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Abstract 

Hard exclusive reactions initiated by pion or photon beams within the near-backward kinematical regime specified 
by the small Mandelstam variable −u can be studied to access pion-to-nucleon and photon-to-nucleon transition 
distribution amplitudes (TDAs). Checking the validity of collinear factorized description of pion and photon induced 
reactions in terms of TDAs allows to test the universality of TDAs between the space-like and time-like regimes 
that is the indispensable feature of the QCD collinear factorization approach.

In this short review, we consider the exclusive pion- and photo-production off nucleon of a highly virtual lepton pair 
(or heavy quarkonium) in the near-backward region. We first employ a simplistic cross channel nucleon exchange 
model of pion-to-nucleon TDAs to estimate the magnitude of the corresponding cross sections for the kinematical 
conditions of J-PARC. We then illustrate the flexibility of our approach by building a two parameter model for the pho‑
ton-to-nucleon TDAs based on recent results for near threshold J/ψ photoproduction at JLab and provide our esti‑
mates for near-backward J/ψ photoproduction and timelike Compton scattering cross sections for the kinematical 
conditions of JLab and of future EIC and EIcC.

1  Introduction
Complementary to deep electroproduction reactions 
such as the much studied near-forward deeply virtual 
Compton scattering (DVCS) and deeply virtual meson 
production (DVMP), the validity of the collinear factori-
zation approach for hard exclusive reactions and the rel-
evance of the leading twist approximation analysis can be 
challenged in studies of time-like reactions such as near-
forward photoproduction of lepton pairs [1, 2] and the 
exclusive limit of the Drell-Yan process in π beam experi-
ments [3, 4]. Analyticity (in Q2 ) properties of the leading 

twist scattering amplitudes [5] exressed within the col-
linear factorization framework in terms of generalized 
parton distribution (GPDs) and meson distribution 
amplitudes (DAs) relate these time-like and space-like 
reactions.

The first experimental study of timelike Compton scat-
tering (TCS) performed at JLab was recently reported 
by the CLAS collaboration [6]. The new results for J/ψ 
photoproduction reactions near threshold [7] attracted 
much attention in the context of the studies of GPDs (see 
[8] for a review) and the energy momentum tensor of the 
nucleon [9].

A natural extension of this research program is the 
study of the crossed ( t ↔ u ) channel counterpart reac-
tions, i.e. the same hard exclusive reactions in the near-
backward kinematics, admitting a description in terms 
of meson-to-nucleon [10] or photon-to-nucleon [11] 
transition distribution amplitudes (TDAs). Nucleon-to-
meson (and nucleon-to-photon) TDAs, as well as their 
crossed version, are defined as transition matrix elements 
between a nucleon and a meson (or a photon) states of 
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the same non-local three-quark operator on the light-
cone occurring in the definition of baryon DAs (see Ref. 
[12] for a review). They arise within the collinear factori-
zation framework for hard exclusive electroproduction 
reactions in near-backward kinematics [13].

The physical contents of nucleon-to-meson and 
nucleon-to-photon TDAs is conceptually similar to that 
of GPDs enriched by the three-quark structure of the 
QCD operator which defines them. Since this opera-
tor carries the quantum numbers of baryons, it provides 
access to the momentum distribution of baryonic num-
ber inside hadrons. It intrinsically gives access to the 
non-minimal Fock components of hadronic light-front 
wave functions. Similarly to GPDs, by switching to the 
impact parameter space, one can address the distribution 
of the baryonic charge inside hadrons in the transverse 
plane. This also enables to study the mesonic and electro-
magnetic clouds surrounding hadrons and provides new 
tools for microsurgery and femtophotography of hadrons.

In this paper, we focus on the photon or pion beam 
induced hard exclusive reactions, being motivated by 
the intensive experimental studies at JLab [13, 14] and 
prospects to access backward hard exclusive reactions at 
J-PARC [15] and future EIC [16, 17] and EIcC [18]. Also, 
recent measurements of the J/ψ photoproduction cross 
section over the full near-threshold kinematic region [19] 
provide some more hints in favor of the manifestation of 
a backward peak in exclusive cross sections.

We review the existing results for near-backward TCS 
[11] and pion-beam-induced near-backward J/ψ pro-
duction [10] and present new cross section estimates 
for near-backward J/ψ photoproduction process and 

pion beam induced near-backward production of lepton 
pairs.

2 � Kinematics of pion and photon beam initiated 
backward reactions

In this section, we consider the near-backward kinemat-
ics regime for hard processes

where sN , s′N ( �γ , �′γ , �ψ ) stand for nucleon (photon or 
charmonium) polarization variables.

For definiteness, we choose to present the necessary 
formulas for

•	 The expressions for the case of the photoproduction 
reactions can be obtained with the obvious change 

•	 The set of kinematical formulas when the final 
state virtual photon γ ∗(q′, �′γ ) is replaced by the 
heavy quarkonium J/ψ(pψ , �ψ) can be obtained by 
changing 

To describe the 2 → 2 hard subprocess (2), we employ 
the standard Mandelstam variables

with s + t + u = 2m2
N +m2

π + Q′2 . The z-axis is cho-
sen along the direction of the pion beam in the meson-
nucleon center-of-momentum (CMS) frame. We 
introduce the light-cone vectors p, n ( p2 = n2 = 0 ) sat-
isfying 2p · n = 1 . The Sudakov decomposition of the rel-
evant momenta reads

where

is the Mandelstam function and mN and mπ stand respec-
tively for the nucleon and pion masses. The transverse 
direction in (6) is defined with respect to the z direction 
and ξ is the skewness variable that specifies the longitudi-
nal momentum transfer in the u-channel:

(1)

π(pπ )

γ (q, �γ )
+ N (pN , sN ) → N ′(p′N , s

′
N )+

γ ∗(q′, �′γ )

J/ψ(pψ , �ψ)
,

(2)π(pπ )+ N (pN , sN ) → N ′(p′N , s
′
N )+ γ ∗(q′, �′γ ).

(3)pπ → q; p2π = m2
π → q2 = 0.

(4)q′ → pψ ; q′2 = Q′2 → p2ψ = M2
ψ .

(5)
s = (pπ + pN )

2 ≡ W 2; t = (p′N − pN )
2; u = (p′N − pπ )

2;

(6)

pπ = (1+ ξ)p+ m2
π

1+ ξ
n ;

pN = 2(1+ ξ)m2
N

W 2 +�(W 2,m2
N ,m

2
π )−m2

N −m2
π

p+ W 2 +�(W 2,m2
N ,m

2
π )−m2

N −m2
π

2(1+ ξ)
n ;

� ≡ (p′N − pπ ) = −2ξp+
(

m2
N −�2

T

1− ξ
− m2

π

1+ ξ

)

n+�T ;

q′ = pN −� ; p′N = pπ +�,

(7)�(x, y, z) =
√

x2 + y2 + z2 − 2xy− 2xz − 2yz
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The transverse invariant momentum transfer �2
T ≤ 0 

is expressed as

Within the collinear factorization framework, we 
neglect both the pion and nucleon masses with respect 
to the hard scale introduced by Q′ (or Mψ ) and W and 
set �T = 0 within the coefficient functions. This results 
in the approximate expression for the skewness variable 
(8):

where τ is the time-like analog of the Bjorken variable

It is also instructive to consider the exact kinematics of 
the reaction (2) in the πN  CMS frame. In this frame the 
relevant momenta read:

where

The CMS scattering angle θ∗u is defined as the angle 
between pπ and p′N :

The transverse momentum transfer squared (9) is then 
given by

and the physical domain for the reaction (2) is defined 
from the requirement that �2

T ≤ 0.

(8)ξ ≡ − (p′N − pπ ) · n
(p′N + pπ ) · n

.

(9)�2
T = 1− ξ

1+ ξ

(

u− 2ξ

[

m2
π

1+ ξ
− m2

N

1− ξ

])

.

(10)ξ ≃ Q′2

2W 2 − Q′2 ≃ τ

2− τ
,

(11)τ ≡ Q′2

2pN · pπ
= Q′2

W 2 −m2
N −m2

π

.

(12)

pπ =
(

W 2 +m2
π −m2

N

2W
, pπ

)

; q′ =
(

W 2 + Q′2 −m2
N

2W
, −p′N

)

;

pN =
(

W 2 +m2
N −m2

π

2W
, −pπ

)

; p′N =
(

W 2 +m2
N − Q′2

2W
, p′N

)

,

(13)

|pπ | =
�(W 2,m2

N ,m
2
π )

2W
; |p′N | =

�(W 2,m2
N ,Q

′2)

2W
.

(14)

cos θ∗u = 2W 2(u−m2
N −m2

π )+ (W 2 +m2
π −m2

N )(W
2 +m2

N − Q′2)

�(W 2,m2
N ,m2

π )�(W 2,m2
N ,Q

′2)
.

(15)�2
T = −�2(W 2,Q′2,m2

N )

4W 2
(1− cos2 θ∗u );

•	 In particular, the backward kinematics regime θ∗u = 0 
corresponds to p′N along pπ , which means that γ ∗ is 
produced along −pπ , i.e. in the backward direction. 
In this case, u reaches its maximal value 

  At the same time, t = (p′N − pN )
2 reaches its mini-

mal value t1 ( W 2 + u0 + t1 = 2m2
N +m2

π + Q′2 ). 
Note that u is negative, and therefore |u0| is the mini-
mal possible absolute value of the momentum trans-
fer squared. It is for u ∼ u0 that one may expect to 
satisfy the requirement |u| ≪ W 2, Q′2 which is cru-
cial for the validity of the factorized description of (2) 
in terms of π → N  TDAs and nucleon DAs.

•	 Another limiting value θ∗u = π corresponds to p′N 
along −pπ i.e γ ∗(q′) produced in the forward direc-
tion. In this case u reaches its minimal value 

  At the same time,  t reaches its maximal value t0 . 
The factorized description in terms of π → N  TDAs 
does not apply in this case as |u| turns out to be of 
order of W 2.

3 � Pion‑to‑nucleon and photon‑to‑nucleon TDAs
In Figs.  1 and  2 we present the hard scattering mecha-
nisms for the near-backward kinematical regime for hard 
reactions (1) (see Section  2) involving pion-to-nucleon 
( Nπ ), respectively photon-to-nucleon ( Nγ ), TDAs and 
nucleon DAs.
Nπ and Nγ TDAs are defined as Fourier transforms 

of matrix elements of non-local three-antiquark light-
cone operator between a pion (or a photon) state and a 
nucleon state. For definiteness, we consider π− → n and 
γ → p ūūd̄ TDAs defined with the trilocal light-cone 
operator1

Here, c1,2,3 stand for the color group indices and ρ , τ , χ 
denote the Dirac indices. Other isospin channels can be 
worked out with help of the isospin symmetry relations 
worked out in Ref. [20].

(16)

u0 ≡ 2ξ(m2
π (ξ − 1)+m2

N (ξ + 1))

ξ2 − 1

= m2
N +m2

π − (W 2 +m2
π −m2

N )(W 2 +m2
N − Q′2)

2W 2
+ 2|pπ ||q′ |.

(17)
u1 = m2

N +m2
π − (W 2 +m2

π −m2
N )(W

2 +m2
N − Q′2)

2W 2
− 2|pπ ||q′ |.

(18)̂Oūūd̄
ρτχ (�1n, �2n, �3n) = εc1c2c3 ū

c1
ρ (�1n)ū

c2
τ (�2n)d̄

c3
χ (�3n).

1  We assume the use of the light-cone gauge A+ ≡ 2(A · n) = 0 and omit the 
Wilson lines along the light-like path.
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The number of leading twist TDAs matches the num-
ber of independent helicity amplitudes ThN

hūhū,hd̄
 and 

T
hγ ,hN
hūhū,hd̄

 for π uud → Np and γ uud → Np process, where 
hq̄ , hγ , and hN refer to the light-cone helicity of, 

respectively, quark, initial state photon and the final state 
nucleon.

To the leading twist-3 accuracy, the parametrization 
of pion-to-nucleon TDAs involves 8 independent Nπ 
TDAs

Fig. 1  Collinear factorization mechanism for the hard subprocess of near-backward lepton pair production induced by pion beam πN → N′γ ∗ 
(left panel) and backward TCS γN → N′γ ∗ (right panel); large scale is provided by Q′2 and W2 ≡ (pN + q)2 ; fixed τ (11); |u| ≡ |(pN − q′)2| ∼ 0 ); Nπ 
( Nγ ) TDA stands for the transition distribution amplitudes from a pion-to-nucleon (photon-to-nucleon); N DA stands for the nucleon distribution 
amplitude. CF denotes the coefficient function (hard convolution kernel)

Fig. 2  Collinear factorization mechanism of charmonium photoproduction ( γN → J/ψN′ ) in the near-backward kinematical regime (large 
scale is provided by M2

ψ and W2 ≡ (pN + q)2 ; fixed τ (11); |u| ≡ |(p′N − q)2| ∼ 0 ); Nγ TDA stands for the transition distribution amplitudes 
from a photon-to-a-nucleon; N DA stands for the nucleon distribution amplitude. Black dots denote the non-relativistic light-cone wave function 
of heavy quarkoinum (35)
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where the Fourier transform operation is defined as 
4F ≡ 4(p · n)3

∫

[

∏3
j=1

d�j
2π

]

e−i
∑3

k=1 xk�k (p·n)   ; 
fN = 5.0× 10−3  GeV2 is the nucleon light-cone wave 
function normalization constant [21]; and fπ = 93 MeV 
is the pion weak decay constant. The explicit expressions 
for the Dirac structures {vNπ , aNπ , tNπ } are presented in 
Appendix A. Each of TDAs is a function of three momen-
tum fraction variables xi ; skewness variable ξ (8), u-chan-
nel invariant momentum transfer �2 , and of the 
factorization scale µ2.

The parametrization of photon-to-nucleon TDAs 
involves 16 independent Nγ TDAs VNγ

ϒ , A
Nγ
ϒ , T

Nγ
ϒ :

The crossing relations expressing pion-to-nucleon 
and photon-to-nucleon through nucleon-to-pion and 
nucleon-to-photon TDAs occurring in the description of 
electroproduction reactions are summarized in Appen-
dix  A. We refer the reader to Section  4  of the review 
paper [12] for a detailed overview of symmetry, support 
and evolution properties of TDAs and their physical con-
tents and interpretation.

4 � Amplitudes and cross sections of pion beam 
induced reactions

In this section, we present a set of formulas for pion 
beam induced near-backward production of a highly vir-
tual lepton pair (or of heavy quarkonium). For this issue, 
we consider the hard subprocesses

(19)

4F�Nn(pN , sN )|̂Oūūd̄
ρτχ (�1n, �2n, �3n)|π−(pπ )�

= δ(x1 + x2 + x3 − 2ξ)× i
fN

fπ

[

∑

ϒ=1,2

(vNπ
ϒ )ρτ ,χV

Nπ
ϒ (x1, x2, x3, ξ ,�

2; µ2)

+
∑

ϒ=1,2

(aNπ
ϒ )ρτ ,χA

Nπ
ϒ (x1, x2, x3, ξ ,�

2; µ2)+
∑

ϒ=1,2,3,4

(tNπ
ϒ )ρτ ,χT

Nπ
ϒ (x1, x2, x3, ξ ,�

2; µ2)

]

,

4F�Np(pN , sN )|̂Oūūd̄
ρτχ (�1n, �2n, �3n)|γ (q, �γ )�

= δ(x1 + x2 + x3 − 2ξ)×mN

[

∑

ϒ = 1E , 1T ,
2E , 2T

(v
Nγ
ϒ )ρτ ,χV

Nγ
ϒ (x1, x2, x3, ξ ,�

2; µ2)

+
∑

ϒ = 1E , 1T ,
2E , 2T

(a
Nγ
ϒ )ρτ ,χA

Nγ
ϒ (x1, x2, x3, ξ ,�

2; µ2)+
∑

ϒ = 1E , 1T , 2E , 2T ,
3E , 3T , 4E , 4T

(t
Nγ
ϒ )ρτ ,χT

Nγ
ϒ (x1, x2, x3, ξ ,�

2; µ2)

]

.

Within the u-channel factorized description in terms of 
Nπ TDAs (and nucleon DAs) to the leading order in αs , 
the amplitude of the hard πN → N ′γ ∗ subprocess M

�
′
γ

sN s′N
 

is expressed as

with the overall normalization constant Cπ

where αem = e2

4π ≃ 1
137 is the electromagnetic fine struc-

ture constant, αs ≃ 0.3 is the strong coupling.
The spin structures S

(k) �′γ
sN s′N

 , k = 1, 2 are defined as

where Eγ (q, �γ ) stands for the polarization vector of the 
virtual photon; U are the nucleon Dirac spinors; and the 
standard Dirac’s “hat” notations are adopted. J (k)

πN→N ′γ ∗ 
k = 1, 2 denote the convolution integrals of πN  TDAs 

(20)π(pπ )+ N (pN , sN ) → N (p′N , s
′
N )+

{

γ ∗(q′, �′γ )

J/ψ(pψ , �ψ)

}

.

(21)
M

�
′
γ

sN s′N
(πN → N ′γ ∗) = Cπ

1

Q′4

[

S
(1) �′γ
sN s′N

J
(1)
πN→N ′γ ∗ (ξ ,�

2)

− S
(2) �′γ
sN s′N

J
(2)
πN→N ′γ ∗ (ξ ,�

2)

]

,

(22)Cπ ≡ −i
(4παs)

2
√
4παemf

2
N

54fπ
,

(23)

S
(1) �′γ
sN sN ≡ Ū(p′N , s

′
N )Ê

∗
γ (q

′, �′γ )γ5U(pN , sN );

S
(2) �′γ
sN s′N

≡ 1

mN
Ū(p′N , s

′
N )Ê

∗
γ (q

′, �′γ )�̂Tγ5U(pN , sN ),
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and antinucleon DAs with the hard scattering kernels 
computed from the set of 21 relevant scattering diagrams 
(see [22]):

The integrals in xi ’s ( yi’s) in (24) stand over the sup-
port of Nπ TDA (nucleon DA). Within the u-channel 
factorization regime of πN → N ′γ ∗ , the coefficients 
R(k)
α  ( α = 1, . . . , 14 ) correspond to the coefficients 

T (k)
α = Dα × N (k)

α   that can be read off from Table  2 of 
Ref. [12], with the replacement of nucleon-to-pion 
( πN  ) TDAs by pion-to-nucleon ( Nπ ) TDAs multi-
plied by an irrelevant charge conjugation phase factor 
and with the modification −i0 → i0 of the regulating 
prescription in the denominators of hard scattering 
kernels Dα . The latter changes mirror the difference 
between the electroproduction hard exclusive reactions 
with spacelike γ ∗ and pion-production hard exclusive 
reactions in which γ ∗ is timelike.

Now, the cross section of the near-backward lepton 
pair production reaction

can be expressed as

where d�∗
N ′ ≡ d cos θ∗N ′dϕ

∗
N ′ is the final nucleon solid 

angle in the πN  CMS. By d�ℓ ≡ d cos θℓdϕℓ , we denote 
the produced lepton solid angle in ℓ+ℓ− CMS (corre-
sponding to the rest frame of the virtual photon). By 
expressing cos θ∗N ′ through u = (p′N − pπ )

2 as

(24)

J
(k)
πN→N ′γ ∗(ξ ,�

2)

=
� 1+ξ

−1+ξ

d3x δ





3
�

j=1

xj − 2ξ





� 1

0

d3y δ

�

3
�

l=1

yl − 1

�

�

2

7
�

α=1

R
(k)
α πN→N ′γ ∗ +

14
�

α=8

R
(k)
α πN→N ′γ ∗

�

.

(25)π(pπ )+ N (pN , sN ) → N ′(p′N , s
′
N )+ γ ∗(q′, �′γ ) → N ′(p′N , s

′
N )+ ℓ+(kℓ+)+ ℓ−(kℓ−)

(26)
dσ = 1

2(2π)5�(W 2,m2
N ,m

2
π )

|MπN→N ′ℓ+ℓ−|2

d�∗
N ′

8W 2
�(W 2

,Q′2
,m2

N )
d�ℓ

8
dQ′2

,

and integrating over the azimuthal angle ϕ∗
N ′ of the pro-

duced nucleon and over the azimuthal angle of the lepton 
ϕℓ the following formula for the unpolarized differential 
cross section of the reaction (25) is established:

The average-squared amplitude |MπN→N ′ℓ+ℓ−|2 is 
expressed through the helicity amplitudes of the hard 
subprocess M

�
′
γ

sN s′N
(πN → N ′γ ∗) (21)

where the factor 12 corresponds to averaging over polari-
zation of the initial state nucleon.

Within the factorized description in terms of Nπ TDAs 
(and nucleon DAs) to the leading twist accuracy, only the 
contribution of transverse polarization of the virtual pho-
ton is relevant. By computing the leptonic trace in (29) 
in the ℓ+ℓ− CMS, and integrating over the lepton polar 
angle ϕℓ , we obtain:

where

Here, J (1,2) are the integral convolutions defined in (24) 
and Cπ is the overall normalization constant (22).

Now, following Ref. [10], we review the basic amplitude 
and cross section formulas for near-backward charmonium 
production in πN  collisions within the TDA framework 

(27)du = d cos θ∗N ′

2W 2
�(W 2,m2

N ,m
2
π )�(W 2,Q2,m2

N )

(28)
d3σ

dudQ2d cos θℓ
=

∫

dϕℓ|MπN→N ′ℓ+ℓ−|2

�2(W 2,m2
N ,m

2
π )(2π)

4
.

(29)

|MπN→N ′ℓ+ℓ− |2 =
1

2

∑

sN , s′N , �′γ

1

Q4
e2M

�
′
γ

sN s′N
Tr

{

k̂ℓ− Ê(q
′
, �

′
γ )k̂ℓ+ Ê

∗(q′, �′γ )
}

(

M
�
′
γ

sN s′N

)∗
,

(30)

∫

dϕℓ |MπN→N ′ℓ+ℓ−|2
∣

∣

∣

Leading twist−3

= |MT (πN → N ′γ ∗)|2 2πe
2(1+ cos2 θℓ)

Q′2 ,

(31)
|MT (πN → N ′γ ∗)|2 = 1

2

∑

sN , s′N , �
′T
γ

M
�
′
γ

sN s′N
(πN → N ′γ ∗)

(

M
�
′
γ

sN s′N
(πN → N ′γ ∗)

)∗

= 1

2
|Cπ |2

1

Q′6

(

2(1+ ξ)

ξ

∣

∣J
(1)
πN→N ′γ ∗(ξ ,�

2)
∣

∣

2 − 2(1+ ξ)

ξ

�2
T

m2
N

∣

∣J
(2)
πN→N ′γ ∗(ξ ,�

2)
∣

∣

2 +O

(

1/Q′2
)

)

.
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assuming the collinear factorization reaction mechanism 
depicted in the left panel of Fig. 2. The leading order and 

leading twist amplitude M�ψ

sN s′N
 of the hard reaction 

πN → N ′J/ψ admits the following parametrization

where the average mass M̄ approximately equals the 
charmonium mass that is roughly twice the mass of the 
charmed quark:

The spin structures S(k) �ψ
sN s′N

 , k = 1, 2 occurring in (32) are 
the same as in Eq. (23) with the virtual photon polarization 
vector E∗

γ (q
′, �′γ ) replaced by the charmonium polarization 

vector E∗
ψ(pψ , �ψ) . The explicit expressions for the convo-

lution integrals J
(1,2)
πN→N ′J/ψ ′(ξ ,�2) are presented in 

Appendix B1 The normalization constant Cψπ  reads

where fψ determines the normalization of the non-rel-
ativistic light-cone wave function of heavy quarkonium 
[23]:

The normalization constant fψ can be extracted from 
the charmonium leptonic decay width Ŵ(J/ψ → e+e−) . 
With the values quoted in Ref. [24], we get 
fψ = 415.5± 4.9 MeV.

To work out the cross section formula we square the 
amplitude (32) and average (sum) over spins of initial 
(final) nucleon. Staying at the leading twist-3 accuracy, 
we account for the production of transversely polarized 
J/ψ . Summing over the transverse polarizations, we find

(32)

M
�ψ

sN s′N
(πN → N ′J/ψ) = Cψ

π

1

M̄5

[

S
(1) �ψ

sN s′N
J

(1)
πN→N ′J/ψ ′ (ξ ,�

2)

− S
(2) �ψ

sN s′N
J

(2)
πN→N ′J/ψ (ξ ,�

2)

]

,

(33)M̄ = 3GeV ≃ Mψ ≃ 2mc.

(34)Cψπ = (4παs)
3 f

2
N fψ

fπ

10

81
,

(35)

�ρτ (z, pψ , �ψ ) = �0|c̄τ (z)cρ(−z)|J/ψ(pψ , �ψ )�

= 1

4
fψ

[

2mcÊψ (pψ , �ψ )+ σpψ νE
ν
ψ (pψ , �ψ )

]

ρτ
,

(36)|MT (πN → N ′J/ψ)|2 =
�

�
T
ψ





1

2

�

sN s′N

M
�ψ

sN s′N
(πN → N ′J/ψ)(M

�ψ

sN s′N
)∗(πN → N ′J/ψ)



.

The leading twist-3 differential cross section of 
π + N → J/ψ + N ′ then reads

where ξ is the u-channel skewness variable (8)

and �(x, y, z) is defined in (7).

5 � Amplitude and cross sections 
of photoproduction reactions

In this section, we review the near-backward photoproduc-
tion off nucleon of a highly virtual lepton pair or of heavy 
quarkonium. The hard subprocesses of these two reactions

are considered within the collinear factorization frame-
work. The corresponding hard scattering mechanisms are 
depicted in the right panels of Figs. 1 and 2 respectively.

For the backward timelike Compton scattering (TCS) 
reaction

we closely follow the exposition of Ref. [11]. The helicity 
amplitudes M

�γ �
′
γ

sN s′N
 of (40) involve 4 independent tensor 

structures2

with the overall normalization constant CV

There is one tensor structure independent of �T :

and three �T-dependent tensor structures:

(37)

dσ

du
= 1

16π�2(s,m2
N ,m

2
π )

|MT (πN → N ′J/ψ)|2

= 1

16π�2(s,m2
N ,m

2
π )

1

2
|Cψ

π |2 2(1+ ξ)

ξM̄8

(

|J (1)
πN→N ′J/ψ (ξ ,�

2)|2 − �2
T

m2
N

|J (2)
πN→N ′J/ψ (ξ ,�

2)|2
)

,

(38)ξ ≃ M̄2

2W 2 − M̄2
;

(39)γ (q, �γ )+ N (pN , sN ) → N (p′N , s
′
N )+

{

γ ∗(q′ , �′γ )

J/ψ(pψ , �ψ )

}

(40)
γ (q, �γ )+ N (pN , sN ) → N ′(p′N , s

′
N )+ γ ∗(q′, �′γ )

(41)

M
�γ �

′
γ

sN s′N
(γN → N ′γ ∗) = CV

1

Q′4
∑

k=1,3,4,5

S
(k) �γ �

′
γ

sN s′N
J

(k)
γN→N ′γ ∗ (ξ , �

2).

(42)CV ≡ −i
(4παs)

2
√
4παemfNmN

54
.

(43)S
(1) �γ �

′
γ

sN s′N
= Ū(p′N , s

′
N )Ê

∗(q′, �′γ )Ê(q, �γ )U(pN , sN ) ,

2  The indexes k = 1, 3, 4, 5 were chosen to match the notations established 
for the description of near-backward vector meson electroproduction in 
Ref. [25].
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The explicit expressions for the convolution integrals 
J

(k)
γN→N ′γ ∗(ξ , �2) can be read off from the expressions 

for the set of 21 relevant scattering diagrams summarized 
in Table 1 of [11].

The cross section of the near-backward lepton pair pro-
duction reaction

integrated over the final nucleon azimuthal angle ϕ∗
N ′ and 

lepton azimuthal angle ϕℓ reads

with the average-squared amplitude |MγN→N ′ℓ+ℓ−|2 
expressed as

(44)

S
(3) �γ �

′
γ

sN s′N
= 1

mN
(E(q, �γ ) ·�T ) Ū(p′N , s

′
N )Ê

∗(q′ , �′γ )U(pN , sN );

S
(4) �γ �

′
γ

sN s′N
= 1

m2
N

(E(q, �γ ) ·�T ) Ū(p′N , s
′
N )Ê

∗(q′ , �′)�̂TU(pN , sN );

S
(5) �γ �

′
γ

sN s′N
= Ū(p′N , s

′
N )Ê

∗(q′, �′γ )Ê
∗(q, �γ )�̂TU(pN , sN ) .

(45)

γ (q, �γ )+ N (pN , sN ) → N ′(p′N , s
′
N )+ γ ∗(q′, �′γ )

→ N ′(p′N , s
′
N )+ ℓ+(kℓ+)+ ℓ−(kℓ−)

(46)
d3σ

dudQ′2d cos θℓ
=

∫

dϕℓ|MγN→N ′ℓ+ℓ−|2
64(s −m2

N )
2(2π)4

,

(47)
|MγN→N ′ℓ+ℓ− |2 = 1

4

∑

sN s′N �γ �
′
γ

1

Q′4 e
2
M

�γ �
′
γ

sN s′N
(γN → N ′γ ∗)

× Tr

{

k̂ℓ−E(q
′
, �

′
γ )k̂ℓ+E

∗(q′, �′γ )
}

(

M
�γ �

′
γ

sN s′N
(γN → N ′γ ∗)

)∗
.

To the leading twist-3 accuracy, the averaged-squared 
amplitude (47) integrated over the lepton azimuthal 
angle ϕℓ reads

where

and the (1+ cos2 θℓ) dependence reflects the dominance 
of transversely polarized virtual photon.

In a similar way, the helicity amplitudes 
M

�γ �ψ

sN s′N
(γN → N ′J/ψ) of the hard reaction

involve the same 4 independent tensor structures (43), 
(44) with virtual photon polarization vector E(q′, �′γ ) 
replaced by that of the heavy quarkonium E(pψ , �ψ):

The normalization constant CψV  reads

To the leading order in αs , the hard amplitude of char-
monium photoproduction is calculated from the 3 Fey-
nman diagrams analogous to the case of charmonium 
production with a pion beam. The explicit expressions 
for the integral convolutions J (k)

γN→N ′J/ψ are presented 
in Appendix B2. The averaged-squared amplitude (51), 
to the leading twist-3 accuracy, is expressed as

(48)

∫

dϕℓ|MγN→N ′ℓ+ℓ−|2
∣

∣

∣

Leading twist-3

= |MT (γN → N ′γ ∗)|2 2πe
2(1+ cos2 θℓ)

Q′2 ,

(49)

|MT (γN → N ′γ ∗)|2 = 1

4

∑

sN s′N ��′
M��

′
sN s′N

(

M��
′

sN s′N

)∗
= 1

4
|CV |2

1

Q′6
2(1+ ξ)

ξ

[

2|J (1)
γN→N ′γ ∗ |2

+ �2
T

m2
N

{

− |J (3)
γN→N ′γ ∗ |2 +

�2
T

m2
N

|J (4)
γN→N ′γ ∗ |2 +

(

J
(4)
γN→N ′γ ∗J

(1)∗
γN→N ′γ ∗ + J

(4)∗
γN→N ′γ ∗J

(1)
γN→N ′γ ∗

)

− 2|J (5)
γN→N ′γ ∗ |2 −

(

J
(5)
γN→N ′γ ∗J

(3)∗
γN→N ′γ ∗ + J

(5)∗
γN→N ′γ ∗J

(3)
γN→N ′γ ∗

)}

+O(1/Q′2)
]

;

(50)
γ (q, �γ )+ N (pN , sN ) → N ′(p′N , s

′
N )+ J/ψ(pψ , �ψ)

(51)

M
�γ �ψ

sN s′N
(γN → N ′J/ψ) = C

ψ
V

1

Q′4
∑

k=1,3,4,5

S
(k) �γ �ψ

sN s′N
J

(k)
γN→N ′ J/ψ (ξ , �

2).

(52)C
ψ
V = (4παs)

3fNmN fψ
10

81
.

(53)

|MT (γN → N ′J/ψ)|2 = 1

4

∑

sN s′N �γ �ψ

M
�γ �ψ

sN s′N

(

M
�γ �ψ

sN s′N

)∗
= 1

4
|CVψ |2 1

M̄8

2(1+ ξ)

ξ

[

2|J (1)
γN→N ′J/ψ |

2

+ �2
T

m2
N

{

− |J (3)
γN→N ′J/ψ |

2 + �2
T

m2
N

|J (4)
γN→N ′J/ψ |

2 +
(

J
(4)
γN→N ′J/ψJ

(1)∗
γN→N ′J/ψ + J

(4)∗
γN→N ′J/ψJ

(1)
γN→N ′J/ψ

)

− 2|J (5)
γN→N ′J/ψ |

2 −
(

J
(5)
γN→N ′J/ψJ

(3)∗
γN→N ′J/ψ + J

(5)∗
γN→N ′J/ψJ

(3)
γN→N ′J/ψ

)}

+O(1/Q′2)
]

;
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and the differential cross section of the reaction (50) 
reads

6 � Estimates of pion‑beam‑induced near‑backward 
lepton pair and charmonium production 
cross sections

In this section, we present our estimates of pion-beam-
induced near-backward lepton pair and charmonium 
production cross sections for the kinematical conditions 
of J-PARC within the cross channel nucleon exchange 
model for Nπ TDAs (see left panel of Fig. 3). The explicit 
expressions for nucleon-to-pion ( πN  ) TDAs with the 
cross channel nucleon exchange model are summarized 
in Section 5.1 of Ref. [12]. Nπ TDAs are expressed thor-
ough πN  TDAs using the crossing relations (70).

The integral convolutions I(k)

πN→N ′











γ ∗

J/ψ











 , k = 1, 2 , intro-

duced in Eqs. (21), (32), within the cross channel nucleon 
exchange model read

(54)

dσ

du
= 1

16π�2
(

W 2,m2
N , 0

)

∣

∣MT (γN → N ′J/ψ)
∣

∣

2
.

Here

•	 gπNN ≃ 13 stands for the pion-nucleon dimension-
less coupling constant;

•	
√
2 is the isospin factor for the π−p → n

{

γ ∗

J/ψ

}

 

channel;
•	 I0 is the constant occurring in the leading order per-

turbative QCD description of proton electromag-
netic form factor Fp

1 (Q
2) [21]: 

  Thus, the cross section of πN → N ′ℓ+ℓ− within the 
cross channel nucleon exchange model for Nπ TDAs 
turns out to be proportional to the square of the per-
turbative QCD nucleon electromagnetic form factor. 

(55)

I
(1)

πN→N ′











γ ∗

J/ψ











(ξ ,�2)

�

�

�

N (940)
= −

√
2

�

I0

M0

�

fπ gπNNmN (1+ ξ)

(�2 −m2
N )(1− ξ)

;

I
(2)

πN→N ′











γ ∗

J/ψ











(ξ ,�2)

�

�

�

N (940)
= −

√
2

�

I0

M0

�

fπ gπNNmN

(�2 −m2
N )

.

(56)Q4F
p
1 (Q

2) = (4παs)
2f 2N

54
I0.

Fig. 3  Left panel: Cross channel nucleon exchange amplitude graph for πN → N′γ ∗ in perturbative QCD. Right panel: Cross channel nucleon 
exchange amplitude graph for γN → N′γ ∗ within the VMD framework in perturbative QCD; dashed circles contain a typical LO graph 
for the nucleon electromagnetic form factor in perturbative QCD; the rectangles contain the cross channel nucleon contribution into Nπ and Nγ 
TDAs. The crossed circle depicts the γ to transversely polarized vector meson vertex
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COZ input nucleon DA [21] provides I0
∣

∣

∣

COZ
= 1.45 · 105 ; 

an input DA with a shape close to the asymptotic form 
(e.g. Bolz-Kroll [26], Braun-Lenz-Wittmann NLO [27], 
or that computed from the chiral soliton model [28]) 
results in a negligibly small value of I0 and is thus una-
ble to describe current experimental data on the 
nucleon electromagnetic form factor staying at the 
leading twist accuracy. The use of the CZ-type DA 
solutions can be seen as a way to partially take into 
account the contribution of the soft spectator mecha-
nism . The regularization of the potential end point 
singularities then require further theoretical efforts, 
see e.g. the discussion on the pQCD description of 
γ ∗γ form factors in Ref. [29].

•	 M0 is a well known convolution of nucleon DAs 
with hard scattering kernel (73) occurring in the 
J/ψ → p̄p decay amplitude 

  Therefore, the cross section of near-backward 
J/ψ production within the cross channel nucleon 
exchange model for Nπ TDAs turns out to be pro-
portional to the J/ψ → p̄p decay width within the 
pQCD approach [21]: 

(57)MJ/ψ→p̄p = (4παs)
3 f

2
N fψ

M̄5

10

81
Ū ÊψVM0.

For the COZ input nucleon DA, M0

∣

∣

∣

COZ
≃ 0.79 · 104 . 

Note a very strong dependence of the decay width on 
αs . In the analysis of Ref. [10], the value of αs was 
adjusted to reproduce the experimental value 
ŴJ/ψ→pp̄ for a given input nucleon DA. In this paper 
we keep the compromise value of the strong coupling 
αs = 0.3 . A discussion on the sensitivity of the result 
on αs and on the form of the nucleon DA used as the 
phenomenological input for our model can be found 
in Ref. [30].

In Fig.  4, within the cross channel nucleon exchange 
model for πN  TDAs (55), we present the integrated cross 
section (28) for backward lepton pair production

as a function of −u from the threshold value −u0 (cor-
responding to the exactly backward production) up to 
−u = 2 GeV2 for the three values of pion beam momen-
tum Pπ from the range of the J-PARC experiment [4] : 
Pπ = 10 GeV; Pπ = 15 GeV; Pπ = 20 GeV. The invariant 
mass of the lepton pair is set to Q′2 = 3 GeV2 ; the COZ 

(58)ŴJ/ψ→pp̄ = (παs)
6
1280f 2ψ f

4
N

243πM̄9
|M0|2.

(59)
d2σ̄

dudQ′2 =
∫

d cos θℓ
d3σ

dudQ′2d cos θℓ

Fig. 4  The integrated cross section for backward lepton pair production d2 σ̄
d�2dQ′2 as a function of −u from the threshold value −u0 (corresponding 

to the exactly backward production) up to −u = 2 GeV2 for the three values of pion beam momentum Pπ from the range of the J-PARC experiment: 
Pπ = 10 GeV; Pπ = 15 GeV; Pπ = 20 GeV (from top to bottom); the invariant mass of the lepton pair Q′2 = 3 GeV2 ; the COZ [21] solution 
for the leading twist nucleon DA is used as the phenomenological input
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[21] solution for the leading twist nucleon DA is used as 
the phenomenological input.

In Fig. 5, we show the cross section for backward J/ψ 
production dσ̄

d�2 (37) as a function of −u from the thresh-
old value −u0 (corresponding to the exactly backward 
production) up to −u = 2 GeV2 within the cross channel 
nucleon exchange model for Nπ TDAs (55) for the same 
three values of pion beam momentum Pπ : Pπ = 10 GeV; 
Pπ = 15 GeV; Pπ = 20 GeV; again using the COZ solu-
tion for the leading twist nucleon DA as the phenomeno-
logical input.

The presented cross sections estimates give hope of 
experimental accessibility of the reactions at J-PARC. 
Dedicated feasibility studies, similar to that performed 
for accessing of πN  TDAs at P ANDA [31, 32], extend-
ing the analysis of [4] to the near-backward kinematical 
regime are highly demanded to carry out a final conclu-
sion on feasibility and prepare a detailed experimental 
proposal for J-PARC.

7 � Data driven model estimates for near‑backward 
J/ψ photoproduction and for TCS cross‑sections

In this section, we employ the data on J/ψ photopro-
duction over the full near-threshold kinematic region 
recently presented by the GlueX collaboration in JLab 
[7, 19] to constrain the normalization and u-depend-
ence of Nγ  TDAs. With help of the resulting Nγ  TDA 
models, we present the cross section estimates for the 

near-backward lepton pair photoproduction, both in 
the J/ψ resonance region and in the continuum (TCS), 
for the kinematic conditions corresponding to the 
recent analysis of the GlueX collaboration. The rele-
vant values of the LAB frame photon energy Eγ , the 
center-of-mass invariant energy W =

√

m2
N + 2mNEγ  and 

the threshold values of the invariants t and u corre-
sponding to exactly backward scattering are summa-
rized in Table 1.

A sensible estimate of the scattering amplitudes for 
near-backward photoproduction reactions is more diffi-
cult to justify than for the pion-beam-induced reactions. 
Indeed, the normalization of photon-to-nucleon TDAs 
is not constrained, contrarily to pion-to-nucleon TDAs 
which are naturally normalized in the limit ξ → 1 thanks 
to the soft pion chiral limit [33].

An estimate based on the hypothesis of the appli-
cability of vector meson dominance (VMD) [34, 35] 
to such reactions was suggested in Ref. [11]. The 

Fig. 5  The cross section for backward J/ψ production dσ̄
d�2 as a function of −u from the threshold value −u0 (corresponding to the exactly 

backward production) up to −u = 2 GeV2 for the three values of pion beam momentum Pπ from the range of the J-PARC experiment Pπ = 10 GeV; 
Pπ = 15 GeV (from top to bottom); Pπ = 20 GeV; COZ [21] solution for the leading twist nucleon DA is used as the phenomenological input

Table 1  Kinematical range of the GlueXJ/ψphotoproduction 
experiment [19]

Eγ[GeV] W [GeV] −t1[GeV2] −u0[GeV2]

8.2−9.28 4.04−4.28 3.99−6.58 1.54−0.98

9.28−10.36 4.28−4.51 6.58−8.84 0.98−0.75

10.36−11.44 4.51−4.73 8.84−11.01 0.75−0.61
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nucleon-to-photon TDAs were related to the corre-
sponding TDAs for the nucleon-to-transversely-polar-
ized-vector-mesons, as:

where e is the electron charge and vector-meson-to-pho-
ton couplings fρ,ω,φ are estimated from ŴV→e+e− decay 
widths. Such a model is very constrained since data on 
vector meson backward electroproduction [36] exist at 
comparable energy and skewness. It turns out that this 
naive model leads to an unmeasurably small cross-sec-
tion for near-backward J/ψ photoproduction. The very 
fact that the GlueX collaboration detects some backward 
scattered J/ψ mesons leads us―perhaps not surpris-
ingly [8]―to disregard the VMD-based approach.

Let us thus try to define the various steps of a phe-
nomenological program which may lead to a sensi-
ble extraction of at least some features of the photon 
to nucleon TDAs before some of their properties 
are discovered in non-perturbative studies such 
as those using lattice QCD or QCD sum-rules [37] 
techniques.

Since the scattering amplitudes come from the con-
volution of TDAs with coefficient functions integrated 
over the momentum fraction variables xi , the depend-
ence of TDAs on xi is deeply buried in observables and 
thus may be the least accessible feature from phenom-
enological studies. Such a difficulty already exists in 
the GPD case where it is recognized that the ( x = ±ξ ) 
restricted domain dominance of the lowest order DVCS 
and TCS amplitudes calls for the study of complemen-
tary processes [38, 39].

On the contrary, the overall normalization and the 
u-dependence of the TDAs should be easier to access. 
A possible strategy is thus emerging. Firstly, we extract 
from our study of the transversely polarized vector 
meson backward electroproduction case in a simplified 
nucleon exchange model (60) that the integral convolu-
tions I

(k)

γN→N ′
{

γ ∗

J/ψ

} , k = 1, 3, 4, 5 , written in 

Eqs.  (41), (51), turn out to be linear combinations of 
I(k) s, k = 1, 3, 4, 5 , which are proportional to the 

(60)
{V , A}

γN
ϒ =

e

fρ
{V , A}

ρN
ϒ +

e

fω
{V , A}ωNϒ +

e

fφ
{V , A}

φN
ϒ , with ϒ = 1E , 1T , 2E , 2T ;

T
γN
ϒ =

e

fρ
T

ρN
ϒ +

e

fω
TωN
ϒ +

e

fφ
T

φN
ϒ , with ϒ = 1E , 1T , 2E , 2T , 3E , 3T , 4E; 4T ,

constant I0 (resp. M0 ) coming from the ( x1, x2, x3 ) inte-
gration in the calculation of the nucleon form factor 
(resp. the J/ψ → p̄p decay amplitude (57)):

Here we assume the dominance of the vector coupling 
of transversely polarized vector meson to nucleons 
Leff.
VNN = N̄GV

VNNγ
µVµN  ; and the explicit expressions 

for the functions K1E , K2E , K1T  , K2T  , read as suggested 
from [25]:

The kinematical factors occurring from Eqs.  (62) 
bring additional dependence on Q′2 and W 2 through the 
skewness variable ξ (10). The dependence on the invari-
ant u-channel momentum transfer �2 ≡ u is imple-
mented through G(�2).

Having taken into account of the various kinematical 
factors, which are the same in the present processes and 
in our previous study of backward vector meson electro-
production [25], we are now in a position to show how 
one can fix the normalization and �2-dependence of the 
photon to nucleon TDAs from the J/ψ photoproduc-
tion data and work out a set of predictions for the future 
photoproduction experiments. To achieve this goal, we 

(61)

I
(1)

γN→N ′







γ ∗

J/ψ







(ξ ,�2)

�

�

�

N (940)
= − eK1E (−ξ ,�2)

2ξ

�

I0

M0

�

;

I
(3)

γN→N ′







γ ∗

J/ψ







(ξ ,�2)

�

�

�

N (940)
= − eK1T (−ξ ,�2)+ eK2E (−ξ ,�2)

2ξ

�

I0

M0

�

;

I
(4)

γN→N ′







γ ∗

J/ψ







(ξ ,�2)

�

�

�

N (940)
= − eK2T (−ξ ,�2)

2ξ

�

I0

M0

�

;

I
(5)

γN→N ′







γ ∗

J/ψ







(ξ ,�2)

�

�

�

N (940)
= eK2E (−ξ ,�2)

2ξ

�

I0

M0

�

.

(62)

K1E(ξ ,�
2) = fNG(�2)

2ξ(1− ξ)

1+ ξ
;

K2E(ξ ,�
2) = fNG(�2)(−2ξ);

K1T (ξ ,�
2) = fNG(�2)

2ξ(1+ 3ξ)

1− ξ
;

K2T (ξ ,�
2) = 0.
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propose two educated guesses for the �2-dependence, 
the first one reminiscent of the cross channel nucleon 
exchange model:

and the second one

with positive intercept α letting the amplitude fall off 
with −u faster than the original dipole-type formula (63). 
In both cases, we let the overall normalization C(1, 2) as an 
adjustable parameter to be fixed from the data.

In Fig. 6, the solid lines show the predictions of the model 
(61) with the dipole-type u-dependence (63) for the three 

(63)G(�2) = G(1)(�2) = C(1)

�2 −m2
N

.

(64)G(�2) = G(2)(�2) = C(2)eα�
2

�2 −m2
N

.

central values of Eγ from the range of the GlueX experi-
ment [19] �Eγ � = 8.74 GeV; �Eγ � = 9.82 ; and �Eγ � = 10.9 
GeV. With error bars we show the points closest to the 
backward threshold from the experimental data pre-
sented in Fig. 13 of [19]. Note that for the �Eγ � = 9.82 and 
�Eγ � = 10.9 GeV bins no data point approach close enough 
to threshold values of −u = −u0 . We use the value of 
M0 computed with the COZ [21] solution3 for the lead-
ing twist nucleon DA as the phenomenological input and 
fit the value of the normalization constant C(1) = 10.9 
from the experimental cross section value corresponding 
to the experimental point with lowest −u (i.e. largest −t ) 
of the �Eγ � = 8.74  GeV bin (see the first panel of Fig.  6). 

Fig. 6  Solid lines: the cross section for backward J/ψ photoproduction dσ
du

 as a function of −u from the threshold value −u0 (corresponding 
to the exactly backward production, see Table 1) up to −u = 3 GeV2 for the three central values of Eγ from the range of the GlueX experiment 
�Eγ � = 8.74 GeV; �Eγ � = 9.82 ; and �Eγ � = 10.9 GeV in the model (61) with the dipole-type u-dependence (63). Dot-dashed lines show 
the cross sections within the TDA model with a modified normalization and u-dependence (64) with α = 0.25 GeV−2 . COZ [21] solution 
for the leading twist nucleon DA is used as the phenomenological input. With error bars we show the points closest to the backward threshold 
from the experimental data presented in Fig. 13 of Ref. [19]. Note that for the �Eγ � = 9.82 and �Eγ � = 10.9 GeV bins, no data point approaches close 
enough to threshold values of −u = −u0

3  DA solutions with a shape close to the asymptotic form [27] are known to 
largely underestimate the value of J/ψ → NN̄ decay width with the leading 
twist-3 pQCD description since the M0 constant appears to be too small for 
the compromise value of αs ≃ 0.3 ; see discussion in Ref. [40].
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This allows to present our estimates of the backward peak 
for the �Eγ � = 9.82  and �Eγ � = 10.9 GeV bins. Note that 
the GlueX data points for these bins stay too far from the 
backward threshold. Getting more data close to the back-
ward threshold require augmenting the GlueX luminosity 
for the corresponding values of Eγ . The suggested 17 GeV 
electron beam upgrade (see discussion in [41]) will provide 
the necessary increase in statistics to challenge the manifes-
tation of the backward peak for higher bins in Eγ . The esti-
mated luminosity of the GlueX with 17 GeV electron beam 
results in large expected counting rates (several thousands 
of evens) in the vicinity of the backward peak.

With the dot-dashed lines, we show the predic-
tions of the TDA model with the normalization and 
u-dependence (64) with the value of the intercept set to 
α = 0.25 GeV−2 . The normalization constant C(2) = 16.3 
is fixed analogously to the previous case. The exponential 
form of u-dependence results in a narrower cross section 
backward peak.

Note that with our choice of the normalization con-
stants C(1, 2) ≃ GωNN

V  , see e.g. [42], the magnitude of the 
corresponding photon-to-nucleon TDAs turn out to be 
roughly of the same order as those of the nucleon-to-vec-
tor meson TDAs (multiplied by the charge factor e):

the normalization of the latter TDAs was found consist-
ent with the experiment [36].

In order to address the universality of Nγ TDAs 
through the TCS cross section measurements, we also 
present our estimates of near-backward TCS cross sec-
tion within the Nγ TDA models (61) with the normaliza-
tion and u-dependence (63), (64) chosen to fit the GlueX 
J/ψ photoproduction cross section for Eγ = 8.74 GeV in 
the near-backward region and α = 0.25 GeV−2.

In Fig.  7, we show the cross section (46) of the near-
backward γ p → pe+e− integrated over the lepton polar 
angle

(65)TDANγ (x, ξ , t) ∼ eTDAVN (x,−ξ , t);

Fig. 7  The near-backward γ p → pe+e− scattering cross section (66) for several values of W2 ; Q′2 = 3 GeV2 ; as a function of −u from the minimal 
value −u0 up to 1 GeV2 in the γN TDA model (61). Solid lines show the cross section estimates within the TDA model with the dipole-type 
u-dependence (63); dot-dashed lines: the cross sections from the TDA model with modified u-dependence (64) with α = 0.25 GeV−2 . Normalization 
is fixed from the J/ψ photoproduction data, as explained above. COZ solution is employed as input phenomenological solution for nucleon DAs
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as a function of −u from −u0 up to 1 GeV2 . We present 
the cross section for several values of W 2 corresponding 
to the kinematical range of JLab@12 GeV and JLab@24 
and the future EIC and EIcC. The invariant mass squared 
of the lepton pair is set to Q′2 = 3 GeV2 . We plot the cross 
sections as functions of −u from the minimal value −u0 
up to 1 GeV2 . Solid lines show the cross sections within 
the γN  TDA model with the dipole-type u-dependence 
(63) with overall normalization C(1) adjusted to the Gluex 
data for Jψ photoproduction cross section in the near-
backward region for �Eγ � = 8.74 GeV. Dot-dashed lines 
show the cross section estimates with the TDA model 
with a modified u-dependence (64) with α = 0.25 and 
the normalization C(2) chosen to match the GlueX J/ψ 
photoproduction data. The COZ solution is employed as 
input phenomenological solution for nucleon DAs.

The Bethe-Heitler background cross section for TCS 
reaction has been estimated in Ref. [11] in the near back-
ward region and found to be negligibly small apart from 
the very narrow peaks in the vicinity of θℓ = 0 . Its contri-
bution into the integrated cross section (66) can, there-
fore, be safely neglected.

Let us stress that it is essential to firmly establish the 
physical normalization of Nγ TDAs and to develop a reli-
able framework to model them in the complete domain 
of their definition. A possible approach can be the calcu-
lations performed within the light-cone quark model of 
Ref. [43] or the QCD sum-rules techniques [37]. Lattice 
QCD calculations might also help to get some constraints 
on these TDAs.

The essence of our implementation of the Nγ TDA 
framework is addressing the universality of manifestation 
of the backward peak from the collinear factorization 
mechanism involving Nγ TDAs. We fit our TDA model 
to match the backward peak revealed for J/ψ photopro-
duction by the GlueX collaboration in the lowest bin in 
Eγ . This requires that the normalization of Nγ TDAs 
be roughly that of nucleon-to-vector meson TDAs, the 
latter being to some expend tested experimentally. This 
implies that the backward peak must be also manifest in 
other Eγ bins for J/ψ photoproduction by the GlueX as 
well as in the backward TCS reaction.

The suggested 17  GeV upgrade of the GlueX experi-
ment will provide enough statistics to confirm or reject 
the manifestation of the backward peak required by the 
universality of Nγ TDAs. This will bring strong argu-
ments to make a decision on the validity of the collinear 
factorization framework for backward photoproduc-
tion reactions and will allow a more detailed comparison 

(66)
d2σ̄

dudQ′2 ≡
∫ π

0
d cos θℓ

d3σ

dudQ′2d cos θℓ

with predictions from alternative reaction mechanisms 
[44–46].

Also, the magnitude of the near-backward TCS cross 
section from the γN  TDA models (61) with u-depend-
ence (63), (64), and normalization adjusted to the GlueX 
J/ψ photoproduction data in the near-backward region 
is considerably larger than the predictions made from the 
pure VMD-based cross channel nucleon exchange model 
[11]. An observation of a sizable backward peak for TCS 
cross section would provide a crucial test for the verifica-
tion of the universality of TDAs and hence of the consist-
ency of the QCD approach to backward hard exclusive 
reactions.

8 � Conclusions
This short review of the applications of the TDA concept 
in exclusive reactions initiated by a photon or a π-meson 
beam illustrates the ability of the QCD collinear factori-
zation approach to describe high invariant mass dilepton 
and heavy quarkonium production amplitudes in terms 
of meson-to-nucleon and photon-to-nucleon TDAs in a 
new kinematical window, complementary to the forward 
kinematics, where GPDs play a leading role. In particular, 
the comparison between backward timelike virtual pho-
ton and backward charmonium production, i.e. dilepton 
production at or off the resonance peak at the J/ψ mass, 
will offer a clear cut proof of the validity of a partonic 
interpretation of backward exclusive scattering. It also 
would be instructive to compare the predictions of QCD 
collinear factorization approach with that of the Regge 
theory framework [44, 45] within the near-backward 
kinematics.

Let us stress that working out predictions that may 
allow to really distinguish between the Regge-based 
approach and the collinear factorization approach in the 
backward regime is a tricky task. Recent Regge analysis of 
backward meson electroproduction in Ref. [47] demon-
strates that by including the contribution of box diagrams 
in the backward kinematics a consistent description of 
the JLab experimental data can be achieved based on the 
Regge approach. The two description can be seen as sort 
of dual in the kinematical domain in which factorization 
can be justified.

We did not cover the deep electroproduction processes 
[25, 33] nor the antiproton―nucleon annihilation case 
[48] that we studied earlier in a quite detailed way. We 
believe that near future studies at JLab as well as at future 
experimental facilities [16, 18, 49] will test the universal-
ity of TDAs extracted from various processes. Anyhow, the 
study of hard exclusive reactions in the backward region 
will provide very interesting data that should drastically 
improve our understanding of the baryonic structure.
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Appendix A: Crossing π → N TDAs to N → π TDAs
The study of electroproduction processes [22] lead us to 
parameterize the nucleon-to-pion ( πN  ) TDAs defined 
through the Fourier transform of the πN  matrix element 
of the trilinear quark operator on the light cone. The 
parametrization involves eight invariant functions each 
being the function of three longitudinal momentum frac-
tions, skewness variable, momentum transfer squared as 
well as of the factorization scale.

Let us consider the neutron-to-π− uud TDA. We make 
use of the parametrization of Ref. [22], where only three 

invariant functions turn out to be relevant in the �T = 0 
limit:

We adopt Dirac’s “hat” notation v̂ ≡ vµγ
µ ; σµν

=
1
2
[γ µ, γ ν

] ; 
σ vµ ≡ v�σ

�µ ; C is the charge conjugation matrix and 
U+ = p̂n̂ U(pN , sN ) is the large component of the nucleon 
spinor; and employ compact notations for the set of the rel-
evant Dirac structures sπN ≡ {aπN1,2 , aπN1,2 , tπN1,2,3,4}.

Note that the πN  TDA (67) is defined with respect to 
the natural kinematical variables of γ ∗N → πN ′ reac-
tion. Namely the cross channel momentum transfer is 
�̃ = pπ − pN and the skewness parameter ξ̃ is defined 
from the longitudinal momentum transfer between pion 
and nucleon

(67)

4(p · n)3
�


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3
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d�j

2π
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ei
�3
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c3
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+)χ
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2)(p̂γ 5C)ρτ (γ
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µU+)χ
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�TU
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�TU
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�

Dirac

structures

sπNρτ ,χH
π−n
s (x̃1, x̃2, x̃3, ξ̃ , �̃

2).

(i.e. it differs by the sign from the definition (8) natural 
for the reactions (1) in the near-backward regime).

In order to express pion-to-nucleon ( Nπ ) TDAs through 
( πN  ) TDAs occurring in (67) we apply the Dirac con-
jugation (complex conjugation and convolution with γ0 
matrices in the appropriate spinor indices) for both sides 
of eq. (67) and compare the result to the definition of πN  
TDAs:

For the relevant Dirac structures occurring in the para-
metrization (19) we get

ξ̃ ≡ − (pπ − pN ) · n
(pπ + pN ) · n

(68)
− 4(p · n)3

�
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(69)

(vNπ
1 )ρτ ,χ = (Cp̂)ρτ Ū
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where we switch to the definition of momentum transfer 
natural for the timelike reactions: �̃ → −� . Ū+ ≡ Ū(pN )n̂p̂ 
stands for the large component of the Ū(pN ) Dirac spinor.

The flow of the longitudinal momentum for N → π 
TDAs defined as in eq.  (67) and π → N  TDAs is pre-
sented on Fig. 8. By switching to the variables ξ = −ξ̃ and 
xi = −x̃i natural for the timelike reactions and �̃2 → �2 
we conclude that

The set of the Dirac structures for photon-to-nucleon 
( Nγ ) TDAs can be established according to the pattern of 
Eq. (68) employing the set of the Dirac structures for pho-
ton-to-nucleon TDAs summarized in Appendix of Ref. 

(70)
{

Vnπ−
1, 2 , Anπ−

1, 2 , Tnπ−
1, 2, 3, 4

}

(x1,2,3, ξ ,�
2) =

{

V π−n
1, 2 , Aπ−n

1, 2 , Tπ−n
1, 2, 3, 4

}

(−x1,2,3,−ξ ,�2).

[11]. The set of relations between nucleon-to-photon and 
photon-to-nucleon TDAs is fully analogous to Eq. (70).

Appendix B: Backward charmonium production 
amplitudes
Backward J/ψ pion‑production amplitude
The amplitude of backward charmonium production 
(32) was computed in [10] from the 3 leading twist-3 dia-

grams presented in Fig. 9. These diagrams are analogous 
to those familiar from the calculation of the charmonium 
decay width (see e.g. Ref. [21]) dominated by the trans-
verse polarization of the charmonium.

Fig. 8  Small arrows show the direction of the longitudinal momentum flow in the ERBL-like regime for a: The longitudinal momentum flow 
for nucleon-to-pion ( πN ) TDAs defined in (67). The longitudinal momentum transfer is (pπ − pN) · n ≡ �̃ · n . b: The longitudinal momentum flow 
for pion-to-nucleon ( Nπ ) TDAs defined in (19). The longitudinal momentum transfer is (pN − pπ ) · n ≡ � · n . Arrows on the nucleon and quark 
(antiquark) lines show the direction of flow of the baryonic charge

Fig. 9  Leading order diagrams for the backward J/ψ π-production and photoproduction off nucleons. x1,2,3 and y1,2,3 stand for the longitudinal 
momentum fraction variables of, respectively, TDAs and nucleon DAs
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Here we quote the result for the integral convolu-
tions J (1,2)

πN→N ′J/ψ(ξ ,�
2) of hard kernels with Nπ TDAs, 

nucleon DAs and non-relativistic light-cone wave func-
tion of J/ψ:

The expressions (71), (72) have structure similar to the 
well known convolution of nucleon DAs with hard scat-
tering kernel occurring in the J/ψ → p̄p decay ampli-
tude (57) [21]:

(71)

J
(1)
πN→N ′J/ψ(ξ ,�

2) =
� 1+ξ

−1+ξ

d3x δ





3
�

j=1

xj − 2ξ





� 1

0

d3y δ

�

3
�

l=1

yl − 1

�

�

ξ3(x1y3 + x3y1)(V
Nπ
1

− ANπ
1

)(Vp − Ap)

y1y2y3(x1 + i0)(x2 + i0)(x3 + i0)(x1(2y1 − 1)− 2ξy1 + i0)(x3(2y3 − 1)− 2ξy3 + i0)

+
ξ3(x1y2 + x2y1)(2T

Nπ
1

+ �2
T

m2
N

TNπ
4

)Tp

y1y2y3(x1 + i0)(x2 + i0)(x3 + i0)(x1(2y1 − 1)− 2ξy1 + i0)(x2(2y2 − 1)− 2ξy2 + i0)











;

(72)
J

(2)
πN→N ′J/ψ(ξ ,�

2) =
� 1+ξ

−1+ξ

d3x δ





3
�

j=1

xj − 2ξ





� 1

0

d3y δ

�

3
�

l=1

yl − 1

�

�

ξ3(x1y3 + x3y1)(V
Nπ
2

− ANπ
2

)(Vp − Ap)

y1y2y3(x1 + i0)(x2 + i0)(x3 + i0)(x1(2y1 − 1)− 2ξy1 + i0)(x3(2y3 − 1)− 2ξy3 + i0)

+ ξ3(x1y2 + x2y1)(T
Nπ
2

+ TNπ
3

)Tp

y1y2y3(x1 + i0)(x2 + i0)(x3 + i0)(x1(2y1 − 1)− 2ξy1 + i0)(x2(2y2 − 1)− 2ξy2 + i0)

�

.

(73)

M0 =
� 1

0

d3xδ





3
�

j=1

xj − 1





� 1

0

d3yδ

�

3
�

k=1

yk − 1

�

�

y1x3
�

Vp
�

x1,2,3
�

− Ap
�

x1,2,3
���

Vp
�

y1,2,3
�

− Ap
�

y1,2,3
��

y1y2y3x1x2x3
�

1− (2x1 − 1)
�

2y1 − 1
���

1− (2x3 − 1)
�

2y3 − 1
��

+
2y1x2T

p
�

x1,2,3
�

Tp
�

y1,2,3
�

y1y2y3x1x2x3
�

1− (2x1 − 1)
�

2y1 − 1
���

1− (2x2 − 1)
�

2y2 − 1
��

�

.



Page 19 of 21Pire et al. AAPPS Bulletin           (2023) 33:26 	

Backward J/ψ photoproduction amplitude
The amplitude of backward J/ψ photoproduction off 
nucleons (50) is calculated from the same 3 diagrams 
presented in Fig. 9. It yields the following result for the 
convolutions J (1,3,4,5)

γN→N ′J/ψ(ξ ,�
2)

(74)

J
(1)
γN→N ′J/ψ (ξ ,�

2) =
� 1+ξ

−1+ξ

d3x δ
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3
�

j=1

xj − 2ξ


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� 1

0
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3
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1E
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1E
+ T

Nγ

2E
)Tp
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�

;

(75)
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;

(76)
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(77)
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