
is given by the longitudinal cross section o(y; + A —

V. + A) up to corrections of order (’)(/g—zv)

C. High-energy evolution

The dipole amplitude, given by the correlator Ny, =
1 — Sy, satisfies the perturbative BK equation describing
its energy dependence. At leading order the BK equation
reads [18,19]

0

Sy S0 = /dZXzKBK(Xo,Xth)[Sozsu = Soi]- (5)
This equation is written in terms of a rapidity variable Y,
which is discussed in more detail shortly. The kernel Kgk
describes the probability density for a dipole with trans-
verse coordinates X, and X to emit a gluon at the transverse
coordinate X,. Including the running coupling corrections
following Ref. [61], the kernel can be written as
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FIG. 1.

(8)

NLO corrections to the meson light-front wave function. (a) and (b) propagator corrections, (c) and (d) regular gluon exchange,

(e) instantaneous gluon exchange, (f) and (g) perturbative generation of the ggg Fock state.

x3 1 [ay(x3)
Kpx(X0.X1.X,) = { n + (S 2

Neas(x5,) L
2n? X%N‘%o X%o as(X%J

S ()

X351 \a(x3))
where we use the notation x;; = x; — X;. The BK equation
effectively resums the contributions a,In1/x~ 1 from
small-x gluons, which is necessary for the stability of
the perturbative calculations at high energy.

When higher-order corrections enhanced by large double
transverse logarithms are resummed [62], the NLO BK
equation [25] becomes stable and can in principle be
used in phenomenological applications [27]. A usual and

)

(6)

numerically convenient approach, however, is to include
resummations of the most important higher-order cor-
rections to the leading-order BK equation. The leading-
order BK equation with such resummations can be used to
accurately approximate the full NLO BK equation [27,63].
Several resummation schemes exist, and in this work the
following equations are used (we adopt the terminology
used in Ref. [37]): KCBK [55], ResumBK [62,64], and
TBK [65]. The nonperturbative initial conditions for these
evolution equations have been determined in Ref. [37] by
performing a fit to the HERA structure function data [1]. Of
these, the evolution rapidity in the KCBK and ResumBK

kt

equations is the projectile rapidity ¥ = In =, where k™ and

P are the gluon and target plus momenta. We work in the
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frame where the photon plus momentum ¢ is large and the
photon has no transverse momentum. The target plus
momentum is obtained as PT = Q3/(2P~), where the
target transverse momentum scale is taken to be Q3 =
1 GeV? (note that the photon-nucleon center-of-mass
energy reads W? = 2¢*P7).

Both KCBK (“kinematically constrained BK”) and
ResumBK (“resummed BK”) involve a resummation of
double ~ay Infin X2 with
ResumBK also resumming single transverse logarithms
o, In——5 at all orders. In the KCBK equation the double

transverse logarithms

Q
logarlthms are resummed by explicitly requiring a time
ordering between the subsequent gluon emissions, which
results in a nonlocal equation. The third evolution equation,
TBK (“BK equation in target rapidity”), uses the target
rapidity # as an evolution variable. This rapidity variable is
related to the fraction of the target longitudinal momentum
fraction transferred in the scattering process in the frame
where the target has a large longitudinal momentum (see
Ref. [65] for a detailed discussion). This evolution rapidity
corresponds to

1 W? + Q?
p=ln—=In— =
Xp 0+ My

Consequently, the TBK evolution can be thought as
evolution in In1/xp whereas the KCBK and ResumBK
equations correspond to evolution in In W2, In order to use
dipole amplitudes as a function of the target rapidity # in the
impact factors written in terms of the projectile rapidity Y,
we use the same shift as in Ref. [37]:

1
n=Y-ln————. (8)
min{1, x3,03}
The BK equation contains a transverse-coordinate de-
pendent coupling constant. We model the running of the
coupling in the coordinate space following Ref. [37]:

(7)

2) 4 .
J ﬂoln [( )1/c+ (x 4AC22 )l/c:|c
ij*"QCD

This running coupling approaches a constant value in the
infrared region 1/]x;;| 2 Aqcp, with the constants y, and ¢
controlling its behavior there. The values of these constants
are chosen as in Ref. [37]. The constant C? is a fit parameter
that describes the relation between momentum and coor-
dinate spaces, k? = 4C?/r?, with the expected value C?> =
e~2r from Fourier analysis [66,67]. The same coordinate
space coupling constant is used when calculating the
scattering amplitude, Eq. (1), where the coupling constant
is included in the next-to-leading order photon and meson
wave functions. As the running coupling prescription (6)
can be seen to effectively choose the smallest of the three
distance scales x3,,xX7,,x3,, when calculating the ¢gg
contribution in Eq. (1) we choose to evaluate the coupling

©)

ag(x

at the scale set by the smallest of the daughter dipoles, as in
Ref. [37]. When evaluating the gg term the scale choice
is Xo1-

III. LIGHT-FRONT WAVE FUNCTIONS
AT NEXT-TO-LEADING ORDER

The NLO corrections to exclusive vector meson pro-
duction can be calculated in terms of the NLO wave
functions for the photon and meson. In this section, we
first list the relevant photon light-front wave functions at
NLO accuracy calculated in Refs. [29-31]. Then, we
proceed to calculate the light vector meson wave function
at NLO in terms of the twist-2 distribution amplitude, and
present the results Fourier transformed to mixed transverse
coordinate, longitudinal momentum fraction space.

A. On the regularization scheme

The calculation will be done in two different regulari-
zation schemes. The first one is the conventional dimen-
sional regularization (CDR) where the momenta and
polarization vectors of all particles are continued to D
dimensions. The second one is the four-dimensional
helicity (FDH) scheme where the polarization vectors are
kept in four dimensions [68,69]. In our case, this amounts
to real gluons having two polarization states.

To do the calculations simultaneously in both schemes
we follow the notation of Ref. [32]. The dimension arising
from the gluon polarization vectors is denoted as D; to
distinguish it from the dimension D in the dimensional
regularization. The CDR scheme corresponds to the case
D, = D, and for the FDH scheme we have D, = 4. Sums

over gluon helicities can be calculated as 3, eie)” = 5’(’ D)

where the subscript denotes that this Kronecker delta has

— 2 transverse dimensions. In the sums over spin and
Lorenz indices we take D, > D so that the following
relations for the Kronecker deltas hold:

ij ij _ ij Slj oy ij jk ik
Op)0p)=Ds =2 Op)0ipy=D=2, 8, =0p)-
(10)

We will also make use of the following spinor identity [29]:

iy (p = k)¢ (k)u,(p) = (V (p — k)da(k)vi(p))

o)

where h = %1 is the quark helicity and

ij AV N T
Vil(z) = <1 - 5) 5&)‘_) + lhie(]D,.)‘ (12)
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Here the D, -dimensional Levi-Civita tensor has to be
understood through the Fierz identity
ij ik ol ik o
€(0,€(b,) = 90,)%0,) = %(,%(b,) (13)
This identity is valid in D dimensions if there are no more

than two Levi-Civita tensors [29], which holds for the
calculations considered in this paper.

B. Photon wave function

The photon light-front wave functions in the massless
quark case have been calculated in Refs. [29-31] and are
shown here for completeness. In our notation, an additional
factor of Zq%]_[l\/%_ appears in the wave functions. This
additional factor follows from a different choice of the
. . . 2x,dz; g
integration measure, which we choose to be [ [; %. With
this choice the leading-order wave function for the virtual

photon in the mixed transverse coordinate and plus
momentum fraction space is

ee:Q _
45%(115110,—/1120(1 — 20)Kozs([%01|1Q)

0 b
. <2n|xO1|) ' (14)

W07 (20 X01) =

N eerQ

v —qq _ 7
le,NLO(ZO’ Xo1) =
where

a2

. 3 2 1 Z 2
K'i=|=+1 In(zx3 u?)| +-In?(—2—) - =
’ [2+ n<Zo(1 —Zo)ﬂ {4—D+yE+ n(mXgu )} i (1 —Zo> 6"

—.aCp .
—500015h0.—h1z()(1 - ZO)K%(|XOI|Q) : FKyL X (

We always work in the frame where the photon transverse
momentum is zero. Here e, is the fractional charge of
the quark with flavor f, Q7 is the virtuality of the photon,
z; = ki /q" is the (anti)quark’s fraction of the photon plus
momentum, and a; and /; are the color and helicity indices.
We also use the short-hand notation Q% = z((1 — z) Q>.
Quantities corresponding to the quark are denoted with
i =0 and antiquark with i = 1. We note that the last
factor, which is equal to 1 at D = 4, is absent in Ref. [29]
where the transverse momenta of the observed par-
ticles are kept in two dimensions. Here “observed”
particles are those that appear as the final state in the
wave function, not including soft or collinear particles.
In this paper, we choose to evaluate the transverse
momenta of the observed particles in D — 2 dimensions,
as this is necessary for regularizing the NLO meson wave
function. However, this term does not have any contri-
bution to the final cross section where all ﬁ divergences
have been canceled. In principle, this factor multiplied by
K”: contributes a finite logarithm term ~In|xq,|. It
however cancels when we perform the UV subtraction
in Sec. IV B.

The next-to-leading order correction to the photon wave
function can be written as

0 \7
, 15
2 seieo) (1)

5 1D,—4
2 2D-4"

(16)

Here a is the infrared cutoff for the gluon plus momentum fraction and y is the mass scale for dimensional regularization,

and the last term depends on the regularization scheme.

The virtual photon wave function for the Fock state ggg can be written as

r*—qq9 _ * _ ij _ _ ij
¥y (zi,xi)—4eengt20a15ho,_h1\/Zeiz |:Zl<1 zl)VhO(ZO+Z2>1§,> zo(1 ZO)V_h0<Z1+Z2)I§m>], (17)

where
Il(j) = Ii(Xl()z,Xzo»@%l),w(Z))’
Oy =a(l-2)0% Q) =z
P 2032 w -
v 21(z0 +22)% e
_ %k
Xijk = Xij —mxkj,
and
i RPN B
I'(b,r, 0%, @) = (4n°ur*)= s A

IE,,,) = Ii(XOIZvXZI»Q%m)vw(m))’

0(1 - ZO)Q2 - @2’

” du ul_D/ze_‘@ze‘li_iF<l +—

2122

20(z1 +22)*°

(18)

(19)

D -4 wr?
2 T4u )’
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Quantities with the subscript 2 correspond to the emitted
gluon. The function I’ differs from the similar one in Ref. [29]
by an additional power “‘TD for the variable u, which has the
same origin as the last factor in Egs. (14) and (15).

C. Light vector meson wave function

In this section, we calculate the NLO corrections to the
light vector meson light-front wave function. The calcu-
lation is done in the limit where the transverse coordinate
dependence of the meson leading-order wave function can
be neglected. As discussed in Sec. II, this follows from the
large photon virtuality. This means that we can neglect all
mass scales in the meson, allowing us to set the meson mass
My, to zero along with the transverse momenta k; of the
quark and the antiquark. We work in a frame where both the
photon and the vector meson transverse momenta are zero,
as we consider forward production. Consequently, at
leading order the meson wave function is given by a delta
function in the transverse plane:

Ay

Vo
LPng (20, ko) = Cr \/—5;,0 —h,

e
X (2”)D 25D 2(

v $o(z0)

\/_

0)- (20)
Here ¢(z) is the (bare) distribution amplitude of the meson
that describes how the meson plus momentum is shared by
the two quarks. This wave function is normalized in such a

way that it gives the correct decay constant fy given that
the distribution amplitude is normalized as

The decay constant fy, is related to the leptonic width by

dral, fv 2

- It
PV =rr) ==

(22)

The wave function (20) describes the probability of the
meson to split into a quark-antiquark pair with the flavor f.
Here ¢y is a normalization factor needed for mesons that
consist of a superposition of different flavored quark-
antiquark states. For example, the p meson can be written
at leading order as |p) = %(|uﬁ) — |dd)), giving us ¢, =

7 and ¢, = NGL The normalization factors are also
related to the effective charge fraction of the meson that

is defined by ey = >, cre;. We emphasize that in the

high-Q? limit the dependence on the vector meson type is
included in the nonperturbative distribution amplitude
¢o(z9) (in addition to the normalization factors fy, ey,
and cy).

At next-to-leading order, we get perturbative corrections
to the meson wave function from Feynman diagrams shown
in Fig. 1. Of these, the Figs. 1(a) and 1(b), corresponding to
the self-energy corrections of the quark and antiquark,
evaluate to zero. This is a consequence of the dimensional
regularization used in the calculation, as these diagrams
give transverse integrals with no mass scales (in the high-
Q? limit considered here where we neglect the quark and

meson masses and the quark transverse momenta) such
dD 2k0 1 0
27[ (9 \D-2 k2 -

To calculate the rest of the diagrams we use the Feynman

as

/1 a2 ol2) = 1. (21) rules of the light cone perturbation theory from Ref. [29].
0 For Fig. 1(c) this gives
|
dP2k k" 1 7 7(1-2)
wle — 0~"%0 YV aq AR R T
! (2m)P2ar HKRF (P ke — k) (P = — k) Lo Gor Koido. . o W)y =
xut Dgzt?%tizalﬁ(0)¢}22(2)u(0’)@(1/)¢h2(2)v(1),
— —4r ascF,u 5a0a1 ”fV
o k2 ¢t /N S, “h, N,
! 1 D, —4
d o~ _lra-7 1- s ' —20)2], 23
<[ @) B [0 vl - )+ 25 - 2

where the identity (11) has been used to simplify the result. The square root factor in the first line comes from
our choice for the integration measure, and the quark and antiquark transverse momenta after the gluon exchange are
ky and k; = —k,. We use a notation u(0) = u, (ko). v(1) = v, (k) for the quark and antiquark spinors, and the
primed quantities correspond to the intermediate quark and antiquark whose spins and helicities are summed over
(see Fig. 1).

The contribution of Fig. 1(d) is similar to Fig. 1(c). An explicit calculation gives the result Eq. (23) with the substitutions
zg—l—zpand 7 - 1 -2
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ascF/’l aa ﬂfV
\P}d:—4ﬂ' 271' k2 f\/u@,o_h] V\/_
Zo~a 1 -2z 1 D, -4
X d7 Ne——"—— S 1Z(1 = 7)) + zo(1 = - SN 24
[ aa TR - - -2 e - ) 4

Here we used the symmetry condition ¢(z') = ¢(1 — z’) that follows from the parity of the vector meson.
The final contribution to the NLO gg wave function comes from Fig. 1(e) describing an exchange of an instantaneous
gluon between the quark and the antiquark. The contribution from this diagram can be evaluated to give

asCFﬂ 5“0061 ﬂfV Zo(l )

e R ) G

Summing these contributions together, we get the NLO correction to the meson gg wave function:

le
wle =87

dz'¢po(2') 0(Z —z0—a) +0(z0 — 7' — a)]. (25)

\PV—>qq (Zo, ko) aoal ”fV aSCF

£.NLO Cf\/—c ho.—hy eV\/_c 0

.“4D / / / 20 1 / ) 1
x4 dquo(z) 07 —zp—a)= | 1+ +0zo =2 —a)— 1+ ;
0o JO Z Z — 2 —Z 20— <

Pt (0= + o )| =

It should be noted that this NLO correction does not affect the normalization (21) of the distribution amplitude. The reason
for this is that the decay constant is given by fy ~ [dzy [ dP7?koWY~%(z4, k), and this integral vanishes for Eq. (26) in
dimensional regularization.

We also need the wave function for the ¢gg state. This is simply given by the sum of Figs. 1(f) and 1(g), which evaluates to

ﬂfV 2gta0a1 ;* 4-D D k

S e NNtz B0 3
. {(zzT)D-%D-Z(kl)qbo(z]>vzf;(

‘P}/qqqg(zi, ki) =

22
20 + 2

)—(2;:)0-250-2(ko)q&o(zo)v"jho< 2 )} (27)

21+ 22

Note that the momentum conservation implies zo + z; +z, = 1 and ko + k; + k, = 0.

These wave functions are presented in the momentum space. For the meson production calculation we need the mixed
space wave functions, which can be calculated from the momentum space wave functions by a Fourier transform in the
transverse plane. The leading-order wave function in the mixed space is given by

dD—ZkOdD—Zk1 ;

WY (2 x01) = / k%) (0, D-250-2 (kg + K WV5 (2. ko),

(27[)2(D—2)
5(1(1
= f\/u ho.—h; f\j;VN—c‘ﬁo(Zo)- (28)

The NLO correction to the gg wave function is given by
dD 2k dD 2k1 g
(2m)*P2)

50:0:] ﬂfV aCF 4-D D—4
=cy /_0 hoh o TR ;ﬂ (axfu?)=2T ——

1 1— 1
X/ dz'¢po(2') |:9(Z/_ZO_G)Z_?<1+ ; >+9(ZO_Z/_a) 0 <1+ /)
0 z 7 =2 1-z 20— 2
Z

DS—4 I—Z()
2

‘I’Xﬁﬁf’)(z(},x(n) I/ Kootk x) (277)P=26P2 (K +k1)'PNLo (20, Ko)s
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and the wave function for the ggg state is

7 dD deD deD Zk
\P}/ qqg(ziaxi) :/ (2 ) = 2 i (KoXo+K X, +K;X5) (2”)0 25D~ Z(ko + Kk, +k2)1PV—>qqg(Z k)
T

zfy  29lg,a, o dP-2k, kj
e N B | i

. z . B p .
X |:¢O(Zl )VLJO <ﬁ> efkoxn — ¢O(ZO)VZhO (ZOTZZZ> e’k x21:| ,

2 taoa] * i ij i
e:\J;V—\/g— ;]125/10 —h, |:¢0(Z1) (Z fiz )J (X20) = ¢o(z0)VY), (Z:iZz)J (le)}’ (30)

where

Ji(r) = 2 () r<1+DT4). (31)

27 r?

IV. LIGHT VECTOR MESON PRODUCTION AT NEXT-TO-LEADING ORDER

A. Production amplitude

Having determined the NLO corrections to the meson wave function, we now have all the ingredients to calculate the
exclusive light meson production amplitude. We substitute the photon wave functions for the gg [sum of Egs. (14) and (15)]
and ggg [Eq. (17)] states, along with the meson wave functions for the gg [sum of Eqgs. (28) and (29)] and ggg [Eq. (30)]
states, into Eq. (1) to obtain the production amplitude and keep terms up to O(«a;). The production amplitude can then be
divided into the dipole (¢g) and real emission (ggg) parts. The dipole part contains the leading-order result

I _ 0 \=&
midio =Y [azy [0 [Nt = s Kanllxa @tz (50-1) T (32)

and the NLO correction

eQfya,C 4 =
—Z-ANLO* ﬂ_fv F/ /dD 2X()l/dD bNmZo(l _ZO)KD 4(XOIQ) <27Z|X01|>
in (D—4 20 1 1=2 !
X {(ﬂX%1ﬂ2>4ZDF (T) / dZ'¢o(2') [Q(Z, —<0~ a)? (1 + 7 - Zo) +0(z =7 ~a) 1-7 (1 * 20— ZJ}

dZ ¢0( ) |:11 iz/

+¢o(20) K"

D4

)+ z—(,)G(z’ - zo)] } (33)

where b = (xq + x;)/2. The real emission part reads

_ C
—iA979 = eQ”fVas F/ /dD 2X01 /dD 2b/ de/ “X20No12

Wi {¢0(Z1) (Xzo)ﬁ[zl(zo + (1 =21y = 20(20(1 = 20) + 21 (1 = 2))I{,,]

+ o(20) 7" (X21)

D, -4 21
2 Z% |:¢0(Z1) 1-—

1 4 .
T [zo(2f + (1= 20))1{,,) = 21(20(1 = 20) + 21 (1 = 20))[{,)]

+

el + dlen) 2 et | (34)

1

where b = zpX( + z1X; + 22X,. These choices for the impact parameter b follow Ref. [37], but we note that in the t = 0
case the weighting of the coordinates by the momentum fractions z; in the definition of b does not affect the results.
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The coherent vector meson V' electroproduction cross
section (2) can now be evaluated using the scattering
amplitude

iA = iAIL + iAL o + AT, (35)

When squaring the amplitude, we keep terms up to O(«;).
However, the i.A%99 amplitude also contains a large con-
tribution enhanced by a large logarithm In 1/z, ~ 1/a,, and
as such this contribution has to be considered as being part
of the leading order amplitude. This is in practice done by

taking into account the BK evolution as we will discuss in
more detail in Secs. IVD and V.

B. UV subtraction

The dipole (—iAf{ ;) and real emission (—i.A9%9) parts of
the amplitude are separately UV divergent. However, most
of the divergences cancel in their sum. Therefore it is useful
to subtract the UV divergent part of the real emission and
combine it with the dipole part. The subtracted term is
chosen to be

7 sC
—lA[quVg— eQﬂ:f\/a F/ /dD 2 /dD 2b/ de/ X20N01

—871

{450(11) H(%20) Ty (X0, 21 (1 = 21) Q%) 1 ilzl (5 +(1-21)%)
+ ¢0(Z0)JI(X21)I{JV(X217ZO(I ~20)0%) 1_—0Z0 (21 + (1= 20)?)
D, -4
+ 203 ) 2 oty + o) S | (36)
where
i a2y ] 4-D i D -4 _ZLVE — Q DT_4
0.0 = g ) 5 (14220 T R 01 (2 2) (37)

This choice for the UV subtraction term is analogous to the one in Ref. [29] and also what is used when considering heavy

vector meson production in Ref. [41]. Unlike in Ref. [29], we choose to include the additional factor (%)T_ to the UV

subtraction to cancel the same factor in the dipole part.
The integrals over X,, and z, can be done analytically, which simplifies the UV subtraction term to

qoas __€QfvaCr [ - - » 0 \*7
—i ALY = —TVZ—JTFA dzo/dD 2Xo1/dD *bNo1o(20)20(1 = 20)Kos(X01 Q) % <m)

D—4 4-D 4-D (12 D, —4
rNi+—-—|I'f—— 2x2,e7E)5 |3 421 . . 38
UGl L e R e =y <>

We then add this to the dipole part, which gives us
eQf _ 5 0 \*7
A% = V/ /dD 2x /dD *bNo120(1 = 20)Kpz2(x01 Q) x (m)
x / dZ’cbo(Z’){(S(zO—Z’)
0

a,CF 2 1 ZO ”2 5
s K ’ -1 242 LVE 5 — (=1 22V Yy _ 2 47
+ &l [ <zO,z>(—D_4 n(mixe >)+ (20 z>(2n (1-ZO> e

CrD,—4[ 1 1 -
nCD =i =500,y e -2 -

I _/
2w D4 | 2%=7)

Here K(z,7') is the kernel of the ERBL equation [20,56], which describes the scale dependence of the distribution
amplitude as we will discuss in Sec. IV C:
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z 1
K(z,z’):?<1—|—z,_Z

>9(z’—z—a)—|—

1-z
1
1—z’<

+Z_Z,>9(z—z’—a) + <%+ln(z(la—iz)))5(z’—z). (40)

This form for the ERBL kernel is equivalent to the usual one written in terms of the plus distributions in the limit @ — 0.
After the UV subtraction, the real emission part becomes finite and reads:

5 e a,C
_iAng = Qﬂfv : F/ dZo/dzxm /dzb/ de/d Xzo*d’o (2o)

X {NouKo(RQ)

X20 * X21

+ (1 =20 = 22)(20 + 22)) 2} Noy

X20X21 1

where R? = z2,X3, + 2122X3, + 2022X3.

C. ERBL evolution and the renormalized
distribution amplitude

The dipole part —iA%% | Eq. (39), still contains a diver-
gence of the form D_4, which is canceled when the
distribution amplitude is renormalized. We define the
renormalized distribution amplitude ¢(z, ur) as

sub ’

(2, ur) = do(2) + a;ip O] dz'K(z,2')o(2')
2 HE
(m + YE — 111(47[) + In (?)) s (42)

where y is the factorization scale. This choice for the finite
terms in the subtraction corresponds to the MS scheme. We
note that the distribution amplitude depends on the regu-
larization scheme (FDH or CDR), as in practice it has to be
determined from some experimental process for which an
NLO calculation also depends on the same scheme choice.
In principle the scheme-dependent term ~(D,—4)/
(D —4) in Eq. (39) could be also included in the definition
|

L [z()((l—zU—zZ) (1= 20)) = (1= 20 = 22) z0(1 — )
0

X2

—((1-n—af + (- ) )L Ko<xO1Q>} (41)

X21

|
of the renormalized distribution amplitude (42). However,
in this work we choose to keep the scheme dependence
explicitly visible in the dipole term, Eq. (39). This allows us
to straightforwardly quantify the scheme dependence
which is shown in the Appendix to be negligible.

The renormalized distribution amplitude satisfies the
ERBL evolution equation [20,56]

[ CF

a¢(Z’ﬂF)_ r , ,
ol 2z [) dZK(z,2)p(Z up),  (43)

where the kernel K(z, z’) is given in Eq. (40). We note that
this renormalization does not change Eq. (21) for the
normalization of the distribution amplitude as the z integral
over the ERBL kernel vanishes: [} dzK(z,z') = 0.

Next we use Eq. (42) to write the bare distribution
amplitude ¢o(z) in —i.A%%  Eq. (39), in terms of the
renormalized distribution amplitude. We also choose to
use the scale dependent renormalized distribution ampli-
tude instead of the bare distribution in the NLO part, as
their difference is now formally higher order in a. This
results in the finite expression

1 _
‘Aﬁn = eQﬂfVA dZo/d2X01/d2bN01ZO(1 _ZO)KO(XOIQ)

! C 2x2 e 1 2 5
) / A2/ (2 ) Blzo = &) + 5 | =K (z0.) I FERUE) 4 6(z — ) (5102 (2 ) =242
0 2 4 2 1 - 20 6 2

aSCFDS—4[ 1 1- 0

2w D4 | 2%

Similarly we can replace ¢y(z) by ¢(z,ur) in the real
emission part (41).

Let us briefly consider the evolution of the renormalized
distribution amplitude. It is useful to write the distribution
amplitude in terms of the eigenfunctions f,(z) of the ERBL
kernel

-7)+ 1_E/Q(ZO—Z’)—l—ZZ—?Q(z/—zO)]}. (44)

/1 dZ/K(Z, Z/)fn (Z/) = Anfn(z)' (45)
0

The eigenfunctions can be written in terms of the Gegenbauer

polynomials CEL%) as f,(z) = 6z(1 — z)C,(?)(k — 1), and the
corresponding eigenvalues are given by [20]

114038-11



HEIKKI MANTYSAARI and JANI PENTTALA

PHYS. REV. D 105, 114038 (2022)

1 n+1 1

—22%. (46)

k=2

1
S A e )

Writing the distribution amplitude as a sum of the eigen-
functions, the ERBL equation then tells us that the coef-
ficients in the sum depend on the factorization scale:

(o]

&(z, pr) a,(pup)fa(z (47)
=0

n

Taking into account the running of the coupling constant as
2y = 4r .
as(uz) = PG AL,y Ve can solve the evolution of the

coefficients a, explicitly [20]:

up \7H
o) = ain(5E-) 7 (43)

QCD

Here Agcp=0.241GeV and f=(11N,—2N¢)/3 with
N¢=3. Values for the coefficients «, at an initial scale
are a nonperturbative input for the calculation. These
coefficients also depend on the considered vector
meson, and should be determined from experimental
data. It should be noted that the eigenvalue 4, is zero
for the term n = 0 and negative for the n > 0 terms. This
means that the first term is actually constant in uf, and the
higher-order terms become suppressed as pp increases.
In the asymptotic limit ur — oo only the first term con-
tributes, and the distribution amplitude then simplifies to
d(z,up = ) = 6z(1 — 7). Here we have also used the fact
that the coefficient a of the first term is actually determined
by the normalization condition Eq. (21), as the orthogon-
ality of the Gegenbauer polynomials guarantees that only
the first term contributes to the normalization, giving us
ay = 1. It should also be noted that parity conservation
demands that the distribution amplitude is invariant under
the substitution z <> 1 —z, meaning that all terms with
n = odd are zero in the sum.

We point out that Eq. (48) is divergent for i = Agcp. In
practice, we avoid this singularity by introducing an
infrared (IR) cutoff u g, for the ERBL evolution and freeze
the distribution amplitude below this scale: ¢(z,ur) =
P(z, ppy) for pp < ppy. We choose the value of the IR
cutoff to be upyg = 1 GeV. The dependence on the IR cutoff
is quantified in the Appendix.

D. Soft gluon divergence

The real emission part still has an IR divergence from the
lower limit @ of the z, integral. This is related to the
emission of soft gluons from the dipole, and to the rapidity
evolution of the dipole amplitude. This can be seen by
noting that the singular part of the real emission can be
written as

eQ 1
sing ”va dZO/dZXO]/d2b¢(Z0’/’tF)Z0(1_ZO)

_iA999 _
—.aC -2y 2

x Ko([x0110) ; F/ de/dzxzo—

T Zmin ﬂzz

X<2)1
X [Noi2=Not] =55
X20"21

(49)

where the identity [29]

2
/ deZ[ X _ 1 e _ng—xglmxglem] —0

2 o2 2
X20X21 XY X271

(50)

has been used. Note that as we do not have an explicit
dependence on the infrared cutoff a in the integrands any-
more, from now on the lower limit of the z, integral is
denoted by z,,;, whose value will be discussed shortly. We
can recognize the integrand in Eq. (49) as the kernel of the
(fixed coupling leading order) BK equation (5). This can
then be combined with the leading-order term [a? part of
Eq. (44)], and the sum of these two contributions corresponds
to using in the leading-order term a dipole amplitude evolved
from the initial rapidity Y to the rapidity

—Z
Ydlp—Y0+1n 0

1
Zmln (5 )
At finite center-of-mass energy the lower limit z,,,;,, of the z,
integral should not be taken to zero. In particular, the invariant
mass of the ggg system should be much less than W2 in order to
justify the usage of the eikonal approximation, which imposes
the lower limit z,,;,. We follow Refs. [37,41] and choose

2

_ (o, 9
Zmin = Min (e e B R
mpy

0 ,1—z0>. (52)

Here the minimum comes from the kinematic constraint
2o + 2 < 1, which guarantees that the dipole does not evolve
backwards in rapidity. As we are interested in the high (but finite)
energy limit, the minimum is only needed in a small subset of the
integration region and in practice the evolved rapidity is

W2+Q2—m2N).
0}

For the a,-suppressed terms the dependence on the evolution
rapidity is formally of higher order in the coupling constant.
Following again Refs. [37,41] we choose to use the same evo-
lution rapidity Y g, when evaluating the next-to-leading order
terms in the dipole part, Eq. (44). The z,-dependent evolution
rapidity used with real gluon emission term is obtained from the
definition ¥ = ln — and can be written as [41]

nm=m<0—m) (53)

WZ + Q2 _m2
qug = 11'122 +1HQ—%N (54)
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E. Full result

We can now write the scattering amplitude for light meson electroproduction in its full form. It reads

. eQ ! a,C =% a,C
—zA—%/dzxm/dsz dZo{’Clq‘g(Yo)+7F’C1;(7LO<Ydip)+/d2X20/ dez—ﬂF’Cng(qug)}a (55)
Zmin

where the LO part is

K (Yo) = Noi (Yo)zo(1 = 20)Ko([X0110) (20, ), (56)
and the NLO corrections are
KNLO(y 4 ) = Noy (Y, 1 - 20)K, 0 L2 (20 5
qq ( dip) = Noi( dip)ZO( — 20)Ko(|%011Q) 4 #(z0 r) ) 1 1_—Z0 _g+§
242 e\ [1
—ln(%> A d2'K (29, 2) (', pr)
D,—4 [1 1 1 -2z 20
dZ¢(Z, ——6(z0 =7 O(zo—7) +=0(7 - 57
e R I S P VR R /GRS |
for the dipole part and
2 1 5 5 1
’qug(Yng) = 745(201,“1?) N012(qug)K0(RQ) Zo((l — 20— Zz) + (1 - Zo) )T
V%6 1 -z X3
X20 * X21
—(1=z0=22)(z0(1 = 20) + (1 =20 = 22)(20 + 22)) —5 }
X50X321
Z 1 2 _
— Not (Ygge) 1—0 (1 =20 = 22)% + (1 = 29)*) ¢ "o EK0<X01Q)} (58)
~ %0 X21

for the real emission. The lower limit for the z, integral is
given by Eq. (52). This expression is finite and suitable for
numerical evaluation. The rapidity scales at which the
different dipole amplitudes are evaluated, Y, Y, and
Y g0 are shown explicitly. In numerical calculations we
follow Ref. [37] and take Y, = 0.

The NLO correction to the dipole part has a depen-
dence on the regularization scheme given by a term
proportional to

DS—4_{1f0rCDR

D -4 0 for FDH ' (59)
This regularization scheme dependence is in principle
canceled by the regularization scheme dependence of
the distribution amplitude at the given order in «,. The
distribution amplitude is a nonperturbative quantity that has
to be determined from some process where the same
regularization scheme dependence should also appear. In
this paper, we choose to use the CDR regularization scheme
when we show numerical results in Sec. V. However, it will
turn out that the regularization scheme dependence is very
small even if the same distribution amplitude is used in both

|
schemes, which is a consequence of the fact that for the first
term in the Gegenbauer expansion (47) of the distribution
amplitude this regularization scheme dependent term van-
ishes. The regularization scheme dependence of the cross
section will be discussed quantitatively in the Appendix.
The dependence on the factorization scale y is of higher
order in «, as can be verified by taking into account
the ERBL equation. However, as we are keeping terms
only to the order a;, the results do have a dependence on
the factorization scale. The value of up can be chosen
in different ways. Equation (44) suggests the choice
ur = 4e~r /x5, as with this choice the logarithm multi-
plying the ERBL kernel K(z, z') vanishes (we will refer to
this term as the “ERBL term”). Note that the factor 4e=2¢ is
the same one that appears in the Fourier analysis of the
coordinate space running coupling [66,67]. This choice
for the factorization scale will be referred to as the r scheme
to emphasize its dependence on the dipole size. In the
qqg term we choose to use the smallest dipole size
min{|Xg; |, |X20l, |X2(|} for the factorization scale, in accor-
dance with the running of the coupling constant a,. Another
possible choice for the factorization scale is to use yup = Q,
which is supported by the fact that the relevant length scales

’ ’
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for meson production are Q ~ 1/|xq;|, meaning that the
logarithm In(Q?x3,) of the ERBL term in Eq. (44) should
also be small in this scheme. This will be referred to as the
Q scheme, and its main advantage is that the hard scale
does not depend on the integration variable. In this paper,
we will use the » scheme in our calculations as then the
ERBL term vanishes completely. In the Q scheme, there
can in practice be a large contribution from the ERBL term
as the dipole amplitude amplifies the contribution of larger
dipoles that can have a numerically significant contribution
even at moderately large virtualities [70,71]. This scheme
dependence is studied in more detail in the Appendix,
where it is shown that the factorization scale dependence at
the cross section level is a few percent.

The result (55) can be compared to the previously
calculated NLO light vector meson production from
Ref. [53]. In that paper the production amplitude is
presented in the momentum space as opposed to the mixed
space used in this paper. Comparing these results is
nontrivial, as one has to perform complicated Fourier
transforms from momentum space to coordinate space to
match the results. We have only been able to make
comparisons for the dipole part of the amplitude, finding
that the result of Ref. [53] matches our result in the CDR
scheme apart from differences in the UV subtraction
procedure. The real gluon emission part is much more
complicated, and so far we have not been able to make
actual comparisons of the results.

V. NUMERICAL RESULTS

In this section, we present numerical results for coherent
light vector meson electroproduction at next-to-leading
order, calculated using Eq. (55). As our default setup,
we use the CDR scheme for regularization and r scheme
for the factorization scale uy. For the distribution ampli-
tude, we choose to keep only the first two terms in the
Gegenbauer expansion (47). The reason for this is that the

iAL(p+ 7" — p+p) [GeVTY

2.0
— NLO “+ NLOgj,
1.5p == LO0Vgip)  —+ NLOgge(BK) .
.
== LO(Yp) LNl NLO(mg(n(l BK)/ .
1.0 -

0.5¢

0.0

Q% = 35.6 GeV? t=0

—0.57

..........

-1.0 ,
102 103
W [GeV]

(a)

exact values for the higher-order terms are not well known
but estimated to be small [72]. For the p meson, the
coefficient of the second term has been extracted in many
different ways, with relatively large uncertainties [73]. We
choose to use the value a,(ur = 1 GeV) = 0.1, which is in
agreement with most of the values tabulated in Ref. [73].
We also choose to use this same value for the ¢ meson, as
current analyses suggest that they are of the same order of
magnitude [57,72]. As we then use the same distribution
amplitude for both mesons, the only difference between
p and ¢ production is the decay constant fy,, which appears
as an overall coefficient in Eq. (55). These decay constants
can be calculated from the experimental values for the
leptonic widths [74] using Eq. (22).

The numerical results are calculated using the dipole
amplitude fits from Refs. [37,75] for the different schemes
of the BK evolution equation discussed in Sec. II C. We use
the fits where the “Balitsky + smallestdipole” running
coupling scheme is used, and use both fits with initial
evolution rapidities Y gk, 7ok = 0 and Yopk.%opk =
4.61 (in which case the dipole amplitude is frozen in the
region Yy =0<Y <Yypx or ny=0<n<nypg)- In
these fits the impact parameter dependence is assumed
to factorize and one can replace [ d’*b = 6,/2, and the
proton transverse area /2 is a fit parameter which is also
determined in Ref. [37].

In Fig. 2, we show different contributions to the
exclusive p production amplitude at NLO as a function
of the center-of-mass energy W [Fig. 2(a)] and photon
virtuality Q? [Fig. 2(b)]. The same dipole amplitude,
corresponding to the KCBK equation with the initial
rapidity Y,pg = 4.61 for the BK evolution [37], is used
in these figures. Here the leading-order result is denoted by
LO(Ygip), which is calculated from the leading-order part
of Eq. (55) with the dipole amplitude evaluated at rapidity
Yg4ip- Using the evolved rapidity Y4, means that the
LO(Yg,) contains the resummation of large logarithms
~a In 1/x included in the BK evolution. The result LO(Y )

iAL(p+ 7 = p+p) X Q° [GeV]

400
— NLO === NLOgip
300f == LO(qp) =+ NLOq(BK)
== LO(Yp) *+ NLOgge(no BK)
200¢ __._._.f.
L= - —'_'5'5._
1000 e e e \
07::::::::.‘:H.—.Hnn.—an:::::::_
B 110 L EEEE L b ]
W =175 GeV t=0
—200 "
10!t
M+ Q? [GeV?)
(b)

FIG. 2. Different parts of the longitudinal NLO amplitude for exclusive p production. (a) Dependence on the center-of-mass energy of
the y* — p system. (b) Dependence on the photon virtuality Q%. The amplitude has been scaled by Q> for easier readability.
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is the leading-order term of Eq. (55) at the initial rapidity
Yy, and NLOy;, is the NLO correction to the dipole term
corresponding to Eq. (57). The contribution from the ggg
term, Eq. (58), has been divided into two parts: the result
NLO,;,(BK) contains only the part corresponding to the
BK equation, Eq. (49), and NLO,z,(no BK) is Eq. (58)
from which the BK contribution has been subtracted. The
total NLO result is then the sum

NLO = LO(Y,) + NLO;, + NLO,5,(BK)
+ NLO,;,(no BK). (60)

From these plots we see that the contributions from the
LO result at the initial rapidity and from the NLO dipole
term are small. Both ggg contributions are large, but they
mainly cancel each other. These findings are similar to
what has been observed in the case of heavy vector
meson production [41]. The total NLO correction, the
difference between NLO and LO(Ygp), is large and
positive. However, we point out that in these plots the
same NLO fitted dipole amplitude was used to calculate all
of the results. Consequently, these results only quantify the
largeness of the NLO correction terms in Eq. (55) and not
the actual difference between the NLO and LO results
where the corresponding dipole amplitude fits should
be used.

We also note that at fixed coupling the identification
LO(Yy;,) = LO(Y,) + NLO,;,(BK) would be exact if the
dipole amplitude satisfied the leading-order fixed coupling
BK equation. In that case there would be no ambiguity in
defining the leading-order amplitude. In our setup this is
not the case, and consequently the leading-order amplitude
is not uniquely defined. In this work we choose it to be
LO(Yy;,) following Ref. [41], as this is the most natural
choice when using a dipole amplitude that satisfies a

dop/dt(v* +p — ¢ +p) [nb/GeV?]

resummed BK evolution equation. Identifying LO(Y,) +
NLO,;,(BK) as a leading order term instead would have
maximally a ~20% effect on the calculated cross sections
discussed below.

Next we show numerical comparisons to the existing
coherent vector meson production data for p and ¢ mesons
at (moderately) large Q2. The H1 data is from Ref. [59], and
the ZEUS data is from Ref. [76] for ¢ and Ref. [77] for p.
The results are shown with various different dipole ampli-
tude fits that all give a good description of the HERA
structure function data. As discussed above, the NLO
results use fits from Ref. [37]. For the leading order, the
dipole amplitude used is the “MV*¢” fit from Ref. [35]. In
the leading-order calculation the evolution rapidity is
W2+Q2
Q*+M3?
The differential cross section is proportional to the square
of the production amplitude as given by Eq. (2). When
calculating the cross section at NLO, we drop the higher-
order terms proportional to a? so that we only keep the
genuine NLO correction at the cross section level.

In Fig. 3, we show the differential cross section for
the longitudinal ¢ and p production at ¢t = 0. Here the
experimental data is for the total production, which is
the sum of the longitudinal and transverse channels.
However, the longitudinal production dominates at
Q>> M2, and therefore it is expected that for high
virtualities these data points accurately correspond to the
longitudinal case.

In general, we see that both the LO and NLO results
describe the H1 data well. The difference between the
LO and NLO results is smaller than one would expect based
on Fig. 2, as in the leading-order fit the nonperturbative
parameters describing the initial condition of the dipole
amplitude effectively capture part of the higher-order
effects. This difference becomes small at high virtua-
lities, where our approach is expected to be most reliable.

chosen as ¥ = ln# =1In consistently with the fit.

dop/dt(y*+p — p+p) [nb/GeV?

10° = YoBx, mopk = 4.61 4 10* — Yok, nosx = 4.61 j
== YyBK, 08K = 0.00 == YyBK, 0Bk = 0.00
102k ] 103} 1
W =175 GeV W =175 GeV
t=0 2| t=0
101 . 10
100_— NLO KCBK + LO LOBK 10! |=— NLO KCBK + LO LOBK
— NLO TBK m HIL+T — NLO TBK = HIL+T
— NLO ResumBK — NLO ResumBK
10! T 10° :
10 10
]Wg +Q? [GeV?] ]Wg +@Q? [GeV?]
(a) (b)

FIG. 3.

Photon virtuality dependence of the longitudinal cross section at ¢+ = 0 for various different dipole amplitude fits, compared

to the H1 data for the sum of longitudinal and transverse productions [59]. (a) Cross section for ¢ production. (b) Cross section

for p production.
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by =5.70 £ 0.49 GeV—2
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20 & mo W =175 GeV
$ ZEUS¢
0

0O 5 10 15 20 2 30 3
M+ Q% [GeV?

FIG. 4. The measured slope parameter b for p and ¢ production
as a function of photon virtuality [59,76,77] and a fit to this data.

The NLO results also give a surprisingly accurate description
of the data for smaller values of the photon virtuality where
the framework cannot be trusted (we have assumed that
Q? > M?). We consider this agreement to be accidental for
two reasons. First, we have only calculated the longitudinal
cross section, leaving out the transverse contribution which
is significant at small Q2. Second, we neglect any depend-
ence on the dipole size in the meson wave function, keeping
only the r = 0 case which corresponds to the distribution
amplitude. In general, the wave function is expected to be a
decreasing function of |r|, meaning that this approximation
overestimates the results. These two corrections, which may
have significant numerical contributions at small virtualities,
affect the result in opposite ways and therefore their total
contribution at least partially cancels.

Next we will consider the z-integrated cross sections for
which more data exists. To avoid additional modeling for
the impact parameter dependence of the dipole amplitude,
we evaluate the ¢ integral by using the following exper-
imental parametrization for the ¢ dependence of the cross
section:

o(v +p— ¢+ p) [nb]

Loz — YoBx:mok = 4.61 |
e == Yosx, 08k = 0.00
17 4
10 W =175 GeV
100_
== NLO KCBK e HIL
10_1_— NLO TBK s HIL+T
— NLO ResumBK & ZEUS L+ T
+ LO LOBK
1072
10!
Mz +Q* [GeV?]
(a)

FIG. 5.

do b do
et (=0
i e X T (t ) (61)

Here b is the slope parameter that in general depends on Q?
and W. It has been measured for both ¢ and p [59,76,77] at
different values of the virtuality at W = 75 GeV. The slope
parameter can be thought of as the effective transverse area
of the meson-target system, and we model its dependence
on virtuality and center-of-mass energy by assuming the
parametrization

b w
b=by+—5——+4d In— (62)
MV

0’ + Wo'

The W dependence determined from HERA data [59] gives
@ = 0.12 £ 0.04. The model for the virtuality dependence
is chosen for its simplicity and that it approaches a constant
value at high Q2. Also, the dependence on the virtuality and
the center-of-mass energy does not seem to be correlated
[59]. We fit the parameters b, and b, to H1 and ZEUS data
at Wy = 75 GeV, with the fit shown in Fig. 4, and note that
the errors on these fitted parameters are significant, which
results in ~10% uncertainty in the calculated total cross
sections.

The virtuality dependence of the coherent ¢ and p
production cross sections is shown in Figs. 5 and 6. In
Fig. 5, the results are calculated using different dipole
amplitudes fitted to the HERA structure function data
in Ref. [37], using fits with both choices for the initial
evolution rapidities Yopx (opk 1n the case of TBK
evolution). The H1 collaboration has measured, in addi-
tion to the total production cross section, the longitudi-
nally polarized p production, which exactly corresponds
to the presented theory calculations. In general we find
an excellent agreement with the HI and ZEUS data
[59,76,77], except that the ¢ production cross section
is overestimated at low virtualities where our approxima-
tions are not justified.

or(y*+p— p+p) nb]

103E--... — Yok, nosx = 4.61 |
......... == Yok, sk = 0.00
2| N ]
10 W =75 GeV
101 L
100_— NLO KCBK + LO LOBK
— NLO TBK e HIL
— NLO ResumBK = HI L+ T
107! |
10
2 2 2
M7+ Q7 [GeV?]
(b)

Photon virtuality dependence of the integrated longitudinal cross section for various different dipole amplitude fits, compared

to the HERA data [59,76,77]. (a) Cross section for ¢ production. (b) Cross section for p production.
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o(v* +p— ¢+ p) mb]

Loz, — Yosx =461 |
== Yopk =0.00
10 W =75 GeV |
10°¢
1071_— NLO HERA fit e HIL
— NLO Light quark fit = HI L+T
= LO & ZEUSL+T
1072 -
0k
2 2 2
M+ @ [GeV?]
(a)

or(y +p—p+p) b

103 Eee — YoBK = 4.61 |
......... - = Yok =0.00
2| . ]
10 W =175 GeV
101 L
100_— NLO HERA fit e HIL
— NLO Light quark fit = HI L+T
e LO
107!
10!
M; + Q* [GeV?|
(b)

FIG. 6. Photon virtuality dependence of the integrated cross section for longitudinal production, with dipole amplitudes fitted to
HERA structure function data and pseudodata consisting of only light quark production. (a) Cross section for ¢b production. (b) Cross

section for p production.

In Fig. 6, we show results obtained using the dipole
amplitudes fitted to the structure function pseudodata
generated in Ref. [37] such that it includes only the
approximative light quark contribution. For comparison,
the results calculated with the dipole amplitudes fitted to
the full HERA structure function data are also shown. In the
fit process of Ref. [37] only the light quark contribution is
calculated, and as such the fit to light quark pseudodata is in
principle better motivated than the fit to the full HERA
structure function data. On the other hand, the light-quark-
only data contains a larger nonperturbative contribution,
and the determined parametrizations describing the initial
condition of the dipole amplitude are not physically as well
motivated. Here we use these light quark fits with the
KCBK evolution equation, but different schemes for the
BK evolution result in very similar cross sections at all Q2.

We see that the results calculated with dipole amplitudes
fitted to the light quark pseudodata also show a relatively
good agreement with the virtuality dependence of the H1
and ZEUS light meson production data. However, the cross

oL(y"+p— ¢+p) [nb]

— YoBK, 7oK = 4.61

== Yosx,nosx = 0.00

10t Q2 = 15.8 GeV? i

=— NLO KCBK
— NLO TBK L]
— NLO ResumBK
10 10°
W [GeV]

(a)

- LO LOBK
HIL+T

10

sections at large virtualities are somewhat underestimated.
This difference in Q% dependence between the two fit setups
is expected, as the light-quark-only pseudodata is close to the
full structure function data at low Q2 where similar results for
other observables are also expected. On the other hand, at
high Q? the charm contribution on structure functions is
significant, and consequently the light quark fit should result
in smaller cross sections in this kinematical region, which is
exactly what we observe in Fig. 6.

In Figs. 7 and 8, we show the dependence of the
integrated cross section on the photon-proton center-of-
mass energy W. Again, Fig. 7 shows results obtained with
the dipole amplitudes fitted to the HERA data, and Fig. 8
shows results calculated with dipole amplitudes fitted to the
light quark pseudodata for comparison. The center-of-mass
energy dependence of the results agrees with the data,
although the results with the light quark fit seem to
underestimate the data by a constant factor as already seen
in Fig. 6. The differences in the results with different
schemes for the BK evolution start growing at larger W, as

o (v +p— p+p) [nb]

— YoBx,Mo.px = 4.61
10t == Yopk,mopk = 0.00

Q? = 35.6 GeV? i

e
-

+ LO LOBK
HIL+T

=— NLO KCBK
— NLO TBK L]
— NLO ResumBK
102 103
W [GeV]

(b)

100,

FIG. 7. Center-of-mass dependence of the integrated longitudinal cross section compared to the H1 data [59]. (a) Cross section for

¢ production. (b) Cross section for p production.
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or(y" +p = ¢+p) [nb]

o (v +p— p+p) [nb]

— Y(]_BK =4.61
Yok = 0.00

0 Q2=158CeV2 T e

= Yok =4.01
101 == Yypk = 0.00

Q? = 35.6 GeV?

10°4

= NLO HERA fit - LO = NLO HERA fit - LO
0 — NLO Light quark fit = HI L+T — NLO Light quark fit = H1 L+ T
10 " . .
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FIG. 8.

Center-of-mass dependence of the integrated longitudinal cross section, with dipole amplitudes fitted to HERA structure

function data and pseudodata consisting of only light quark production. (a) Cross section for ¢ production. (b) Cross section for

p production.

at high W one starts to be sensitive to the region not
constrained by the structure function data. This suggests
that light meson production data can provide additional
constraints when the nonperturbative initial condition for
the BK evolution is extracted from experimental data. The
dependence on the center-of-mass energy is similar for the
HERA and light quark fitted dipole amplitudes.

In Fig. 9(a), we show the dependence of the cross section
on the distribution amplitude. We have normalized the
results by the cross section calculated using the asymptotic
form for the distribution amplitude that corresponds to the
case where the higher-order terms in the Gegenbauer
expansion (47) vanish, i.e., a, =0 for n > 0. The case
a,(1 GeV) = 0.1 corresponds to our default setup, and the
cases d,(1 GeV) = +0.2 are estimates for the upper and
lower bounds for the coefficient, chosen based on Ref. [73].
The final setup shown has the coefficients a,(1 GeV) =
—0.054 and a4(1 GeV) = —0.022 chosen such that the

L2 W =75 GeV

§ ay(1 GeV) =01 TTtteeenn
= 0.8f - . as(1 GeV) = 0.2
0.7k as(1 GeV) =-0.2
— = ay,a4(l GeV) = Boosted Gaussian at r = 0

0.6

10
M+ Q* [GeV?]

(a)

distribution amplitude matches the boosted Gaussian wave
function parametrization for the p meson from Ref. [16] at
r = 0, where the higher Gegenbauer terms are neglected.
The reason for this choice is that the distribution amplitude
should roughly correspond to the wave function at r = 0,
and the boosted Gaussian is a phenomenological wave
function that describes well vector meson production at
leading order [16]. We see that the dependence on the
distribution amplitude is moderate, and maximally ~30%
in the considered kinematical domain.

The different distribution amplitudes are illustrated in
Fig. 9(b), both at the initial scale u2 = 1 GeV? and after the
ERBL evolution up to u% = 50 GeV? using the extreme
values for a,. While the form of the distribution amplitude
depends considerably on the value of a,, the effect on the
cross section in Fig. 9(a) is small. In Fig. 9(b), we also see
that as the factorization scale y increases the distribution
amplitude approaches the asymptotic form, but there is still

o
3
% - Asymptotic
#h =1 GeV?, ay(1 GeV) = 0.2
— pp=1GeV?, ay(1 GeV) = -0.2
—0.5 == u% =50 GeV?, ay(1 GeV) = 0.2
=== 4% =50 GeV?% ay(1 GeV) =-0.2
-1.0

00 02 04 06 08 1.0
y4

(b)

FIG. 9. Dependence of the cross section on the distribution amplitude. (a) Ratio of the cross section with varied coefficients in the
Gegenbauer expansion to the default setup. (b) Distribution amplitude with different coefficients a, and the effect of the ERBL

evolution. The asymptotic form witha,., = 0 is also shown.
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a significant deviation from the asymptotic
at u2 = 50 GeV2.

shape

VI. CONCLUSIONS

In this paper, we have presented a next-to-leading
order calculation of exclusive light vector meson pro-
duction in the dipole picture using the light cone
perturbation theory. The main result of this work is
the scattering amplitude for longitudinally polarized light
vector meson production at high Q? given in Eq. (55).
This amplitude is finite and directly suitable for numeri-
cal evaluations. In particular the ﬁ divergences have
been canceled between the real and virtual diagrams after
the ERBL evolution of the renormalized distribution
amplitude is also taken into account. The apparent soft
gluon divergence is shown to be factorizable into the
small-x Balitsky-Kovchegov evolution of the dipole
amplitude. While a similar calculation has already been
done in the momentum space [53] (using also a different
scheme to subtract the rapidity divergence), the results
presented in this paper are in the mixed transverse
coordinate-longitudinal momentum fraction space where
the numerical calculations using existing results for the
dipole-target scattering amplitude are straightforward.
Comparing the results in the different spaces is cumber-
some due to the requirement of calculating complicated
Fourier transforms, and thus an explicit comparison of
the two results has been made only partially.

We have also calculated numerically exclusive light
meson production at NLO and compared the results to
the existing HERA data for p and ¢ mesons. The NLO
corrections are numerically important, but their effect can
be partially captured when the initial condition for the
small-x evolution of the dipole amplitude is fitted to the
structure function data. Consequently, the differences
between LO and NLO results are moderate in the high
virtuality region O > M3, where our framework is valid.
The different schemes used to capture higher-order effects
in the small-x evolution result in similar cross sections for
vector meson production. Some deviations can be seen in
the center-of-mass energy W dependence, which means
that the exclusive vector meson production data can further
constrain the nonperturbative initial condition for the small-
x evolution. Both the Q? and W dependencies of the
production cross section are in excellent agreement with the
HERA data. If a dipole amplitude with an initial condition
fitted to the structure function pseudodata that only
includes a light quark contribution is used, the experimental
cross sections are underestimated at high Q%. We also note
that there is some overall normalization uncertainty due to,
e.g., modeling the ¢ dependence of the vector meson
production cross section. We additionally left out the
commonly used phenomenological corrections (see, e.g.,
[16]) whose role should be further clarified.

Our result for the analytic expression of the production
amplitude is presented in two different schemes for
regularization in the transverse plane: the CDR and FDH
schemes. The regularization scheme dependence is shown
to be very small. The results also depend on the choice for
the factorization scale up, for which we present two
different choices, taking this scale to be either a func-
tion of the dipole size or of the photon virtuality. The
dependence on the factorization scale is also relatively
small. Both of these scheme dependencies have numeri-
cally small effects because the distribution amplitudes for
the p and ¢ mesons are close to the asymptotic form,
and the dependence on regularization scheme and fac-
torization scale vanishes in the Q> — oo limit. The
dependence on the exact form of the distribution ampli-
tude, on the other hand, is somewhat larger with effects
of up to ~30% in the HERA kinematics at the cross
section level for realistic values of the higher-order terms
in the Gegenbauer expansion.

The results in this paper are calculated at zero momen-
tum transfer = 0. Calculating the ¢ dependence of
exclusive vector meson production is also interesting as
it allows access to the spatial distribution of the target color
field including its event-by-event fluctuations [14,78,79].
This requires additional nonperturbative modeling of the
dipole amplitude that we wanted to avoid in this paper. We
also note that the dipole amplitudes used in numerical
calculations in this paper were fitted to HERA data using
only massless quarks, while there is a significant contri-
bution from the massive ¢ quark to the structure functions
in HERA kinematics. As the NLO photon wave functions
with massive quarks are becoming available [32,33], it will
be possible to make a new NLO fit for the dipole amplitude
to the HERA data including heavy quark contributions.
This is needed for accurate phenomenological comparisons
with the HERA data. The results of this work can then be
used for predicting exclusive light vector meson production
in the future Electron-Ion Collider which will also produce
data for DIS off heavy nuclei, allowing for precision studies
of saturation phenomena.
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APPENDIX: SCHEME DEPENDENCE

In this appendix, we quantify the dependence of the light
vector meson production cross section on the choices for
regularization and factorization schemes. The cross sec-
tions have been calculated as described in Sec. V, and our
default setup is the same. The dipole amplitude used in this
appendix is the KCBK evolved one from Ref. [37] with the
initial rapidity Y,pgx = 4.61.

First, we show the dependence of the cross section on the
regularization scheme in the transverse plane. The cross
section has been calculated in both the CDR and FDH
schemes and their ratio is shown in Fig. 10. This ratio
depends on the distribution amplitude, and it is equal to
unity in the asymptotic limit 4% — oo, where only the first
term in the Gegenbauer expansion (47) contributes. For this
reason we show the ratio with two different distribution
amplitudes: one with a,(1 GeV) =0.1 (our standard
setup), and one with a,(1 GeV) =0, a4(1 GeV) = 0.1.
Higher-order terms are set to zero. We see that the
dependence on the regularization scheme is very small
in both cases, of the order 0.2% at most. Small scheme
dependence is expected, as the first dominant term in the
Gegenbauer expansion vanishes when one calculates the
scheme dependent term in Eq. (44). It should be noted that
the ratio does not seem to approach the asymptotic limit in
the considered kinematics. This is a consequence of the
ERBL evolution with running coupling being extremely
slow, and the scheme dependence vanishes if we go to even
higher values of virtuality.

The cross section depends on the factorization scale pp
at which the distribution amplitudes are evaluated as
discussed in Sec. IV C. In Fig. 11, the cross sections have
been calculated evaluating the distribution amplitude in
both the r and Q schemes using our default choice for the
distribution amplitude with a,(1 GeV) = 0.1. The factori-
zation scale has also been scaled by factors of 0.5 and 2.
These results have been normalized by our default setup

1.010

az(1 GeV) = 0.1
== ay(1 GeV) =0, as(1 GeV) = 0.1

)/ o1(CDR)

p————
T [Cooo———---——7"
= 1.000f
3
)
W =175 GeV
0.995 '
10!

M? + Q? [GeV?]

FIG. 10. Ratio of the p production cross sections calculated in
FDH and CDR regularization schemes.
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FIG. 11. Ratio of the cross section with different choices for the

factorization scale yy to the default setup.

(r scheme with up = 2e77¢/r). In the Q scheme, varying
the factorization scale by a factor of 2 has a very small
effect. For the r scheme the cross section varies somewhat
more, but the variation is still only ~2%. The difference
between the r and Q schemes is also only a few percent at
most, meaning that the dependence on the factorization
scale is small. This follows from the fact that the distri-
bution amplitude receives only a small correction from the
second scale-dependent Gegenbauer term, and the domi-
nant term is factorization scale independent.

Finally, we show the dependence on the infrared cutoff
Uro in Fig. 12 using our default setup [r scheme and
ay(1 GeV) = 0.1]. There is some dependence on the IR
cutoff, almost 5% at most with our choice for a,. The
reason for the cutoff dependence is that the dipole ampli-
tude amplifies the contribution of large dipoles, meaning
that dipoles of size 1/r ~ 1 GeV may have a numerically
significant contribution even when Q2> 1 GeV?. The
dependence on the IR cutoff vanishes exactly in the limit
0% - .

1.10
— — pro=1GeV
g —— gy =2 GeV 0/2(1 Ge\/) =01

= 0.5 GeV

~ 105} pro ¢ W =175 GeV
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G T L L
S et
& et
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FIG. 12. Ratio of the cross section with different IR cutoffs p
for the ERBL evolution to the default setup.
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