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We suggest that generalized parton distributions (GPDs) can be probed in the charged current meson
production process, ep → νeπ

−p. In contrast to pion photoproduction, this process is sensitive to the
unpolarized GPDs H, E, and for this reason has a very small contamination by higher twist and Bethe-
Heitler type contributions. Since all produced hadrons are charged, we expect that the kinematics of this
process could be reconstructed from experiment. We estimated the cross sections in the kinematics of
upgraded 12 GeV Jefferson Laboratory experiments and found that thanks to large luminosity the process
can be measured with reasonable statistics.
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I. INTRODUCTION

Understanding the structure of the hadrons presents a
challenging problem from both the theoretical and exper-
imental viewpoints. This structure is parametrized nowa-
days in terms of the so-called generalized parton
distributions (GPDs), which can be studied in a wide class
of processes [1,2]. The early analyses were mostly based on
experimental data on deeply virtual Compton scattering
(DVCS) [3] and deeply virtual meson production (DVMP)
[1,2,4–17], although it was soon realized that in view of the
rich structure of GPDs, as well as from certain complica-
tions with GPD extraction from pion electroproduction
[17–21], additional channels were needed. It was then
suggested that GPDs might be accessed in ρ-meson photo-
production [22–26], timelike Compton scattering [27–29],
exclusive pion- or photon-induced lepton pair production
[30,31], and heavy charmonia photoproduction [32,33]
(gluon GPDs). The forthcoming results from the upgraded
JLAB [17], from COMPASS [34–39], and from J-PARC
[31,40] hopefully will enrich and enhance the early data
from HERA and 6 GeV JLab experiments, as well as
improve our understanding of the proton GPDs.
Recently we suggested that GPDs could be studied in

neutrino-induced deeply virtual meson production (νDVMP)
[41] of the pseudoscalar mesons (π, K, η), using the high-
intensity NUMI beam at Fermilab [42]. The main advantage
of this process is that contaminationby twist-three effects [43]
is small, which implies that GPDs could be accessed at
moderate virtualities Q2, provided that the next-to-leading
order (NLO) corrections are included [44]. In the Bjorken
limit, neglecting the masses of pions and kaons, we may get
information about a full flavor structure of GPDs. A sup-
pression of Cabibbo forbidden, strangeness changing proc-
esses can be avoided if kaon production is accompanied by
the conversion of a nucleon to strange baryons Λ and Σ�;0;
in such processes the transition GPDs are related by SUð3Þ

relations [45] to linear combinations of different flavor
components of the nucleon GPDs. Recently it was suggested
in [46–50] that this approach could be extended toD-meson
production, a challenge for future high-energy neutrino
experiments.
In this paper we extend our previous studies to the case of

charged current meson (pion) production in electron-
induced processes, such as ep → νeπ

−p. The feasibility
to study charged currents in JLAB kinematics has been
demonstrated earlier in [51]. It is expected that after an
upgrade even higher luminosities up toL ¼ 1038 cm−2 · s−1

will be achieved [52], which implies that the DVMP cross
section could be measured with reasonable statistics. Since
all produced hadrons are charged, the reconstruction of
the kinematics of the process, despite the undetectability of
neutrinos, should not present major difficulties. As will be
shown below, the cross section of this process on unpolar-
ized targets is mostly sensitive to the GPDs Hu, Hd,
providing important constraints on available parametriza-
tions, as well as testing the GPD universality. Similar to the
case of neutrino production, this process has a smaller
contamination by higher twist effects compared to DVMP.
For the sake of brevity and conciseness, in this paper we

do not consider other processes, where flavor multiplet
partners of pions and protons are produced and which could
be used to test other flavor combinations of GPDs [41].
The paper is organized as follows. In Sec. II we describe

the framework used for the evaluation of pion production,
taking into account NLO corrections. In Secs. III and IV we
review the contaminating corrections due to Bethe-Heitler
mechanism and twist-three contributions, due to poorly
known transversity GPDs. Finally, in Sec. V we present
numerical results and make conclusions.

II. CROSS SECTION OF THE νDVMP PROCESS

The cross section of pion production in charged current
DVMP has a form
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dσ
dtdxBdQ2

¼ Γ
X
νν0

A�
ν0;νLAν0;νL; ð1Þ

where t ¼ ðp2 − p1Þ2 is the momentum transfer to the
proton, Q2 ¼ −q2 is the virtuality of the charged boson,
xB ¼ Q2=ð2p · qÞ is the Bjorken variable, the subscript
indices ν and ν0 in the amplitudeA refer to helicity states of
the baryon before and after interaction, and the letter L
reflects the fact that in the Bjorken limit the dominant
contribution comes from the longitudinally polarized mas-
sive bosons W� [1,2]. The kinematic factor Γ included in
Eq. (1) is given explicitly, for the charged current case, by

Γ ¼ G2
Ff

2
Mx

2
Bð1 − y − γ2y2

4
Þ

64π3Q2ð1þQ2=M2
WÞ2ð1þ γ2Þ3=2 ; ð2Þ

where θW is the Weinberg angle, MW is the mass of the
heavy bosons W�, GF is the Fermi constant, fπ is

the pion decay constant, and we used the shorthand
notations

γ ¼ 2mNxB
Q

; y ¼ Q2

sepxB
¼ Q2

2mNEexB
: ð3Þ

where Ee is the electron energy in the target rest frame.
In Bjorken kinematics, the amplitude Aν0;νL factorizes
into a convolution of hard and soft parts,

Aν0;ν ¼
Z þ1

−1
dx

X
q¼u;d;s;g

X
λλ0

Hq
ν0λ0;νλC

q
λλ0 ; ð4Þ

where x is the average light-cone fraction of the parton, the
superscript q is its flavor, λ and λ0 are the helicities of the
initial and final partons, and Cqλ0ν0;λν is the hard coefficient
function, which will be specified later. The soft matrix
elementHq

ν0λ0;νλ in (6) is diagonal in quark helicities (λ; λ
0),

and for the twist-two GPDs has the form

Hq
ν0λ0;νλ ¼

2δλλ0ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ2

p
 
−gqA

 
ð1 − ξ2ÞHq − ξ2Eq ðΔ1þiΔ2ÞEq

2m

− ðΔ1−iΔ2ÞEq

2m ð1 − ξ2ÞHq − ξ2Eq

!

ν0ν

þ sgnðλÞgqV
 
−ð1 − ξ2Þ ~Hq þ ξ2 ~Eq ðΔ1þiΔ2Þξ ~Eq

2m

ðΔ1−iΔ2Þξ ~Eq

2m ð1 − ξ2Þ ~Hq − ξ2 ~Eq

!

ν0ν

!
; ð5Þ

where the constants gqV; g
q
A are the vector and axial current

couplings to quarks, and the leading twist GPDs Hq, Eq,
~Hq, and ~Eq are functions of the variables ðx; ξ; t; μ2FÞ, where
the skewness ξ is related to the light-cone momenta of
protons p1;2 as ξ ¼ ðpþ

1 − pþ
2 Þ=ðpþ

1 þ pþ
2 Þ, the invariant

momentum transfer is t ¼ Δ2 ¼ ðp2 − p1Þ2, and μF is
the factorization scale (see e.g., [12,15] for details of the
kinematics). For the processes in which the baryonic
state changes, e.g., ep → νeπ0n, the transition GPDs can
be linearly related via SUð3Þ relations [45] to ordinary
GPDs. For this reason, Eq. (4) may be effectively
rewritten as

Aν0;ν ¼
Z þ1

−1
dx
X

q¼u;d;s

X
λ

Hq
ν0λ;νλC

q
λ ; ð6Þ

where Cqλ is the diagonal term of the helicity matrix in the
hard coefficient function. Its evaluation is quite straight-
forward, and in leading order over αs it gets contributions
from the diagrams shown schematically in Fig. 1. In fact,
it has been studied for both pion electroproduction
[20,21,24,53–56] and neutrino production [41]. For the
processes in which the baryon does not change its internal
state, there are additional contributions from gluon GPDs,

FIG. 1. Leading-order contributions to the DVMP hard coefficient functions. Green blob stands for the pion wave function. Additional
diagrams (not shown) may be obtained reversing the directions of the quark lines and, in the case of the last diagram, permuting also the
vector boson vertices.
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as shown in the rightmost pane of Fig. 1. These corrections
are small for JLAB kinematics, yet give contributions at
higher energies. In next-to-leading order, the coefficient
function includes an additional gluon attached in all
possibleways to all diagrams in Fig. 1, as well as additional
contributions from sea quarks, as shown in Fig. 2.
Straightforward evaluation of the diagrams shown in

Figs. 1 and 2 yields for the coefficient functions

Cq ¼ ηq−cðqÞ− ðx; ξÞ þ sgnðλÞηqþcðqÞþ ðx; ξÞ

þO
�
m2

Q2

�
þOðα2sðμ2RÞÞ; ð7Þ

where the process-dependent flavor factors ηqV�; η
q
A� are

given, for the case of pion production, in Table I.1

In (7) we also introduced the shorthand notation

cðqÞ� ðx; ξÞ ¼
�Z

dz
ϕ2;πðzÞ

z

�
8πi
9

αsðμ2RÞfM
Q

1

x� ξ ∓ i0

�
1þ αsðμ2rÞ

2π
Tð1Þ

�
ξ� x
2ξ

; z

��
; ð8Þ

where ϕ2ðzÞ is the twist-two π- or K-meson distribution amplitude (DA) [57]. The function Tð1Þðv; zÞ in (8)
encodes NLO corrections to the coefficient function. As was explained in [58–60], it is related by
analytical continuation to the loop correction to q̄q scattering, and was evaluated and analyzed in detail in the
context of NLO studies of the pion form factor (see [61,62] for details and historical discussion). Explicitly, it is
given by

Tð1Þðv; zÞ ¼ 1

2vz

�
4

3

�
½3þ lnðvzÞ� ln

�
Q2

μ2F

�
þ 1

2
ln2ðvzÞ þ 3 lnðvzÞ − ln v̄

2v̄
−
ln z̄
2z̄

−
14

3

�
þ β0

�
5

3
− lnðvzÞ − ln

�
Q2

μ2R

��

−
1

6

�
2
v̄v2 þ z̄z2

ðv − zÞ3 ½Li2ðz̄Þ − Li2ðv̄Þ þ Li2ðvÞ − Li2ðzÞ þ ln v̄ ln z − ln z̄ ln v�

þ 2
vþ z − 2vz
ðv − zÞ2 ln ðv̄ z̄Þ þ 2½Li2ðz̄Þ þ Li2ðv̄Þ − Li2ðzÞ − Li2ðvÞ þ ln v̄ ln zþ ln z̄ ln v�

þ 4
vz lnðvzÞ
ðv − zÞ2 − 4 ln v̄ ln z̄ −

20

3

��
; ð9Þ

where β0 ¼ 11
3
Nc − 2

3
Nf, Li2ðzÞ is the dilogarithm function, and μR and μF are the renormalization and factorization

scales, respectively. For processes when the internal state of the hadron is not changed, additional contributions come
from the gluons and singlet (sea) quarks [58–60],2

cðgÞðx; ξÞ ¼
�Z

dz
ϕ2;πðzÞ
zð1 − zÞ

�
2πi
3

αsðμ2RÞfM
Q

ξ

ðξþ x − i0Þðξ − x − i0Þ
�
1þ αsðμ2rÞ

4π
I ðgÞ
�
ξ − x
2ξ

; z

��
; ð10Þ

FIG. 2. Sea quark contributions to the DVMP, which appear in the next-to-leading-order contributions. Additional diagrams (not
shown) may be obtained by reversing the directions of the quark lines.

2For the sake of simplicity, we follow [60] and assume that the factorization scale μF is the same for both the generalized parton
distribution and the pion distribution amplitude.

1As was discussed above, for processes with a change of internal baryon structure, we use SUð3Þ relations [45], which are valid up to
corrections in current quark masses ∼OðmqÞ.
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I ðgÞðv; zÞ ¼
�
ln

�
Q2

μ2F

�
− 1

��
β0
2
þ CA½ð1 − vÞ2 þ v2�

�
ln ð1 − vÞ

v
þ ln v
1 − v

�
−
CF

2

�
v ln v
1 − v

þ ð1 − vÞ ln ð1 − vÞ
v

�

þ CF

�
3

2
þ 2z ln ð1 − zÞ

��
− 2CF −

β0
2

�
ln

�
Q2

μ2R

�
− 1

�
−
CFð1 − 2vÞ
2ðz − vÞ Rðz; vÞ

þ ð2CA − CFÞ
4

�
vln2v
1 − v

þ ð1 − vÞln2ð1 − vÞ
v

�
þ CFð1þ 3zÞ ln ð1 − zÞ

þ ðln vþ ln ð1 − vÞÞ
�
CFð1 − zÞ ln z − 1

4
þ 2CF − CA

�
þ CA

2
ðln ðzð1 − zÞÞ − 2Þ

�
v ln v
1 − v

þ ð1 − vÞ ln ð1 − vÞ
v

�

þ CFzln2ð1 − zÞ þ CA

2
ð1 − 2vÞ ln

�
v

1 − v

��
3

2
þ ln ðzð1 − zÞÞ þ ln ðvð1 − vÞÞ

�

þ
�
CFððz − vÞ2 − vð1 − vÞÞ −

�
CF −

CA

2

�
ðz − vÞð1 − 2vÞ

�

×

�
−

Rðz; vÞ
ðz − vÞ2 þ

ln vþ ln z − ln ð1 − vÞ − ln ð1 − zÞ
2ðz − vÞ þ ðz − vÞ2 − vð1 − vÞ

ðz − vÞ3 Hðz; vÞ
�
þ fz → 1 − zg; ð11Þ

CF ¼ N2
c − 1

2Nc
; CA ¼ Nc: ð12Þ

cðsÞ� ðx; ξÞ ¼ −
�Z

dz
ϕ2;πðzÞ
zð1 − zÞ

�
4iα2sðμ2RÞfM

9Q
I ðsÞ
�
x� ξ

2ξ
; z

�
; ð13Þ

I ðsÞðv; zÞ ¼ ð1 − 2vÞ
�

ln v
1 − v

þ lnð1 − vÞ
v

�
ln

�
Q2z
μ2F

�
þ 1 − 2v

2

�
ln2v
1 − v

þ ln2ð1 − vÞ
v

�

−
Rðv; zÞ
z − v

−
ð1 − vÞ lnð1 − vÞ − v ln v

vð1 − vÞ þ ðz − vÞ2 − vð1 − vÞ
ðz − vÞ2 Hðv; zÞ þ fz → 1 − zg; ð14Þ

Rðv; zÞ ¼ z ln vþ ð1 − zÞ ln ð1 − vÞ þ z ln zþ ð1 − vÞ ln ð1 − vÞ; ð15Þ

Hðv; zÞ ¼ Li2ð1 − vÞ − Li2ðvÞ þ Li2ðzÞ − Li2ð1 − zÞ þ ln v ln ð1 − zÞ − ln ð1 − vÞ ln z: ð16Þ

Some coefficient functions have nonanalytic behavior
∼ ln2 v for small v ≈ 0 (x ¼ �ξ ∓ i0), which signals that
a collinear approximation might not be valid near this
point. This singularity in the collinear limit occurs due
to the omission of the small transverse momentum lM;⊥
of the quark inside a meson [19], and for this reason the
contribution of the region jvj ∼ l2M;⊥=Q2 should be

treated with due care for finite Q2 (beyond the Bjorken
limit). Moreover, a full evaluation of Tð1Þðv; zÞ beyond
the collinear approximation (taking into account all
higher twist corrections) presents a challenging problem
and has not been done so far. It was observed in [60],
that the singular terms might be eliminated by a
redefinition of the renormalization scale μR; however,

TABLE I. The flavor coefficients ηq�, for several pion and kaon production processes discussed in this paper (q ¼ u; d; s;…). For the
case of charged current mediated processes, take ηqV� ¼ ηq� and ηqA� ¼ −ηq�.

Process ηqþ ηq− Process ηqþ ηq−

ep → νeπ
−p Vudδqd Vudδqu ep → νeπ

0n Vud
δqu−δqdffiffi

2
p −Vud

δqu−δqdffiffi
2

p

ep → νeπ
0n Vud

δqu−δqdffiffi
2

p −Vud
δqu−δqdffiffi

2
p en → νeπ

−n Vudδqu Vudδqd

ep → νeK−p Vusδqs Vusδqs en → νeK0Σ− 0 −Vudðδqu − δqsÞ
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near the point v ≈ 0 the scale μ2R becomes soft,
μ2R ∼ zvQ2 ≲ l2⊥, which is another manifestation that non-
perturbative effects become relevant. For this reason, a
sufficiently large value of Q2 should be used to mitigate
contributions of higher twist effects. As we will see below,
for Q2 ≈ 4 GeV2 the contribution of this soft region is
small, so the collinear factorization is reliable.

III. BETHE-HEITLER TYPE CONTRIBUTION

As was found in Ref. [63], in the asymptotic Bjorken
limit (Q2 → ∞) the DVMP contribution gets over-
whelmed by subleading OðαemÞ Bethe-Heitler type
(BH) contributions, shown in Fig. 3. These diagrams
have milder suppression at large Q2 compared to DVMP
and are additionally enhanced by the t-channel photon
pole ∼1=t in the forward kinematics, and for this reason
at sufficiently large ∼Q2=t this mechanism becomes
dominant.3

While for the DVMP amplitude evaluation presented in
the previous section the dominant contribution comes from
the longitudinally polarized mediator boson, for the BH
this is no longer true and we have to consider all the W
polarizations. The left diagram in Fig. 3 contains the matrix
element

Aab
μνðq;ΔÞ¼

1

fπ

Z
d4xe−iq·x

× h0jðVa
μðxÞ−Aa

μðxÞÞJemν ð0Þjπbðq−ΔÞi; ð17Þ

where Va
μðxÞ and Aa

μðxÞ are the vector and axial isovector
currents. We evaluate the correlator (17) perturbatively in
the collinear approximation, which is justified by the
intermediate boson large Q2 value, and therefore consider
only the dominant contribution from the leading twist-two
pionDA. The evaluation details may be found in [63], while
here for the sake of brevity we will provide only the final
result. The cross section of the Bethe-Heitler mechanism
is given by

d4σðBHÞ

dtd ln xBjdQ2dφ
¼ f2πG2

Fα
2
em
P

2
n¼0 C

BH
n cosðnφÞ

16π2t2ð1þ 4m2
Nx

2
B

Q2 Þ5=2
; ð18Þ

where φ is the angle between the lepton scattering and the
pion production planes, and in addition to the kinematic
variables defined in the previous section II we introduced
shorthand notations

CBH0 ¼ CBH2 þ m2
N

9Q2

�
4

�
ð2y2 þ y − 1Þðϕ−1 − 1Þx3B −

��
4ðϕ−1 − 1Þ2 þ t

2m2
N
ð4ϕ2

−1 − 8ϕ−1 þ 5Þ
�
y2

− 4

�
ðϕ−1 − 1Þ2 þ t

4m2
N
ð4ϕ2

−1 − 13ϕ−1 þ 10Þ
�
yþ 5t

2m2
N
ðϕ−1 − 2Þ2 þ ðϕ−1 − 1Þ2

�
x2B

þ ð2y − 1Þ t
m2

N
ðϕ−1 − 1Þð−ϕ−1 þ yð2ϕ−1 − 1Þ þ 2ÞxB − 4ð1 − 2yÞ2 t

4m2
N
ðϕ−1 − 1Þ2

�
F2
1ðtÞ

þ 2F1ðtÞF2ðtÞx2B
�
x2Bðyþ 1Þ2 − xBt

m2
N
ðyþ 1Þ2 − t

m2
N
ðð8ϕ2

−1 − 24ϕ−1 þ 17Þy2

− 2ð8ϕ2
−1 − 24ϕ−1 þ 19Þyþ 10ϕ2

−1 − 36ϕ−1 þ 35Þ
�

þ F2
2

�
ðyþ 1Þ2

�
t

4m2
N
þ 1

�
x4B − ðyþ 1Þ t

m2
N

�
t

4m2
N
− ϕ−1 þ y

�
t

4m2
N
þ 2ϕ−1 − 1

�
þ 2

�
x3B

þ tx2B
m2

N

��
−4ϕ2

−1 þ 16ϕ−1 þ
t

4m2
N
ð8ϕ−1 − 7Þ − 13

�
y2

þ 2

�
6ϕ2

−1 − 20ϕ−1 þ
t

4m2
N
ð2ϕ−1 − 1Þ þ 17

�
y − 9ϕ2

−1 þ
t

4m2
N
ð5 − 4ϕ−1Þ þ 34ϕ−1 − 34

�

− ð2y − 1Þ
�

t
m2

N

�
2

ðϕ−1 − 1Þð−ϕ−1 þ yð2ϕ−1 − 1Þ þ 2ÞxB þ ð1 − 2yÞ2
�

t
4m2

N

�
2

ðϕ−1 − 1Þ2
��

þO
�
m4

N

Q4
;
t2

Q4

�
;

ð19Þ

3As was estimated in [63], the cross section of Bethe-Heitler mechanism becomes comparable to DVMP for Q2 ≳ 100 GeV2.
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CBH1 ¼Km2
N

9Q2

�
4

�
3ð−4yþ3ðy−2Þϕ−1þ9Þx3B−2ðϕ−1−1Þ

�
−
�

5t
2m2

N
þ9

�
ϕ−1þ2y

�
tϕ−1

m2
N
−

3t
4m2

N
þ3ϕ−1−6

�
þ18

�
x2B

þ 3t
m2

N
ðϕ−1−1Þð−6ϕ−1þyð4ϕ−1−3Þþ3ÞxB− ð2y−3Þ 6t

m2
N
ðϕ−1−1Þ2

�
F2
1ðtÞ

þ4F1ðtÞF2ðtÞx2B
�
3ðy−3Þx2B−12ðy−3Þ t

4m2
N
xB−8

t
4m2

N
ð4yðϕ−1−3Þ−5ϕ−1þ18Þðϕ−1−1Þ

�

−F2
2ðtÞ
�
−6ðy−3Þx4Bþ

t
4m2

N
ð−6ðy−3Þx2Bþ12ð−2yþ3ðy−2Þϕ−1þ3ÞxBþ8ð2yðϕ−1−6Þ−ϕ−1þ18Þðϕ−1−1ÞÞx2B

þ24

�
t

4m2
N

�
2

ðxBðxB−2ϕ−1þ2Þþ2ðϕ−1−1ÞÞðxBðy−3Þ−2ð2y−3Þðϕ−1−1ÞÞ
��

þO
�
m4

N

Q4
;
t2

Q4

�
; ð20Þ

CBH2 ¼ −
4K2

9

�
ð5xB − 4ϕ−1 þ 4Þðϕ−1 − 1ÞF2

1ðtÞ þ 2x2BF1ðtÞF2ðtÞ

þ
��

1þ t
4m2

N

�
x2B −

5txB
4m2

N
ðϕ−1 − 1Þ þ t

m2
N
ðϕ−1 − 1Þ2

�
F2
2ðtÞ
�
þO

�
m2

N

Q2
;
t
Q2

�
; ð21Þ

K2 ¼ Δ2⊥
Q2

�
1 − y −

y2ϵ2

4

�
¼ −

t
Q2

ð1 − xBÞ
�
1 − y −

ϵ2y2

4

��
1 −

tmin

t

�� ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ϵ2

p
þ 4xBð1 − xBÞ þ ϵ2

4ð1 − xBÞ
t − tmin

Q2

�
; ð22Þ

ϵ2 ¼ 4m2
Nx

2
B

Q2
; tmin ¼ −

m2
Nx

2
B

1 − xB
þO

�
m2

N

Q2
;
t
Q2

�
; ϕ−1 ¼

Z
1

0

ϕ2;πðzÞ
z

dz: ð23Þ

In the expressions (19)–(21) we use the notation F1;2ðtÞ for the Dirac and Pauli form factors. As we can see, the
BH cross section is symmetric under the φ → −φ transformation. For asymptotically large Q2, the CBH1 harmonic is
suppressed by Δ⊥=Q, whereas CBH0 ∼ CBH2 , and therefore the distribution is also symmetric with respect to the φ → π − φ
transformation.
The interference between the DVMP and BH amplitudes yields an additional contribution,

d4σðintÞ

dtd ln xBjdQ2dφ
¼ f2πG2

FxBαemαSϕ−1ðCint0 þ Cint1 cosφþ Sint
1 sinφÞ

36π2tQ2ð1 − xB
2
Þð1þ 4m2

Nx
2
B

Q2 Þ5=2
; ð24Þ

where

FIG. 3. Bethe-Heitler contribution in the charged current DVMP. Formally it is suppressed as OðαemÞ compared to DVMP
contribution; however, for the asymptotic Bjorken limit it becomes the dominant mechanism due to relative enhancement by a
kinematical factor ∼Q2=tαsðQ2Þ. The green blob stands for the pion wave function.
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Cint0 ¼ −
m2

Nð1 − yÞ
Q2

�
ð−4ð1 − xBÞℜeHþ x2BℜeEÞF1 þℜeEF2

t
4m2

N
ðxB − 2Þ2 þ ðℜeHþℜeEÞF2x2B

�

×

�
ð2ϕ−1 − 3Þx2B −

t
m2

N
ðϕ−1 − 1Þð1þ xBÞ

�
þO

�
m2

N

Q2
;
t
Q2

�
; ð25Þ

Cint1 ¼K
3

�
F1ð2ReEðy−3Þx2BþReHð4ðxB−2Þð2y−3Þϕ−1−4ððxB−4Þyþ6ÞÞÞ

þF2

�
2ReHðy−3Þx2BþReE

�
2x2Bðy−3Þ− ðxB−2Þ t

4m2
N
ð4ð2y−3Þðϕ−1−1Þ−2xBðy−3ÞÞ

��
þO

�
m2

N

Q2
;
t
Q2

��
;

ð26Þ

Sint
1 ¼ Kð2 − xBÞ

6

�
F1ð−2ImEðyþ 1Þx2B − 2ImHðxBð4ϕ−1y − 2y − 2ϕ−1 þ 4Þ − 4ð2y − 1Þðϕ−1 − 1ÞÞÞ

þ F2

�
−2ImHðyþ 1Þx2B − 2ImE

�
ðyþ 1Þ

�
1þ t

4m2
N

�
x2B þ t

2m2
N
ð−2ϕ−1yþ yþ ϕ−1 − 2ÞxB

þ ð2y − 1Þ t
m2

N
ðϕ−1 − 1Þ

��
þO

�
m2

N

Q2
;
t
Q2

��
: ð27Þ

The angular dependence of the interference term (24)
has a ∼ sinφ term, which stems from the interference of
the vector and axial vector currents in the lepton part of the
diagram. This interference contribution depends only
linearly on the target GPDs and for this reason presents
interesting opportunities for studies at future colliders.
As we will see below, in JLAB kinematics the contri-

bution of both BH and interference terms are small, and for
this reason it is convenient to assess their size in terms
of the angular harmonics cn, sn, normalizing the total
cross section to the cross section of the dominant DVMP
process as4

d4σðtotÞ

dtd ln xBjdQ2dφ

¼ 1

2π

d4σðDVMPÞ

dtd ln xBjdQ2

�
1þ

X2
n¼0

cn cosðnφÞ þ s1 sinðφÞ
�
:

ð28Þ

IV. TWIST-THREE CORRECTIONS

In the Bjorken limit, the dominant contribution comes
from the twist-two GPDs H;E; ~H; ~E. However, in modern
experiments a large part of the data comes from the region
ofQ only 2 or 3 times larger than the nucleon massmN . For
this reason it is important to assess how large are the
omitted higher-twist contributions. Previously this analysis
was done by us in the context of neutrino production [43],

and here we repeat it for the case of charged current meson
production.
The additional contribution to amplitude (5) from trans-

versity GPDs is given by

δHq
ν0λ0;νλ ¼ ðmq

ν0νδλ;−δλ0;þ þ nqν0νδλ;þδλ0;−Þ; ð29Þ

where the coefficients mq
�;� and nq�;� are linear combina-

tions of the transversity GPDs,

mq
−− ¼

ffiffiffiffiffiffi
−t0

p

4m
½2 ~Hq

T þ ð1þ ξÞEq
T − ð1þ ξÞ ~Eq

T �; ð30Þ

FIG. 4. Factorization scale dependence of the charged current
process ep → νeπ

−p. The ratio R is defined as RðxB;Q2; μFÞ ¼
dσðxB; Q2; μFÞ=dσðxB;Q2; μF ¼ QÞ. A similar dependence is
observed for all other processes.

4Compared to our earlier work [63], we modified the definition
of c0 and explicitly took out the unit term in (28), in order to have
uniform counting cn, sn ∼OðαemÞ for all harmonics.
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mq
−þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ2

p t0

4m2
~Hq
T; ð31Þ

mq
þ− ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ2

p �
Hq

T −
ξ2

1 − ξ2
Eq
T þ ξ

1 − ξ2
~Eq
T −

t0

4m2
~Hq
T

�
;

ð32Þ

mq
þþ ¼

ffiffiffiffiffiffi
−t0

p

4m
½2 ~Hq

T þ ð1 − ξÞEq
T þ ð1 − ξÞ ~Eq

T �; ð33Þ

nq−− ¼ −
ffiffiffiffiffiffi
−t0

p

4m
ð2 ~Hq

T þ ð1 − ξÞEq
T þ ð1 − ξÞ ~Eq

TÞ; ð34Þ

nq−þ ¼
ffiffiffiffiffiffiffiffiffiffiffi
1−ξ2

p �
Hq

T −
ξ2

1−ξ2
Eq
T þ

ξ

1−ξ2
~Eq
T −

t0

4m2
~Hq
T

�
;

ð35Þ

nqþ− ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ2

p t0

4m2
~Hq
T; ð36Þ

nqþþ ¼ −
ffiffiffiffiffiffi
−t0

p

4m
ð2 ~Hq

T þ ð1þ ξÞEq
T − ð1þ ξÞ ~Eq

TÞ; ð37Þ

and we introduced a shorthand notation t0 ¼−Δ2⊥=ð1−ξ2Þ;
Δ⊥ ¼ p2;⊥ − p1;⊥ is the transverse part of the momentum
transfer. The coefficient function (7) gets an additional
nondiagonal in parton helicity contribution,

δCqλ00;λμ ¼ δμ;þδλ;−δλ0;þðSqA − SqVÞ

þ δμ;−δλ;þδλ0;−ðSqA þ SqVÞ þO
�
m2

Q2

�
; ð38Þ

where we introduced the shorthand notations

SqA ¼
Z

dzððηqAþcð3;pÞþ ðx; ξÞ − ηqA−c
ð3;pÞ
− ðx; ξÞÞ

þ 2ðηqA−cð3;σÞ− ðx; ξÞ þ ηqAþc
ð3;σÞ
þ ðx; ξÞÞÞ; ð39Þ

SqV ¼
Z

dzððηqVþcð3;pÞþ ðx; ξÞ þ ηqV−c
ð3;pÞ
− ðx; ξÞÞ

þ 2ðηqVþcð3;σÞþ ðx; ξÞ − ηqV−c
ð3;σÞ
− ðx; ξÞÞÞ; ð40Þ

cð3;iÞþ ðx; ξÞ ¼ 4πiαsfπξ
9Q2

Z
1

0

dz
ϕ3;iðzÞ

zðxþ ξÞ2 ;

cð3;iÞ− ðx; ξÞ ¼ 4πiαsfπξ
9Q2

Z
1

0

dz
ϕ3;iðzÞ

ð1 − zÞðx − ξÞ2 ; ð41Þ

and the twist-three pion distributions are defined as

ϕðpÞ
3 ðzÞ ¼ 1

fπ
ffiffiffi
2

p mu þmd

m2
π

Z
du
2π

eiðz−0.5Þu

× h0jψ̄
�
−
u
2
n

�
γ5ψ

�
u
2
n

�
jπðqÞi; ð42Þ

ϕðσÞ
3 ðzÞ ¼ 3iffiffiffi

2
p

fπ

mu þmd

m2
π

Z
du
2π

eiðz−0.5Þu

× h0jψ̄
�
−
u
2
n

�
σþ−γ5ψ

�
u
2
n

�
jπðqÞi: ð43Þ

Thanks to the symmetry of ϕp and the antisymmetry of
ϕσ with respect to charge conjugation, the dependence on
the pion DAs factorizes in the collinear approximation and
contributes only as the minus one first moment of the linear
combination of the twist-three DAs, ϕpðzÞ þ 2ϕσðzÞ,

hϕ−1
3 i ¼

Z
1

0

dz
ϕðpÞ
3 ðzÞ þ 2ϕðσÞ

3 ðzÞ
z

: ð44Þ

In the general case the coefficient function (41) leads to
collinear divergencies near the points x ¼ �ξ, when sub-
stituted to (6). As was noted in [19], this singularity is
naturally regularized by the small transverse momentum
of the quarks inside the meson. Such regularization
modifies (41) to

cð3;iÞþ ðx;ξÞ¼4πiαsfπξ
9Q2

Z
1

0

dzd2l⊥
ϕ3;iðz;l⊥Þ

ðxþξ−i0ÞðzðxþξÞþ2ξl2⊥
Q2 Þ

;

ð45Þ

cð3;iÞ− ðx; ξÞ ¼ 4πiαsfπξ
9Q2

Z
1

0

dzd2l⊥

×
ϕ3;iðz; l⊥Þ

ðx − ξþ i0Þðð1 − zÞðx − ξÞ − 2ξl2⊥
Q2 Þ

; ð46Þ

where l⊥ is the transverse momentum of the quark, and we
tacitly assume the absence of any other transverse momenta
in the coefficient function. Because of interference of the
leading twist and twist-three contributions, the total cross
section acquires dependence on the angle φ between lepton
scattering and pion production planes,

dσ
dtdxBdQ2dφ

¼ ϵ
dσL

dtdxBdQ2dφ
þ dσT
dtdxBdQ2dφ

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ϵð1þ ϵÞ

p
cosφ

dσLT
dtdxBdQ2dφ

þ ϵ cos ð2φÞ dσTT
dtdxBdQ2dφ

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ϵð1þ ϵÞ

p
sinφ

dσL0T

dtdxBdQ2dφ

þ ϵ sin ð2φÞ dσT 0T

dtdxBdQ2dφ
; ð47Þ
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where we introduced the shorthand notations

ϵ ¼ 1 − y − γ2y2

4

1 − yþ y2

2
þ γ2y2

4

;

dσL
dtdxBdQ2dφ

¼ Γσ00
2πϵ

; ð48Þ

dσT
dtdxBdQ2dφ

¼ Γ
2πϵ

�
σþþþσ−−

2
þ1

2

ffiffiffiffiffiffiffiffiffiffiffi
1− ϵ2

p σþþ−σ−−
2

�
;

ð49Þ

dσLT
dtdxBdQ2dφ

¼ Γ
2πϵ

�
Reðσ0þ−σ0−Þþ

1

2

ffiffiffiffiffiffiffiffiffiffi
1−ϵ

1þϵ

r
Reðσ0þþσ0−Þ

�
; ð50Þ

dσTT
dtdxBdQ2dφ

¼ −
Γ
2πϵ

Reðσþ−Þ; ð51Þ

dσL0T

dtdxBdQ2dφ

¼ −
Γ
2πϵ

�
Imðσþ0 þ σ−0Þ −

1

2

ffiffiffiffiffiffiffiffiffiffiffi
1 − ϵ

1þ ϵ

r
Imðσ−0 − σþ0Þ

�
;

ð52Þ

dσT 0T

dtdxBdQ2dφ
¼ −

Γ
2πϵ

Imðσþ−Þ; ð53Þ

and the subindices α, β in

σαβ ¼
X
νν0

A�
ν00;ναAν00;νβ

refer to polarizations of intermediate heavy bosons in the
amplitude and its conjugate. As we will see below, in JLAB
kinematics the contribution of higher twist corrections
is small, and for this reason, similar to the Bethe-Heitler
case, we will quantify their size in terms of the angular
harmonics cn, sn, normalizing the total cross section to the
cross section of the dominant DVMP process as defined
in (28).

V. RESULTS AND DISCUSSION

In this section we would like to present the numerical
results for the charged current pion production. For the sake
of definiteness, for numerical estimates we use the Kroll-
Goloskokov parametrization of GPDs [19,20,54–56] and
assume the asymptotic form of the pion wave function,
ϕ2ðzÞ ¼ 6zð1 − zÞ. For estimates of the twist-three con-
tribution introduced in Sec. II, we use the parametrization
suggested in [19,20],

ϕ3ðz; l⊥Þ ¼ ϕ3;pðz; l⊥Þ þ 2ϕ3;σðz; l⊥Þ

¼ 2a3p
π3=2

l⊥ϕasðzÞ exp ð−a2pl2⊥Þ; ð54Þ

where the numerical constant ap is taken as ap ≈ 2 GeV−1.
We would like to start with a discussion of the depend-

ence on the factorization scale μF, which separates hard and
soft physics. As we can see from Fig. 4, the dependence on
the factorization scale μF is mild and disappears for
μF ≳ 5 GeV. Though the choice of factorization scale μF
is arbitrary, taking its value significantly different from the
virtuality Q would lead to large logarithms in higher order
corrections. As was suggested in [58–60], varying the scale
in the range μF ∈ ðQ=2; 2QÞ, we can roughly estimate the
error due to omitted higher order loop contributions.
In Fig. 5 we show the predictions for the differential

cross section dσ=dxBdQ2 for charged pion production for
two virtualities Q2. At fixed electron energy Ee and
virtuality Q2, the cross section as a function of xB has a
similar bumplike shape, which is explained by an interplay
of two factors. For small xB ∼Q2=2mNEe the elasticity y
defined in (3) approaches one, which causes a suppression
due to a prefactor in (1). In the opposite limit, the
suppression ∼ð1 − xÞn is due to the implemented para-
metrization of GPDs. Since the contribution of NLO terms
is sizable, for its evaluation we use coefficient functions
which account for NLO corrections. To estimate the
uncertainty due to higher order corrections (represented
by the green band), we varied the factorization scale μF in
the range μF ∈ ðQ=2; 2QÞ. As was discussed in Sec. II, the
coefficient functions (9), (11), and (14) have nonanalytic
behavior ∼ ln2 v in the region of small-v; v̄ ¼ ðξ� xÞ=2ξ,
and therefore this region requires special attention.
Physically, collinear factorization is not valid here and
the transverse momenta of mesons become important. In
order to assess the relative contribution of this region, we
performed an evaluation with NLO corrections switched off
in the range jvj≲ l2π;⊥=Q2, where the average transverse
momentum of the pion lπ;⊥ ≈ 0.3–0.4 GeV was estimated
from the pion charge form factor [64–66]. As we can see
from a comparison of solid and dashed lines, the contri-
bution of the small-jvj region is quite small, and therefore
we expect that collinear factorization should give a reliable
estimate in the considered kinematics. In the rightmost
pane of Fig. 5, we have shown the relative (dominant)
contribution of the GPDs Hu, Hd to the total result.
Contributions of helicity flip and gluon GPDs constitute
a minor (∼10%) correction to the full cross section.
The contribution of the asymptotic Bethe-Heitler mecha-

nism introduced in Sec. III is shown in the left pane of
Fig. 6. We can see that for 11 GeV electron beams, its
contribution is small and does not exceed ∼1%. The
smallness of the harmonics cn, sn is explained by the fact
that the kinematic prefactor∼ðQ2=tÞ enhancement in JLAB
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kinematics is not sufficient to compensate the suppression
∼OðαemÞ. Though formally both the BH term (18) and
interference term (24) lead to the appearance of the
harmonics c0;…; c2, the contribution from the former is
suppressed by an additional power of αem, and thus in
JLAB kinematics the harmonics get a major contribution
from the interference term. For the same reason, the
harmonics c2 (not shown in the plot) is extremely small:
it gets contributions only from BH. In the right pane of the
plot we have shown similar harmonics generated due to
twist-three interference. The largest harmonics c1 does not
exceed 20% and after averaging over the angle φ does not
contribute to the total cross section dσ=dxBdQ2. The
harmonics c0, which contributes to the integrated cross
section dσ=dxBdQ2 as a multiplicative factor 1þ c0, in the

region of interest (xB ≈ 0.4� 0.2) is small and constitutes a
few percent correction.
For deeply virtual meson production in other channels

the cross section gets comparable contributions from GPDs
of different partons. For this reason restrictions imposed by
experimental data on GPDs of individual partons are less
binding. Additionally, these channels present more chal-
lenges for experimental study. For example, for charged
current kaon production (see left pane in Fig. 7), we
observe that the cross section is small due to Cabibbo
suppression (ΔS ¼ 1), so the statistical error will be larger.
From the central pane in the Fig. 7 we can see that the total
cross section of this process gets a sizable contribution from
quark-gluon interference. Similarly, for charged current
pion production on a neutron (right pane in Fig. 7), the

FIG. 6. Left: Harmonics cn, sn in charged current pion production on a proton target, due to the interference with the Bethe-Heitler
contribution. Right: Harmonics cn, sn generated due to twist-two and twist-three GPDs interference. In both plots the evaluations are
performed using NLO coefficient functions, as discussed in Sec. II. The width of the band represents the uncertainty due to the
factorization scale choice μF ∈ ðQ=2; 2QÞ, as explained in the text.

FIG. 5. Left and central plots: Charged current pion production cross section on a proton target at fixed electron energy, for virtualities
Q2 ¼ 2.5 GeV2 (left) and Q2 ¼ 4 GeV2 (center). Evaluations are performed using NLO coefficient functions, as discussed in Sec. II.
The width of the band represents the uncertainty due to the factorization scale choice μF ∈ ðQ=2; 2QÞ, as explained in the text. The
dashed line corresponds to the evaluation with omitted NLO corrections in the region of x ≈�ξ, where collinear factorization might give
sizable corrections ∼Oðl2⊥=Q2Þ. Right plot: Relative contribution of GPDs Hu, Hd to the total result.
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cross section gets significant contributions from gluon
GPDs and its interference with quarks, and experimentally
the precision will be affected by uncertainty in the
reconstruction of scattered neutron kinematics.
For this reason we believe that the study of the GPDs

with charged currents should be focused on the ep →
νeπ

−p channel.

VI. CONCLUSIONS

In this paper we have shown that generalized parton
distributions can be probed in charged current meson
production processes, ep → νeπ

−p. In contrast to pion
photoproduction, these processes get a major contribution
from the unpolarized GPDsHu,Hd, and thus could be used
to supplement studies of these GPDs in DVCS. The
undetectability of the produced neutrino will not present
major challenges for the kinematics reconstruction, since
all final state hadrons are charged. We estimated the cross
sections in the kinematics of the upgraded 12 GeV
Jefferson Laboratory experiments and found that thanks
to the large luminosity, the process can be measured with

reasonable statistics. We also estimated the contaminating
contributions from the Bethe-Heitler mechanism and twist-
three corrections due to transversity GPDs. We found that
both are small, and for this reason the ep → νeπ

−p channel
presents a clean probe of the target GPDs. If polarized
targets become available in these experiments, it could
enable one to study various beam-target asymmetries,
sensitive to the smaller GPDs E; ~H; ~E.
A code for the evaluation of the cross sections, with

various GPD models, is available on demand.
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