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We calculate the light cone wave functions for a virtual photon to split into quark-antiquark states,
including for the first time quark masses at one loop accuracy. These wave functions can be used to
calculate cross sections for several precision probes of perturbative gluon saturation at the Electron-Ion
Collider. Using these wave functions we derive, for the first time, the dipole picture deep inelastic scattering
cross sections at one loop for longitudinal and transverse virtual photons including quark masses. The
quark masses are renormalized in the pole mass scheme, satisfying constraints from the requirement of
Lorentz invariance of the quark Dirac and Pauli form factors.
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Introduction.—It is believed that in very high energy
hadronic collisions, the partonic constituents of hadrons
and nuclei exhibit a qualitatively new kind of gluon
saturation behavior, characterized by strong nonlinear
interactions even at short distance scales where the cou-
pling is weak. An experimentally clean way to study this
regime are high energy deep inelastic scattering (DIS)
experiments. Studying gluon saturation is a key science
goal of the future Electron-Ion Collider (EIC) [1,2], which
will address it with a broad program of precision mea-
surements. The EIC can reach further into the saturation
regime than previous measurements at HERA, because it
also collides heavy nuclei, where saturation phenomena are
enhanced [3].
One could search for signals of gluon saturation in the

renormalization group evolution of cross sections as
functions of the kinematical variables Q2 and x [4,5].
With the EIC collision energy, however, the kinematical
lever arm to distinguish fine details or asymptotic features
of evolution is limited, since evolution is only logarithmic
in Q2 or x. Instead, one must most likely look for evidence
of saturation in a combination of high precision measure-
ments of different processes. Of particular interest are
processes involving charm quarks, where the quark mass
is heavy enough to justify a weak coupling treatment, but
light enough to be sensitive to saturation effects. In a
collinear factorization picture, the charm cross section is

one of the most sensitive probes of small-x gluons at the
EIC [6]. To access gluon saturation it is better to use instead
the coordinate space dipole picture [7–12] of DIS, where
the virtual photon emitted by the electron first splits to
partonic constituents, which then eikonally interact with the
target. The dipole picture naturally involves the eikonal
scattering amplitudes, Wilson lines, used to quantify gluon
saturation in the CGC picture [13–15]. In the dipole picture
light quarks are affected by contributions of nonperturba-
tively large dipoles in the “aligned jet” configurations
[16,17], but heavy quarks are safe from this part of phase
space.
The theoretical framework of choice to understand

saturation and the dipole picture in high energy DIS is
QCD light cone perturbation theory [18–21] (LCPT). Here
one first calculates the photon light cone wave function
(LCWF) describing the probability amplitude of the photon
to split into a partonic state. The LCWF is a universal
quantity in perturbative field theory. It is a necessary
ingredient in cross section calculations for different inclu-
sive and exclusive scattering processes [17,22–31].
Recently, the photon LCWF has been calculated to one
loop accuracy in QCD perturbation theory [32–34] leading
to a description of the HERA inclusive cross section [35]
with massless quarks (see also Refs. [36,37]). In this Letter
we report the result of the calculation of the so far unknown
NLO γ�T → qq̄ wave function with massive quarks.
This Letter is accompanied by a longer paper [38] with

full technical details on the calculation for the transverse
photon, the longitudinal photon having already been
presented in Ref. [39] (see also Ref. [40]). In a separate
follow-up paper we will discuss the issue of quark mass
renormalization in LCPT in more detail.
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Calculational setup.—
Loop calculations in LCPT.—We use the Hamiltonian

LCPT formulation of perturbative QCD [18–21]. This
approach is an ideal one for high energy scattering, where
particles move on lightlike trajectories. The additional
advantage of the LCPT formulation in light cone gauge
is that only physical degrees of freedom are present in the
calculation, which comes at the expense of having addi-
tional “instantaneous” four-particle interactions. An unfor-
tunate disadvantage is that because of the separate
treatment of longitudinal and transverse coordinates, the
theory is not manifestly Lorentz invariant at the quantum
level.
In the LCPT approach, one develops the full quantum

state of the incoming particle, in this case the virtual
photon, in a Fock state expansion of bare states. At small x,
the partons interact with the color fields of the target, thus
only Fock states consisting of quarks and gluons are of
relevance here. The leading such component in the photon
state is the quark-antiquark dipole, depicted in Fig. 1. At
NLO one also needs to include corrections from gluon
loops, and gluon emission diagrams, i.e., qq̄g Fock states.
The coefficients of the expansion of the interacting

(photon) state in terms of bare states are known as light
cone wave functions. Perturbatively they are obtained in
terms of a set of diagrammatical rules [21,41]. For every
vertex one includes a matrix element depending on the
helicities, polarizations, and momenta. Instantaneous ver-
tices are denoted by vertical crossed lines (time propagates
from left to right). For every intermediate state (including
the final state), one includes a light cone energy denom-
inator which, in a covariant perturbation theory language,
originates from integrating over the light cone energy
k− and setting it on shell using the pole of a propagator.
One then integrates over loop momenta and sums over
internal helicities.
The leading order γ� → qq̄ wave function (see, e.g.,

Refs. [7,9,10,22]) is obtained by evaluating the diagram of

Fig. 1, with one gauge boson-fermion vertex and one
energy denominator. The diagrams needed for the NLO
calculation are the same as in the massless case [32–34], as
are most other calculational details. For our calculation we
need first the self-energy corrections for the fermions,
Fig. 2. For transverse photons, there is also a self-energy
correction from an instantaneous interaction, Fig. 3. The
photon-quark-antiquark vertex gets corrections from nor-
mal physical gluons, Fig. 4, and also from instantaneous
interactions, Fig. 5. We have evaluated all these diagrams.
The loop momenta are integrated over in 2 − 2ε trans-

verse dimensions, with a cutoff α regularizing any soft
divergences arising from longitudinal momentum integrals
in the kþ → 0 limit. After integrating over the loop
momenta one sums over internal helicities and gluon
polarizations. We have performed the helicity sums both
in the conventional dimensional regularization (CDR)
scheme as in Refs. [32,33], and in the four-dimensional
helicity (FDH) scheme as in Ref. [34], with equal results for
the cross sections.

Mass renormalization.—At this order also the quark mass
is renormalized. In our Hamiltonian LCPT approach one
first derives from the Lorentz-invariant Lagrangian a
Hamiltonian, which is then canonically quantized in light
cone gauge Aþ ¼ 0. In the Hamiltonian the fermion mass
appears in two separate terms [42]. The free part has a
“kinetic mass,” determining the relation between light
cone energy k− ¼ ðk2 þm2Þ=ð2kþÞ and three-momentum
ðk; kþÞ. There is also the “vertex mass,” the coefficient of
the light cone helicity flip term of the gauge boson-qq̄
vertex [see Eq. (1)]. The latter did not need to be
renormalized in for the longitudinal photon [39].
Lorentz invariance at the original Lagrangian level

guarantees that the kinetic and vertex masses are equal
in nature. Regularization methods that break Lorentz
invariance, such as the transverse dimensional regulariza-
tion combined with longitudinal cutoffs used in our
previous calculations for massless quarks, Refs. [32–34],

FIG. 1. The only diagram for the virtual photon-to-quark-
antiquark wave function at leading order. There is one energy
denominator, denoted with a dashed line.

FIG. 2. Quark self-energy diagrams for the γ� → qq̄ LCWF,
with three energy denominators (dashed lines).

FIG. 3. Instantaneous self-energy diagrams for the γ� → qq̄
LCWF, with two energy denominators (dashed lines); these
diagrams do not exist for longitudinal photons.

FIG. 4. Vertex correction diagrams, with three energy
denominators.
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require the restoration of this invariance at the loop level by
separate renormalization conditions for the kinetic and
vertex masses. This was already known from the pioneering
LCPT calculations of Refs. [43–46]. One can, however,
slightly modify the regularization procedure by including,
in addition to the diagrams appearing here, also the “self-
induced inertia” or “seagull” diagrams [21,47,48] before
the integrations. In the latter case, it becomes possible to
maintain the equality of the vertex and kinetic masses.

Spinor structure.—Our calculation is organized in terms of
possible independent spinor structures of the wave func-
tion. The spinor structure of the leading order light-cone
gauge γ�TðqÞ → qðk0Þq̄ðk1Þ matrix element can be decom-
posed (see, e.g., Ref. [39]) in terms of three independent
spinor structures as

ūð0Þ=ελðqÞvð1Þ ¼
qþ

2kþ0 k
þ
1

��
kþ0 − kþ1

qþ
δijūð0Þγþvð1Þ

þ 1

2
ūð0Þγþ½γi; γj�vð1Þ

�
Pi

−mūð0Þγþγjvð1Þ
�
εjλ; ð1Þ

where i, j are transverse indices and P ¼ ðkþ1 =qþÞk0 −
ðkþ0 =qþÞk1 is the qq̄ relative transverse momentum. The
result for the γ�T → qq̄wave function after evaluating all the
loop diagrams, Figs. 2–5, can be decomposed in terms of
four structures,

ūð0Þ=ελðqÞvð1Þ
�
1þ

�
αsCF

2π

�
VT

�

þ qþ

2kþ0 k
þ
1

ðP · ελÞūð0Þγþvð1Þ
�
αsCF

2π

�
N T

þ qþ

2kþ0 k
þ
1

ðP · ελÞ
P2

Pjmūð0Þγþγjvð1Þ
�
αsCF

2π

�
ST

−
qþ

2kþ0 k
þ
1

mεjλūð0Þγþγjvð1Þ
�
αsCF

2π

�
MT; ð2Þ

where αs ¼ g2=4π is the QCD coupling constant, CF ¼
ðNc

2 − 1Þ=ð2NcÞ and Nc is the number of colors. We
obtain the functions VT ,N T , ST , andMT by evaluating the
loop diagrams. For the longitudinal photon, one can per-
form a similar, but simpler decomposition. Comparing
Eqs. (1) and (2) we can see that the vertex mass is rela-
ted to MT .

On-shell renormalization scheme.—For mass renormaliza-
tion in the on-shell scheme we must look at the wave

function in a specific kinematical configuration that we
refer to as the on-shell point, corresponding to a timelike
virtual photon with q− ¼ ½qþ=ð2kþ0 kþ1 Þ�ðP2 þm2Þ (for
q ¼ 0). Note that the physical region for DIS is spacelike,
q− < 0. From Lorentz invariance we know that at the on-
shell point the whole γ�qq̄ vertex function can be expressed
in terms of two known scalar functions, the Dirac and Pauli
form factors,

FDðq2=m2Þūð0Þγμvð1ÞþFPðq2=m2Þ iqν
2m

ūð0Þσμνvð1Þ: ð3Þ

It is a straightforward exercise to express FDðq2=m2Þ and
FPðq2=m2Þ in terms of VT , N T , ST , and MT .
One mass renormalization condition is given by the

requirement that the self-energy diagrams in Figs. 2 and 3
do not have a pole at the on-shell point, as discussed
explicitly in Ref. [39]. For a Lorentz-invariant regulariza-
tion including the self-induced inertia diagrams, no other
conditions are needed and the four conditions for VT, N T ,
ST , and MT at the on-shell point are additional nontrivial
checks of our result. On the other hand, with the regulari-
zation scheme of Refs. [32–34], the condition on MT

becomes an additional vertex mass renormalization con-
dition, leaving three consistency checks for VT, N T , and
ST . In both cases our result for the mass-renormalized wave
function is the same.

From wave function to cross section.—To calculate the
inclusive DIS cross section, one additionally needs to
specify the interaction of the state with the target proton
or nucleus. In the CGC formalism [15] this is described by
an eikonal interaction with a nonperturbatively strong color
field. The field is parametrized in terms of Wilson lines
as functions of the transverse coordinate. Thus one must,
after performing the mass renormalization, transform the
LCWF’s into mixed transverse coordinate-longitudinal
momentum space. The interactions of the mixed space
states with the target bring in Wilson line correlators that
are the same as in the massless case. Also similarly to the
massless case, there are cancellations of divergences
(appearing as 1=ε poles) and scheme-dependent terms
between the qq̄ and qq̄g contributions. In order to obtain
a manifestly finite expression for the cross section these
must be subtracted from the qq̄g terms and added to the qq̄
terms, as in the massless case [32–34]. We are performing
this step within the same subtraction scheme as in Ref. [34].
Result and discussion.—For high energy QCD calcu-

lations one needs the wave function in mixed transverse
coordinate-longitudinal momentum space. Some of the
spinor matrix elements in Eq. (2) depend on the relative
qq̄ transverse momentum P. Thus, what is needed are the
scalar functions VT , N T , ST , and MT multiplied by
specific powers of the transverse momentum and by the
leading order energy denominator, Fourier transformed to
coordinate space. We denote this multiplication and trans-
formation by F. The NLO γ�T → qq̄ LCWF, the main result
of this Letter, can be written as

FIG. 5. Instantaneous vertex correction diagrams, only the last
one appears for longitudinal photons.
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ψ̃
γ�T→qq̄
NLO ¼ −

eef
2π

�
αsCF

2π

����
kþ0 − kþ1

qþ

�
δijūð0Þγþvð1Þ þ 1

2
ūð0Þγþ½γi; γj�vð1Þ

�
F ½PiVT � þ ūð0Þγþvð1ÞF ½PjN T �

þmūð0Þγþγivð1ÞF
��

PiPj

P2
−
δij

2

�
ST

�
−mūð0Þγþγjvð1ÞF

�
VT þMT −

ST

2

��
εjλ: ð4Þ

The contribution from VT reads

F ½PiVT � ¼ ixi
01

jx01j
�

κz
2πjx01j

�D
2
−2
��

3

2
þ log

�
α

z

�
þ log

�
α

1 − z

���ð4πÞ2−D
2

ð2 − D
2
Þ Γ
�
3 −

D
2

�
þ log

�jx01j2μ2
4

�
þ 2γE

�

þ 1

2

ðDs − 4Þ
ðD − 4Þ

�
κzKD

2
−1ðjx01jκzÞ þ

ixi
01

jx01j
��

5

2
−
π2

3
þ log2

�
z

1 − z

�
þΩT

V þ L

�
κzK1ðjx01jκzÞ þ ITV

�
; ð5Þ

where we have defined κz ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
zð1 − zÞQ2 þm2

p
with z ¼ kþ0 =q

þ. Here jx01j ¼ jx0 − x1j is the transverse size of the qq̄
dipole and μ2 is the transverse dimensional regularization scale. The factor ðDs − 4Þ=ðD − 4Þ is the regularization scheme
dependent part, from which the FDH scheme result is obtained as Ds → 4 and the CDR one as Ds → D ¼ 4 − 2ε. The
function Kν is the modified Bessel function of the second kind and the functions ΩT

V and ITV are given by

ΩT
V ¼

�
1þ 1

2z

��
logð1 − zÞ þ γ log

�
1þ γ

1þ γ − 2z

��
−

1

2z

��
zþ 1

2

�
ð1 − γÞ þm2

Q2

�
log

�
κ2z
m2

�
þ ½z ↔ 1 − z� ð6Þ

ITV ¼
Z

1

0

dξ
ξ

�
2 logðξÞ
ð1 − ξÞ −

ð1þ ξÞ
2

�( ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
κ2z þ

ξð1 − zÞ
ð1 − ξÞ m2

s
K1

 
jx01j

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
κ2z þ

ξð1 − zÞ
ð1 − ξÞ m2

s !
− ½ξ → 0�

)

−
Z

1

0

dξ

�
logðξÞ
ð1 − ξÞ2 þ

z
ð1 − ξÞ þ

z
2

� ð1 − zÞm2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
κ2z þ ξð1−zÞ

ð1−ξÞ m
2

q K1

 
jx01j

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
κ2z þ

ξð1 − zÞ
ð1 − ξÞ m2

s !

−
Z

z

0

dχ
ð1 − χÞ

Z
∞

0

du
uðuþ 1Þ

m2

κ2χ

�
2χ þ

�
u

1þ u

�
2 1

z
ðz − χÞð1 − 2χÞ

�

×

( ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
κ2z þ u

ð1 − zÞ
ð1 − χÞ κ

2
χ

s
K1

 
jx01j

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
κ2z þ u

ð1 − zÞ
ð1 − χÞ κ

2
χ

s !
− ½u → 0�

)

−
Z

z

0

dχ
ð1 − χÞ2

Z
∞

0

du
ðuþ 1Þ ðz − χÞ

�
1 −

2u
1þ u

ðz − χÞ þ
�

u
1þ u

�
2 1

z
ðz − χÞ2

�

×
m2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

κ2z þ u ð1−zÞ
ð1−χÞ κ

2
χ

q K1

 
jx01j

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
κ2z þ u

ð1 − zÞ
ð1 − χÞ κ

2
χ

s !
þ ½z ↔ 1 − z�: ð7Þ

Here, þ½z ↔ 1 − z� adds a term corresponding to the whole preceding expression with the replacement. Correspondingly,
the N T contribution is

F ½PjN T � ¼ ixj
01

jx01j
fΩT

N κzK1ðjx01jκzÞ þ ITN g; ð8Þ

where ΩT
N and ITN are given by

ΩT
N ¼ zþ 1 − 2z2

z

�
logð1 − zÞ þ γ log

�
1þ γ

1þ γ − 2z

��
−
ð1 − zÞ

z

�
2zþ 1

2
ð1 − γÞ þm2

Q2

�
log

�
κ2z
m2

�
− ½z ↔ 1 − z� ð9Þ
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ITN ¼ 2ð1 − zÞ
z

Z
z

0

dχ
Z

∞

0

du
ðuþ 1Þ3

(
½ð2þ uÞuzþ u2χ�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
κ2z þ u

ð1 − zÞ
ð1 − χÞ κ

2
χ

s
K1

 
jx01j

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
κ2z þ u

ð1 − zÞ
ð1 − χÞ κ

2
χ

s !

þm2

κ2χ

�
z

1 − z
þ χ

1 − χ
½u − 2z − 2uχ�

�" ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
κ2z þ u

ð1 − zÞ
ð1 − χÞ κ

2
χ

s
K1

 
jx01j

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
κ2z þ u

ð1 − zÞ
ð1 − χÞ κ

2
χ

s !
− ½u → 0�

#)

− ½z ↔ 1 − z�: ð10Þ

From ST one has

F
��

PiPj

P2
−
δij

2

�
ST

�
¼ ð1 − zÞ

2

�
xi
01x

j
01

jx01j2
−
δij

2

� Z
z

0

dχ
ð1 − χÞ

Z
∞

0

du
ðuþ 1Þ2 jx01j

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
κ2z þ u

ð1 − zÞ
ð1 − χÞ κ

2
χ

s

× K1

 
jx01j

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
κ2z þ u

ð1 − zÞ
ð1 − χÞ κ

2
χ

s !
þ ½z ↔ 1 − z�: ð11Þ

Finally, the combination VT þMT − ST=2 yields

F
�
VT þMT −

ST

2

�
¼
�

κz
2πjx01j

�D
2
−2
��

3

2
þ log

�
α

z

�
þ log

�
α

1 − z

���ð4πÞ2−D
2

ð2 − D
2
Þ Γ
�
3 −

D
2

�
þ log

�jx01j2μ2
4

�
þ 2γE

�

þ 1

2

ðDs − 4Þ
ðD − 4Þ

�
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2
−2ðjx01jκzÞ þ

�
3 −

π2

3
þ log2

�
z

1 − z

�
þ ΩT

V þ L

�
K0ðjx01jκzÞ þ ITVMS; ð12Þ

where ITVMS is given by

ITVMS ¼
Z

1

0

dξ
ξ

�
2 logðξÞ
ð1 − ξÞ −

ð1þ ξÞ
2

�(
K0

 
jx01j

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
κ2z þ

ξð1 − zÞ
ð1 − ξÞ m2

s !
− ½ξ → 0�

)

þ
Z

1

0

dξ

�
−
3ð1 − zÞ
2ð1 − ξÞ þ

ð1 − zÞ
2

�
K0

 
jx01j

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
κ2z þ
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þ
Z

z

0

dχ
ð1 − χÞ

Z
∞

0

du
ðuþ 1Þ2

�
−z −

u
ð1þ uÞ

ðzþ uχÞ
z

ðχ − ð1 − zÞÞ
�
K0

 
jx01j

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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ð1 − χÞ κ

2
χ
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Z
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∞

0

du
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�
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κ2χ
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�
2
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jx01j

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
κ2z þ u

ð1 − zÞ
ð1 − χÞ κ

2
χ

s !
− ½u → 0�

)
þ ½z ↔ 1 − z�: ð13Þ

Above, the notation L is defined as

L ¼
X
σ¼�1

�
Li2

�
1

1 − 1
2z ð1þ σγÞ

�
þ ½z ↔ 1 − z�

�
; ð14Þ

where Li2 is the standard dilogarithm function and
γ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4m2=Q2

p
. To our knowledge this is a completely

new fundamental result in perturbative QCD.
We have also calculated the total DIS cross section to

one loop order, using our results for the qq̄ LCWF and the
more straightforward, but algebraically complicated gluon

emission wave functions. After the cancellation of UV
divergences between the qq̄ and qq̄g contributions, the
cross section has a similar structure as for massless
quarks [33,34]:

σγ
�
L;T ¼ σγ

�
L;T jsubtqq̄ þ σγ

�
L;T jsubtqq̄g þOðαemα2sÞ; ð15Þ

where αem is the QED coupling constant. The “dipole”
contribution σγ

�
L;T jsubtqq̄ corresponds to just the quark-

antiquark pair crossing the shockwave color field of
the target. The qq̄g-term σγ

�
L;T jsubtqq̄g corresponds to a
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quark-antiquark-gluon system crossing the shockwave. The
integration in the limit kþ → 0 for this gluon develops a
logarithmically large contribution, which must be re-
summed into the B/JIMWLK evolution of the target color
fields in the same way as for massless quarks [35,49]. The
transverse coordinate and gluon momentum fraction inte-
grals cannot be performed analytically in the general case,
since they depend on the properties of the Wilson line
correlators describing the target. The quark momentum
fraction integrals are also best left for numerical evaluation,
similarly as in the case of massless quarks.
In addition to integrals that are similar to the massless

case, the mass-dependent parts include additional integrals
over Schwinger parameters that we have not been able to
perform analytically. These integrals are generalizations of
Bessel K0;1-function integral representations appearing in
the massless case. They are very well convergent, and we
do not expect their numerical evaluation to be significantly
more complicated than a numerical evaluation of a
normal Bessel K0;1 function. All the explicit expressions
of the cross sections are written out in the Supplemental
Material [50].
In conclusion, after a lengthy calculation, we have

obtained the one loop LCWF’s for the process γ� → qq̄.
These are new results in field theory by themselves,
expressing the full one-loop structure of the photon-
quark-antiquark vertex in light cone gauge. We believe
our result will be an important element in many future
calculations. For example, the LCWF’s will enable several
calculations of exclusive processes in high energy DIS,
such as diffractive structure functions, diffractive dijets, and
exclusive vector meson production, at NLO accuracy and
including massive quarks. As a first important application,
we have computed the full NLO cross section for DIS in the
dipole picture with quark masses. The cross section
expressions obtained in this work will pave the way for
simultaneous global fits of total and heavy quark cross
sections measured at HERA, following the massless quark
case [35]. These cross sections will be crucial for obtaining
more precise predictions for EIC cross sections including
the effects of gluon saturation.
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