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In this paper we prove that the simultaneous study of both ρ- and π-meson production by charged
currents in Bjorken kinematics allows for a very clean extraction of the leading twist generalized parton
distributions of the target, with inherent control of the contribution of higher-twist corrections. Also, it
might provide target-independent constraints on the distribution amplitudes of the produced mesons. We
expect that such processes might be studied either in neutrino-induced or in electron-induced processes.
According to our numerical estimates, the cross sections of these processes are within the reach of JLab and
EIC experiments.

DOI: 10.1103/PhysRevD.99.116005

I. INTRODUCTION

The structure of the hadrons remains up to now a
challenging puzzle, which attracts a lot of attention from
both theoretical and experimental viewpoints. Nowadays,
this structure is parametrized in terms of the so-called
generalized parton distributions (GPDs), which are
directly related to amplitudes of physical processes in
Bjorken kinematics [1,2]. The early analyses of GPDs
were mostly based on experimental data on deeply virtual
Compton scattering (DVCS) [3] and deeply virtual meson
production (DVMP) [4–17], yet very soon it was realized
that in view of the rich structure of GPDs, the poorly
known wave functions of the produced mesons, as well as
the sizable higher twist contributions [17–21], additional
channels are needed. Since the amplitudes of physical
processes typically include contributions of GPDs of
several flavors and helicity states (sometimes convoluted
with distribution amplitudes of other hadrons), the GPDs
could be extracted only from self-consistent global fits
of all available experimental data. Currently the list of
processes which might be used for the extraction of GPDs
include: ρ-meson photoproduction [22–26], timelike
Compton scattering [27–29], exclusive pion- or photon-
induced lepton pair production [30,31], heavy charmonia
photoproduction [32,33] (for gluon GPDs), as well as a
few other channels [34,35]. Hopefully the forthcoming
experimental data from upgraded JLab [17], COMPASS
[36–41] and J-PARC [31,42], will enrich and enhance the

early data from HERA and 6 GeV JLab experiments, as
well as improve our understanding of the GPDs of the
proton [43–54].
Some of the experimentally studied channels suffer

from well-understood theoretical complications. For exam-
ple, as was found recently from theoretical analysis of pion
DVMP [55], the dominant contribution in JLab kinematics
(and possibly at the planned Electron Ion Collider [35])
stems from transversely polarized virtual photons, which
implies dominance of twist-three effects. A careful
Rosenbluth separation might help to single out contribu-
tions of the longitudinal photons. However, even in this
case the longitudinal cross sections might still include
various other sources of higher-twist contributions [22].
Recently it was suggested that a test of the Q2-dependence
[56] might be used to check if the description of σL based
on the leading twist collinear factorization predictions is
correct. However, this method might give reliable esti-
mates provided data at sufficiently large Q2 are available.
Another challenge for the present analyses of DVMP
is unknown distribution amplitudes (DAs) of mesons.
While it is expected that the DA should be close to their
asymptotic form [57,58], due to the structure of the DVMP
amplitude in the next-to-leading order, the currently admit-
ted deviations of DA from the asymptotic form might
lead to sizable (up to 50 per cent) deviations of the cross
section [15,32,33,59,60].
In this paper we propose a novel method which allows us

to extract GPDs, as well as have a simultaneous control of
the twist-three effects and the uncertainty in the distribution
amplitudes. Our approach is based on comparison of ρ- and
π-meson production cross sections in charged current
processes. In fact, the feasibility of using charged current
processes for study of GPDs was demonstrated in [61–66],
with possible application either to neutrino-induced [67] or
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to electron-induced channels.1 These processes have a
small contamination by twist-3 effects [70], and on an
unpolarized target they get their dominant contribution
from the GPDs Hu, Hd. Due to the V − A structure of the
hadronic current, in leading twist the CCDVMP cross
sections of longitudinally polarized ρ- mesons and pions
are sensitive to exactly the same set of GPDs and thus allow
for a variety of consistency checks.
In this paper we will focus on the main contribution to

the production of longitudinally polarized ρ�L -mesons,
which can be evaluated in the collinear factorization
framework [22–26,71] and gives the dominant contribution
in the Bjorken limit. Due to the V − A structure of the
hadronic current, the cross sections of the ρ�L - and π�-
meson production are controlled by the same combination
of GPDs, so any differences between the two cross sections
comes only from the meson wave functions or higher twist
effects. In leading order, the dependence on meson dis-
tribution amplitudes contributes only as a multiplicative
prefactor, so the ratio of the cross sections

Rρ=πðxB;Q2Þ ¼ dσW�p→ρ�p

dσW�p→π�p
≈ const; ð1Þ

does not depend on the GPDs of the target. In this
approximation the ratio is the same for both proton and
neutron targets (W�n → M�n subprocess), and for this
reason it might be studied on nuclear targets instead of
protons. In phenomenological models it is frequently
speculated that the leading twist distribution amplitudes
of pion and ρ-meson are close to their asymptotic form, so
the ratio should be close to ðfρ=fπÞ2, where fρ, fπ are
the corresponding decay constants of ρ and π mesons. The
deviations from this value are due to deviations from the

asymptotic form of distribution amplitudes, and next-to-
leading order and higher-twist corrections. Each of such
corrections has a characteristic behavior in the ðxB;Q2Þ
variables, which can be used to clearly distinguish its
origin. For this reason we believe that the ratio (1) is a
sensitive probe of the leading twist contribution domi-
nance, as well as of tests of the meson distribution
amplitudes. In the following sections we will discuss in
detail how the value of this ratio changes when NLO
corrections and higher twist effects are taken into account.
For the sake of brevity and conciseness, in this paper we do
not consider other processes, where flavor multiplet part-
ners of pions and protons are produced and which could
also be used to test other flavor combinations of pion and
ρ-meson distribution amplitudes.
The paper is organized as follows. In Sec. II B we discuss

the framework used for the evaluation of meson production,
taking into account NLO and some of the higher twist-
corrections. In Sec. II A we define amplitudes of ρ-mesons
and pions and discuss their parametrization. In Sec. II B we
present expressions for the cross sections of the CCDVMP
process in the leading twist. In Sec. II C we discuss the
contribution of twist-three corrections to the cross section.
Finally, in Sec. III we present numerical results and draw
conclusions.

II. THE CCDVMP PROCESS

A. Meson distribution amplitudes

For the sake of completeness we would like to start the
discussion with explicit definitions of the distribution
amplitudes of the pion and ρ-meson. We will consider
only the two-parton DAs. For the pion case, the corre-
sponding DAs are defined as [72,73]

h0jψ̄ðyÞγμγ5ψðxÞjπðqÞi ¼ ifπ

Z
1

0

dαeiðαp·yþᾱp·xÞ
�
pμϕ2;πðαÞ þ

1

2

zμ
ðp · zÞψ4;πðαÞ

�
; ð2Þ

h0jψ̄ðyÞγ5ψðxÞjπðqÞi ¼ −ifπ
m2

π

mu þmd

Z
1

0

dαeiðαp·yþᾱp·xÞϕðpÞ
3;π ðαÞ; ð3Þ

h0jψ̄ðyÞσμνγ5ψðxÞjπðqÞi ¼ −
i
3
fπ

m2
π

mu þmd

Z
1

0

dαeiðαp·yþᾱp·xÞ 1

p · z
ðpμzν − pνzμÞϕðσÞ

3;πðαÞ; ð4Þ

where q is the momentum of the pion, z≡ x − y is the light-cone separation of the quarks, p is the light-cone vector
bound by p2 ¼ 0, p · z ¼ 1; fπ is the pion decay constant, mπ is the pion mass, and mu and md are masses of the u and d

quarks respectively. In what follows we will focus on the twist-2 and twist-3 DAs ϕ2;π , ϕ
ðpÞ
3;π and ϕðσÞ

3;π . Similarly, for the case
of ρ-meson, the distribution amplitudes are defined as [74]

1The feasibility to study experimentally the charged currents in JLAB kinematics was demonstrated earlier in [68]. It is expected that
after the upgrade, higher instant luminosities up to L ¼ 1038 cm−2 · s−1 will be achieved [69], which implies that the DVMP cross
section could be measured with reasonable statistics. The neutrino kinematics might be reconstructed using missing mass techniques.
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h0jψ̄ðyÞγμψðxÞjρðqÞi ¼ fρmρ

Z
1

0

dαeið0.5−αÞp·z
�
pμ

eðλÞ · z
p · z

ϕðjjÞ
2;ρðαÞ þ eðλ¼⊥Þ

μ gðvÞ⊥ ðαÞ −m2
ρ

2
zμ

eðλÞ · z
ðp · zÞ2 g3ðαÞ

�
; ð5Þ

h0jψ̄ðyÞγμγ5ψðxÞjρðqÞi ¼
1

2

�
fρ − fTρ

mu þmd

mρ

�
mρϵμνρσe

ðλÞ
ν pρzσ

Z
1

0

dαeið0.5−αÞp·zgðaÞ⊥ ðαÞ ð6Þ

h0jψ̄ðyÞσμνψðxÞjρðqÞi ¼ ifTρ

Z
1

0

dαeið0.5−αÞp·z
�
ðeðλ¼⊥Þ

μ pν − eðλ¼⊥Þ
ν pμÞΦ⊥ðαÞ

þ eðλÞ · z
ðp · zÞ2 m

2
ρðpμzν − pνzμÞhðtÞjj ðαÞ þ

1

2
ðeðλÞμ zν − eðλÞν zμÞ

m2
ρ

p · z
h3ðαÞ

�
; ð7Þ

h0jψ̄ðyÞψðxÞjρðqÞi ¼ −i
�
fTρ − fρ

mu þmd

mρ

�
eðλÞ · n

Z
1

0

dαeið0.5−αÞp·zhðsÞjj ðαÞ; ð8Þ

where fρ and fTρ are the so-called vector and tensor decay
constants, and mρ is the ρ-meson mass. In what follows we
will focus on the contribution for the longitudinal mesons
(for which factorization has been proven) and consider only

the contributions up to twist 3, Φjj; h
ðsÞ
jj and hðtÞjj . As we can

see, the pion and ρ-meson distribution amplitudes differ
from each other only by an additional γ5 in the quark-
antiquark operator (modulo some trivial numerical prefac-
tor). In the next section we will show that due to this
property, the CCDVMP amplitudes of ρ-meson and pion
are related to each other by a mere substitution of meson
DAs,

fπϕ2;πðαÞ ↔ fρϕ
ðjjÞ
2;ρðαÞ; ð9Þ

−
1

3
fπ

m2
π

mu þmd
ϕðσÞ
3;πðαÞ ↔ fTρmρh

ðtÞ
jj ðαÞ; ð10Þ

fπ
m2

π

mu þmd
ϕðpÞ
3;π ðαÞ ↔

�
fTρ − fρ

mu þmd

mρ

�
mρh

ðsÞ
jj ðαÞ:

ð11Þ
In Bjorken kinematics we expect that the dominant

contribution stems from the twist-two distributions ϕ2;π ,

ϕðjjÞ
2;ρ , which might be decomposed as

ϕ2ðz; μ2Þ ¼ 6zð1 − zÞ
�
1þ

X
n>0

a2nðμ2ÞC3=2
2n ð2z − 1Þ

�
;

ð12Þ

where the coefficients a2nðμ2Þ have mild multiplicative
dependence on the factorization scale μ. The coefficients
a2n are expected to be small, with current estimates [57,58]

ja2ðμ2 ≈ 2 GeV2Þj ∼ ja4ðμ2 ≈ 2 GeV2Þj≲ 0.1; ð13Þ

ja2nðμ2 ≈ 2 GeV2Þj ≈ 0 for n ≥ 3: ð14Þ

For this reason the ratio RðxB;Q2Þ defined in (1) can be
decomposed as

RðxB;Q2Þ ≈ f2ρ
f2π

�
1þ 2

X
n>0

r2nðaðjjÞ2n;ρ − a2n;πÞ

þOððaðjjÞ2;ρ − a2;πÞ2Þ
�
; ð15Þ

where the coefficients r2n correspond to the ratio of the
DVMP amplitudes evaluated with n ≠ 0 DAs, to the same
amplitude evaluated with n ¼ 0 (asymptotic) meson DAs.
These coefficients will be analyzed in Sec. III, considering
their dependence on the implemented model of GPDs. At
next-to-leading order the coefficients r2n acquire depend-
ence on xB, as well as a mild (logarithmic) dependence on
Q2. The corrections to (15), due to higher twist corrections,
have a similar structure, although they decrease rapidly as
functions of virtuality, ∼1=Q.
As we will demonstrate in the Sec. II C, the twist-three

contributions contain collinear divergencies near the points
x ¼ �ξ, which are naturally regularized by the small
transverse momentum of the quarks inside the meson.
Such regularization effectively replaces the distribution

amplitudes ϕðpÞ
3;M and ϕðσÞ

3;M with the momentum dependent
meson wave functions. For the sake of legibility, we will

use for them the same notations ϕðpÞ
3;M and ϕðσÞ

3;M, only adding
the momentum dependence in the arguments. These objects
contribute to the DVMP amplitude in the combination

ϕðpÞ
3;Mðz; l⊥Þ þ 2ϕðσÞ

3;Mðz; l⊥Þ (see Sec. II B for more details).
For numerical estimates of the twist-3 contribution, we will
use the parametrization suggested in [19,20],

ϕ3ðz; l⊥Þ ¼ ϕðpÞ
3;Mðz; l⊥Þ þ 2ϕðσÞ

3;Mðz; l⊥Þ

¼ 2a3p
π3=2

l⊥ϕasðzÞ exp ð−a2pl2⊥Þ; ð16Þ

where the numerical constant ap is taken as ap ≈
2 GeV−1 ≈ 0.4 fm.
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B. Leading twist evaluation

The CCDVMP might be studied both in neutrino-
induced and electron-induced processes. For the sake of
definiteness, in what follows we will consider the case of
electroproduction, ep → νeMp. The cross section of this
process is given by

dσ
dtdxBdQ2

¼ Γ
X
νν0

A�
ν0;νLAν0;νL; ð17Þ

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 bosonsW� [1,2]. The kinematic factor Γ in (17) for the
charged current is given explicitly by

Γ ¼ G2
Fx

2
Bð1 − y − γ2y2

4
Þ

64π3Q2ð1þQ2=M2
WÞ2ð1þ γ2Þ3=2 ; ð18Þ

where θW is the Weinberg angle, MW is the mass of the
heavy bosons W�, GF is the Fermi constant, fM is the
meson decay constant, and we also used the shorthand
notations

γ ¼ 2mNxB
Q

; y ¼ Q2

sepxB
¼ Q2

2mNEexB
; ð19Þ

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 ; ð20Þ

where x is the average light-cone fraction of the parton,
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 depends on the quantum numbers of the
produced meson and will be specified later. The soft matrix
elementHq

ν0λ0;νλ in (20) is diagonal in quark helicities (λ; λ
0),

and for the twist-2 GPDs has a 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 − ξ2ÞH̃q þ ξ2Ẽq ðΔ1þiΔ2ÞξẼq

2m

ðΔ1−iΔ2ÞξẼq

2m ð1 − ξ2ÞH̃q − ξ2Ẽq

!
ν0ν

!
; ð21Þ

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

couplings to quarks; the leading twist GPDsHq, Eq, H̃q and
Ẽq are functions of variables ðx; ξ; t; μ2FÞ; the skewness ξ is
related to the light-cone momenta of protons p1;2 as
ξ¼ðpþ

1 −pþ
2 Þ=ðpþ

1 þpþ
2 Þ; the invariant momentum trans-

fer t ¼ Δ2 ¼ ðp2 − p1Þ2, and μF is the factorization
scale (see e.g., [12,15] for details of the kinematics). The
evaluation of the structure function Cq is quite straightfor-
ward, and in leading order over αs it gets contributions from
the diagrams shown schematically in Fig. 1. This has been
studied both for pion electroproduction [20,21,24,75–78]

and neutrinoproduction [79]. For the processes in which
baryon does not change its internal state, there are additional
contributions from gluon GPDs, as shown in the rightmost
panel of the Fig. 1. These corrections are small in JLAB
kinematics, yet give a sizable contribution at higher energies.
In the next-to-leading order, the coefficient function includes
an additional gluon attached in all possible ways to all
diagrams in Fig. 1, as well as additional contributions from
sea quarks, as shown in the Fig. 2.
Straightforward evaluation of the diagrams shown in the

Figs. 1 and 2 yields for the coefficient function

FIG. 1. Leading-order contributions to the DVMP hard coefficient functions. The green blob stands for the pion wave function.
Additional diagrams (not shown) may be obtained reversing directions of the quark lines and in case of the last diagram, also permuting
vector boson vertices.
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Cqλλ0 ¼ δλλ0

�
ηq−cðqÞ− ðx; ξÞ þ sgnðλÞηqþcðqÞþ ðx; ξÞ

þO
�
m2

Q2

�
þOðα2sðμ2RÞÞ

�
; ð22Þ

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

same for JP ¼ 0−- and 1− mesons, and are given explicitly
in Table I.2 Also, in (22) we introduced the shorthand
notation

cðqÞ� ðx; ξÞ ¼ 8πi
9

αsðμ2RÞfM
Q

1

x� ξ ∓ i0

Z
1

0

dz
ϕ2ðzÞ
z

×

�
1þ αsðμ2rÞ

2π
Tð1Þ

�
ξ� x
2ξ

; z

��
; ð23Þ

where ϕ2ðzÞ is the twist-2 meson distribution amplitude
(DA). The function Tð1Þðv; zÞ in (23) encodes NLO
corrections to the coefficient function and is given explic-
itly in the Appendix. In general, we could expect that the
spin structure of the coefficient function Cqλ should depend
on the quantum numbers of the produced mesons, however
in the leading twist this is not so. This happens because at
leading twist the distribution amplitudes of the JP ¼ 0−
and 1− mesons differ only by an additional γ5 in the
corresponding quark operator and V − A structure of
charged current. From a trivial identity

γμð1 − γ5Þγα1Sðp1Þ…γαnSðpnÞγ�γ5
¼ γμð1 − γ5Þγα1Sðp1Þ…γαnSðpnÞγ� ð24Þ

where SðpiÞ are the quark propagators (massless in the
Bjorken limit), we may conclude that for charged currents
the amplitudes of ρ- and π-production coincide to any order
in the strong coupling constant αsðQ2Þ.3 The corrections
due to finite mass of the quarks are ∼Oðmq=QÞ, and are
numerically negligible for light quarks. In the twist-three

case, similar arguments hold for the two-parton distribution
amplitudes, yet for the contributions of the three-parton
DAs this is no longer so. For this reason, we may use the
above-mentioned substitutions (9), (10), (11) to relate the
pion and ρ-meson distribution amplitudes.
In the leading order over αs, the ratio Rρ=π defined in (1)

is constant and is given by the ratio of the minus-first
moments hϕ−1

2;jj;ρi and hϕ−1
2;πi. In terms of the conformal

expansion coefficients a2n defined in (12), the moments
may be evaluated exactly and are given by hϕ−1

2 i ¼
1þPna2n, so the ratio (1) is given by

Rρ=π ≈ ðfρ=fπÞ2
�
1þP aðjjÞ2n;ρ

1þP a2n;π

�2

: ð25Þ

At this order all the expansion coefficients r2n defined in
(15) are equal to unity, r2nðxB;Q2Þ ¼ 1, and do not depend
on ðxB;Q2Þ. In the next-to-leading order there are δr2n ∼
OðαsÞ corrections, given explicitly in Appendix. The
numerical values of the coefficients are discussed in detail
in the following Sec. III.

C. Twist-three corrections

In the Bjorken limit, it is expected that the dominant
contribution should come from the twist-two GPDs H, E,
H̃, Ẽ. However, as was shown in [55], in moderate-energy
experiments the typical values of virtuality Q are only two
or three times larger than the mass of the nucleon mN . For
this reason it is important to assess how large are the
omitted higher-twist contributions.
Technically the evaluation of the twist-three contribu-

tions is quite challenging, because the are many different
contributions, and for some of them (see e.g., three-parton

TABLE I. The flavor coefficients ηq� for several meson pro-
duction processes discussed in this paper. We use the notation
q ¼ u; d; s;…fM�;0;M�;0

s g ¼ fπ�;0; K�;0g mesons in JP ¼ 0−
multiplet, and fM�;0;M�;0

s g ¼ fρ�;0; K��;0g mesons in JP ¼ 1−
multiplet. As commented in the text, CC currents could be
studied either in electron-induced processes (so fl;l0g ¼
fe; νeg) or in neutrino-induced processes, fl;l0g ¼ fν̄e; eþg.
For the case of CC mediated processes, the V − A structure of the
charged current implies ηqV� ¼ ηq�, η

q
A� ¼ −ηq�.

Process ηqþ ηq−

lp → l0M−p Vudδqd Vudδqu

lp → l0M0n Vud
δqu−δqdffiffi

2
p −Vud

δqu−δqdffiffi
2

p

lp → l0M−
s p Vusδqs Vusδqs

lp → l0M0n Vud
δqu−δqdffiffi

2
p −Vud

δqu−δqdffiffi
2

p

lp → l0M−n Vudδqu Vudδqd

ln → l0M0
sΣ− 0 −Vudðδqu − δqsÞ

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

2As was discussed above, for processes with change of internal
baryon structure, we use SUð3Þ relations [80], which are valid up
to corrections in current quark masses ∼OðmqÞ.

3For neutral currents this statement is not valid due to
differences in vector and axial charges, gV ≠ gA.
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contributions analyzed in [22,81]) numerical estimates are
currently challenging due to lack of reliable phenomeno-
logical restrictions on multiparton distributions. In this
paper we will restrict ourselves to the estimates of higher
twist contributions due to two-parton twist-three compo-
nents of the meson wave functions, which are expected to
give the largest contribution to the difference between pion
and ρ-meson cross sections. The corresponding twist-three
DAs for pion and ρ-meson were defined in Sec. II A.
Previously this analysis has been done by us in the con-
text of neutrino-production [70] and pion production by
charged currents [82], and here we briefly repeat it for the
case of charged current meson production. For the case of
ρ-meson the amplitudes might be obtained from pion
amplitude by the substitution (10), (11). The twist-three
meson DAs probe the so-called transversity GPDs, which
contribute to the amplitude (21) as

δHq
ν0λ0;νλ ¼ ðmq

ν0νδλ;−δλ0;þ þ nqν0νδλ;þδλ0;−Þ; ð26Þ

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

tions of the transversity GPDs,

mq
−− ¼

ffiffiffiffiffiffi
−t0

p

4m
½2H̃q

T þ ð1þ ξÞEq
T − ð1þ ξÞẼq

T �; ð27Þ

mq
−þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ2

p t0

4m2
H̃q

T; ð28Þ

mq
þ− ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ2

p �
Hq

T −
ξ2

1 − ξ2
Eq
T þ ξ

1 − ξ2
Ẽq
T −

t0

4m2
H̃q

T

�
;

ð29Þ

mq
þþ ¼

ffiffiffiffiffiffi
−t0

p

4m
½2H̃q

T þ ð1 − ξÞEq
T þ ð1 − ξÞẼq

T �; ð30Þ

nq−− ¼ −
ffiffiffiffiffiffi
−t0

p

4m
ð2H̃q

T þ ð1 − ξÞEq
T þ ð1 − ξÞẼq

TÞ; ð31Þ

nq−þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ2

p �
Hq

T −
ξ2

1 − ξ2
Eq
T þ ξ

1 − ξ2
Ẽq
T −

t0

4m2
H̃q

T

�
;

ð32Þ

nqþ− ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ2

p t0

4m2
H̃q

T; ð33Þ

nqþþ ¼ −
ffiffiffiffiffiffi
−t0

p

4m
ð2H̃q

T þ ð1þ ξÞEq
T − ð1þ ξÞẼq

TÞ; ð34Þ

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 (22) also gets an addi-
tional nondiagonal in parton helicity contribution,

δCqλ00;λμ ¼ δμ;þδλ;−δλ0;þðSqA − SqVÞ þ δμ;−δλ;þδλ0;−ðSqA þ SqVÞ þO
�
m2

Q2

�
; ð35Þ

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; ð36Þ

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; ð37Þ

cð3;iÞþ ðx; ξÞ ¼ 4πiαsfπξ
9Q2

Z
1

0

dz
ϕðiÞ
3;MðzÞ

zðxþ ξÞ2 ; cð3;iÞ− ðx; ξÞ ¼ 4πiαsfπξ
9Q2

Z
1

0

dz
ϕðiÞ
3;MðzÞ

ð1 − zÞðx − ξÞ2 ; ð38Þ

and the twist-three distributions4 of the mesonM (M ¼ π, ρ)

were defined in Sec. II A. Due to symmetry of ϕðpÞ
3;M and

antisymmetry of ϕðσÞ
3;M with respect to charge conjugation, the

dependence on the meson DAs factorizes in the collinear
approximation and contributes only as the minus first

moment of the linear combination of the twist-3 DAs,

ϕðpÞ
3;MðzÞ þ 2ϕðσÞ

3;MðzÞ,

hϕ−1
3;Mi ¼

Z
1

0

dz
ϕðpÞ
3;MðzÞ þ 2ϕðσÞ

3;MðzÞ
z

: ð39Þ

In the general case the coefficient function (38) leads to
collinear divergencies near the points x ¼ �ξ, when sub-
stituted to (20). As was noted in [19], this singularity is

4For the case of ρ-mesons we assume that the corresponding
distribution amplitudes ϕðpÞ

3;ρ and ϕðσÞ
3;ρ are defined according to

(10), (11).
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naturally regularizedby thesmall transversemomentumof the
quarks inside the meson. Such regularizationmodifies (38) to

cð3;iÞþ ðx; ξÞ ¼ 4πiαsfπξ
9Q2

Z
1

0

dzd2l⊥

×
ϕðiÞ
3;Mðz; l⊥Þ

ðxþ ξ − i0Þ
�
zðxþ ξÞ þ 2ξl2⊥

Q2

� ; ð40Þ

cð3;iÞ− ðx; ξÞ ¼ 4πiαsfπξ
9Q2

Z
1

0

dzd2l⊥

×
ϕðiÞ
3;Mðz; l⊥Þ

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

; ð41Þ

where l⊥ is the transverse momentum of the quark, and we
tacitly assumeabsence of any other transversemomenta in the
coefficient function. Due to interference of the leading twist
and twist-three contributions, the total cross section acquires
dependenceon the angleφ between lepton scattering andpion
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
; ð42Þ

where we introduced the shorthand notations

ϵ ¼ 1 − y − γ2y2

4

1 − yþ y2

2
þ γ2y2

4

: ð43Þ

dσL
dtdxBdQ2dφ

¼ Γσ00
2πϵ

ð44Þ

dσT
dtdxBdQ2dφ

¼ Γ
2πϵ

�
σþþ þ σ−−

2
þ 1

2

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ϵ2

p σþþ − σ−−
2

�
ð45Þ

dσLT
dtdxBdQ2dφ

¼ Γ
2πϵ

�
Reðσ0þ − σ0−Þ þ

1

2

ffiffiffiffiffiffiffiffiffiffiffi
1 − ϵ

1þ ϵ

r
Reðσ0þ þ σ0−Þ

�
ð46Þ

dσTT
dtdxBdQ2dφ

¼ −
Γ
2πϵ

Reðσþ−Þ ð47Þ

dσL0T

dtdxBdQ2dφ

¼ −
Γ
2πϵ

�
Imðσþ0 þ σ−0Þ −

1

2

ffiffiffiffiffiffiffiffiffiffiffi
1 − ϵ

1þ ϵ

r
Imðσ−0 − σþ0Þ

�
ð48Þ

dσT 0T

dtdxBdQ2dφ
¼ −

Γ
2πϵ

Imðσþ−Þ ð49Þ

and the subindices α, β in

σαβ ¼
X
νν0

A�
ν00;ναAν00;νβ; ð50Þ

refer to the polarizations of intermediate heavy boson 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 reasonwewill quantify their size in termsof
the angular harmonics cn, sn, normalizing the total cross
section to the cross section of the dominant DVMP process
defined as [82]

d4σðtotÞ

dtd ln xBjdQ2dφ
¼ 1

2π

d4σðDVMPÞ

dtd ln xBjdQ2

×

�
1þ

X2
n¼0

cn cosðnφÞ þ s1 sinðφÞ
�
:

ð51Þ
The main purpose of this study is to analyze the sensitivity
of the ratio (1) to changes of the coefficients r2n. For this
reason in what follows we will focus on the evaluation of
the harmonics c0 and the corresponding cross sections dσL
and dσT . The higher twist corrections contribute additively to
the cross section (no interference due to different spin
structure), and as we will see below, in the kinematics of
interest the cross section dσT ≪ dσL. For this reason the
correction to the ratio (1) is small and is given by

δRtwist−3 ≈
f2ρ
f2π

�
dσðρÞT

ϵdσðρÞL

−
dσðπÞT

ϵdσðπÞL

�
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

∼Oð1=QÞ

þO
�

1

Q2

�

¼ f2ρ
f2π

ðc0;ρ − c0;πÞ þO
�

1

Q2

�
≔

f2ρ
f2π

Δc0; ð52Þ

Δc0 ¼ c0;ρ − c0;π; ð53Þ
where c0;ρ and c0;π are the zeroth order harmonics (angular-
independent contributions of twist-3 terms) of the ρ-meson
and pion respectively. At present, the values of the twist-three
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ρ-meson DAs are poorly known (especially for the case of
ρ-mesons), and for this reason wewill assume that it changes
from 0 up to the same value as for pion, (16).

III. RESULTS AND DISCUSSION

In this section we would like to present numerical results
for the charged current pion production. For the sake of
definiteness, for numerical estimates we use the Kroll-
Goloskokov parametrization of GPDs [19,20,76–78]. For
illustration, we will start the discussion assuming domi-
nance of the twist two corrections, and neglecting the
deviations from the asymptotic form encoded in the
coefficients a2n in (12). In this case the difference between
pion and ρ-meson cross sections becomes negligible (we
may neglect the so-called “kinematic” higher twist effects
∼OðM2

π;ρ=Q2Þ in the Bjorken limit).
In the left panel of the Fig. 3 we show predictions for the

differential cross section dσ=dxBdQ2 for charged meson
ðρ−; π−Þ production, within JLab kinematics. We expect
that for typical instant luminosities ∼1035 cm−2 s−1, rea-
sonable statistics could be collected after 30-60 days of
running. At fixed electron energy Ee ¼ 11 GeV and
virtuality Q2, the cross section as function of xB has a
typical bumplike shape, which is explained by an interplay
of two factors. For small xB ∼Q2=2mNEe the elasticity y
defined in (19) approaches one, which causes a suppression
due to a prefactor Γ in (17). In the opposite limit, the
suppression ∼ð1 − xÞn is due to the implemented para-
metrization of GPDs. In the evaluation of the coefficient
function we take into account NLO corrections, which give
a sizable contribution for Q2 ≲ 10 GeV2. The band around
the curves reflects the uncertainty of the predictions due to
higher order corrections, which was obtained varying the
factorization scale μF in the range μF ∈ ðQ=2; 2QÞ (see
[15,19,20,60,64] for more details). The amplitudes in this
region get the dominant contribution from the GPDs Hu,

Hd, whereas helicity flip and gluon GPDs give a minor
(∼10%) correction to the full cross section. In the right
panel we show the cross section for the kinematics of
EIC experiment, assuming a center-of-mass energyffiffiffiffiffiffiffisep
p ≈ 100 GeV. At present the exact energy ffiffiffiffiffiffiffisep

p , which
will be available at EIC, is not known, yet reevaluation for
other energies

ffiffiffi
s

p
ep is quite straightforward and might be

obtained by rescaling the y-dependent prefactor (18). The
effects of this factor are pronounced at small xB ≪ 1, where
it leads to a suppression of the cross section.
In order to quantize the sensitivity of the cross section

to deviation of the meson DA from its asymptotic form,
in Fig. 4 we show the dependence of the first two coefficients
r2ðxB;Q2Þ and r4ðxB;Q2Þ, defined in (1), as functions of xB
and Q2. These coefficients do not depend on the energy of
the electron beam E, because at fixed ðxB;Q2Þ the depend-
ence on E contributes only via a common y-dependent
prefactor in (18), which does not contribute to r2n. The
dependence of r2n on Q2 is very mild and is due to the
logarithmic dependence of running coupling in the NLO
contribution. The dependence of r2n on xB exists due to the
different xB-dependence of the leading order and next-to-
lading order amplitudes. The fact that the evaluated ratios r2n
have a very mild dependence onQ2 and on xB (for xB ≲ 0.3)
implies that the ratio of the cross sections (1) only mildly
depends on ðxB;Q2Þ, and its value is almost entirely
determined by the values of parameters

a2 ¼ aðρÞ2 − aðπÞ2 ; a4 ¼ aðρÞ4 − aðπÞ4 : ð54Þ
As can be seen from the Fig. 4, for the currently expected
phenomenological values of parameters a2, a4 in the range
(13), the ratio (1) changes up to 20%. Since the expected
values of a2, a4 are quite small, we may neglect the
contributions of quadratic terms, so we expect that Rρ=π is
mostly sensitive to the combination

FIG. 3. Left plot: Charged current meson production cross section on a proton target, within JLab kinematics (fixed electron energy
E ¼ 11 GeV). Evaluations are performed using NLO coefficient functions, as discussed in Sec. II B. The width of the band represents
the uncertainty due to the factorization scale choice μF ∈ ðQ=2; 2QÞ, as explained in the text. Right plot: xB-dependence of the cross
section in EIC kinematics with

ffiffiffi
s

p
ep ≈ 100 GeV. For other values of

ffiffiffi
s

p
ep and fixed ðxB;Q2Þ the cross section might be obtained by

rescaling the factor (18). This factor is responsible for the suppression of the cross section at small xB ≪ 1 and at fixed energy ffiffiffiffiffiffiffisep
p .
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�
a2 þ

r4ðxB;Q2Þ
r2ðxB;Q2Þ a4

�
: ð55Þ

Given that the functions r2ðx;Q2Þ, r4ðx;Q2Þ are known,
measurement of Rρ=π in a sufficiently large kinematical
range could allow us to extract separately the values of a2
and a4.
As we explained in the previous section, for the case of

the twist-three harmonics, we are only interested in the
contribution of the term c0 in (51), which is the only term
contributing to the φ-integrated cross sections. From Fig. 5,
we can see that the contribution of this term in the region of
interest is negligible and does not exceed a few per cent. Its
relative contribution increases in the region xB ≳ 0.6–0.7
and it might reach up to 10 per cent. However, the cross
section is strongly suppressed in that region, and the
experimental statistics is quite poor, so for this reason
we expect that this region will not give a strong constraint

on the constructed parametrizations of the GPDs. In the
region xB ≈ 0.1–0.3, which gives the dominant contribution
within JLab kinematics, we expect that the effects of the
higher twist corrections will give just a couple of per cent
correction, and will not affect significantly the ratio
Rða2; a4Þ, shown in the right panel of Fig. 4. The effect
of higher twist corrections decreases as a function of Q and
becomes almost negligible for Q2 ≳ 10 GeV2.
For deeply virtual meson production in other channels

(e.g., production of kaons andK�-mesons) the cross sections
have a similar shape, although their values are smaller.
Besides, the amplitudes of these processes get comparable
contributions from GPDs of different partons, and for this
reason the restrictions imposed by experimental data on
GPDs of individual partons are less binding (see [82] for
more details). Moreover, experimentally these channels
presentmore challenges and thereforewill not be considered
here. The contribution of the higher twist corrections might
be estimated similarly in terms of higher twist harmonics.

IV. CONCLUSIONS

In this paper we studied the contributions for ρ-meson
production in Bjorken kinematics. We found that the
production of both parity conjugate mesons (ρ and π) in
charged current processes allows for a very clean probe of
the generalized parton distributions, and the ratio (1) pro-
vides the possibility of clearly distinguishing contributions
of higher twist corrections. More precisely, since the cross
sections of both processes are sensitive to the same set of
GPDs, the ratio (1) should be almost constant in the case of
the leading twist dominance, and the value of this constant
depends only on the DAs of the produced mesons. The
presence of large higher twist corrections would reveal
itself via a pronounced dependence of the ratio (1) on both

FIG. 5. Upper values of the coefficient jΔc0j for several values
of Q2, within JLab kinematics (E ¼ 11 GeV).

FIG. 4. Left: Values of the coefficients r2nðxB;Q2Þ. The two bottom curves correspond to r2ðxB;Q2Þ; the two upper curves correspond
to r4ðxB; Q2Þ. For both cases dashed lines correspond to Q2 ¼ 4 GeV2, solid lines correspond to Q2 ¼ 9 GeV2. All evaluations
performed with account of NLO correction. See the text for more explanations of the behavior of the curves. Right: expected value of the

variable Rρ=πðfπ=fρÞ2 as a function of possible values of aðρ−πÞ2 and aðρ−πÞ4 for xB ¼ 0.1 and Q2 ¼ 4 GeV2. For the case of asymptotic

form distributions of both mesons (aðρ−πÞ2 ¼ aðρ−πÞ4 ¼ 0) the variable Rρ=πðfπ=fρÞ2 ¼ 1.
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xB and Q2. We expect that such processes might be studied
either in JLab future neutrino-induced experiments or in
electron-induced experiments in JLab and EIC. We esti-
mated the cross sections in the kinematics of upgraded
12 GeV Jefferson Laboratory experiments, as well as in the
kinematics of the future Electron Ion Collider, and found
that the process can be measured with reasonable statistics.
A code for the evaluation of the cross sections with various
GPD models is available on demand.
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APPENDIX: NLO COEFFICIENT FUNCTION

The function Tð1Þðv; zÞ in (A5) encodes NLO corrections
to the coefficient function. Explicitly, this function 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

��
; ðA1Þ

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 the vector meson production in processes when the internal state of the hadron is not changed, the
additional contribution comes from gluons and singlet (sea) quarks [59,60,83],5

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

��
; ðA2Þ

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

�
v ln2v
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; ðA3Þ

5For 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.
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CF ¼ N2
c − 1

2Nc
; CA ¼ Nc: ðA4Þ

cðsÞ� ðx; ξÞ ¼ −
�Z

dz
ϕ2;πðzÞ
zð1 − zÞ

�
4iα2sðμ2RÞfM

9Q
I ðsÞ
�
x� ξ

2ξ
; z

�
; ðA5Þ

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

�
ðA6Þ

−
Rðv; zÞ
z − v

−
ð1 − vÞ ln ð1 − vÞ − v ln v

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

Rðv; zÞ ¼ z ln vþ ð1 − zÞ ln ð1 − vÞ þ z ln zþ ð1 − vÞ ln ð1 − vÞ; ðA7Þ

Hðv; zÞ ¼ Li2ð1 − vÞ − Li2ðvÞ þ Li2ðzÞ − Li2ð1 − zÞ þ ln v ln ð1 − zÞ − ln ð1 − vÞ ln z: ðA8Þ

Some coefficient functions have nonanalytic behavior
∼ ln2 v for small v ≈ 0 (x ¼ �ξ ∓ i0), which signals that
the collinear approximation might be not 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]. For this reason the contribution
of the region jvj ∼ l2M;⊥=Q2 for finite Q2 (below the
Bjorken limit) should be treated with due care. However,
a full evaluation of Tð1Þðv; zÞ beyond the collinear approxi-
mation (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 near the point v ≈ 0 the scale μ2R
becomes soft, μ2R ∼ zvQ2 ≲ l2⊥ which is another manifes-
tation that nonperturbative effects become relevant. For
this reason, 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.
As was discussed in Sec. II A, the distribution ampli-

tudes might be represented as (12), with major contribution
from the terms with n ¼ 0, 1 and 2. The corresponding
expressions for the parton amplitudes (23), (A2), (A5) take
a form [60]
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��
;

GENERALIZED PARTON DISTRIBUTIONS FROM CHARGED … PHYS. REV. D 99, 116005 (2019)

116005-11



ta;4ðyÞ ¼ β0

�
31

5
− ln y − ln

Q2

μ2R

�
þ CF

�
ð3þ 2 ln yÞ ln Q2

μ2GPD
−
91

15
ln

Q2

μ2DA
−
10213

900
−
�
1

ȳ
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þ 30ð1 − 48yþ 580y2 − 2590y3 þ 5166y4 − 4704y5 þ 1596y6Þ

×

�
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− 7ðȳ − yÞð1 − 30yȳÞLi2ȳþ
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ð1 − 4yȳÞð5 − 72yȳÞ þ
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The corresponding coefficients r2nðx;Q2Þwhich define the sensitivity to harmonics are given by the ratios of the amplitudes
evaluated with convolution of the amplitudes with corresponding GPDs, are related to the amplitudes as

dσ
dtdxBdQ2

¼ Γ
X
νν0
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2
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where the superscript (0) in the amplitudes A stands for evaluation with asymptotic distribution amplitude, and superscript
(2n) correspond to evaluation with distribution amplitude given only by the nth term in (12).
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