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Mesons’ internal structure and dynamics may be accessed through hard exclusive electroproduction
processes such as deeply virtual Compton scattering in both near forward and near backward kinematics.
With the help of the Sullivan process, which allows us to use a nucleon target as a quasireal 7 meson
emitter, we study backward scattering in the framework of collinear QCD factorization where pion-to-
photon transition distribution amplitudes describe the photon content of the 7 meson. We present a model
of these transition distribution amplitudes based on the overlap of light-front wave functions primarily
developed for generalized parton distributions, using a previously computed pion light-front wave function
and deriving a new model for the light-front wave functions of the photon. This leads us to an estimate of
the cross sections for JLab energies. We conclude that deeply virtual ep — eyMn processes, in backward
kinematics, may be experimentally discovered in the near future.
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I. INTRODUCTION

Hard exclusive leptoproduction processes in the so-
called Bjorken regime—where the virtual photon scale
Q? and the process squared energy s are commensurate and
much larger than the squared momentum transfer —¢ of the
target—have been one of the main subjects of interest to
hadron physics in the last 30 years. This interest has been
caused by the discovery of the factorization of the QCD
amplitude in terms of generalized parton distributions
(GPDs) [1-6], which have proven to be a unique way to
perform the quark and gluon tomography of hadrons [7-9].
For reviews, see Refs. [10,11].

The studies of exclusive processes have been mostly
focused on leptoproduction on nucleon and nuclei targets,
thus giving access to nucleon tomography. Complementary
studies in electron-positron facilities [12,13] allow us to
probe the quark and gluon content of mesons in reactions
such as ey — eMM, thanks to the factorization of their
amplitudes through generalized distribution amplitudes
[14—17], which are crossed matrix elements of the same
operators as in GPDs. Moreover, recent efforts suggested
that (forward) deeply virtual Compton scattering (DVCS)
on a virtual pion target might be achievable [18-20]
through the so-called Sullivan process [21]. The Sullivan

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010/2025/112(3)/034009(18)

034009-1

process has been already exploited to extract the pion form
factor [22,23], parton distribution functions (PDFs)
[24,25], and even transverse momentum dependent PDFs
[26]. Virtuality effects are usually neglected [27], although
they may trigger modifications of the formalism with
respect to on-shell targets [28,29]. Note that deep virtual
meson production and more complicated processes might
be also measurable through the Sullivan process [30,31].
The theoretical counterparts of these experimental and
phenomenological activities are the numerous efforts to
explore the pion structure, either from lattice QCD [32-36]
or continuum methods [37-44].

Backward reactions have recently been the subject of a
renewed interest [45], in particular in the context of a
factorized description of their amplitudes in terms of nucleon
to meson or nucleon to photon transition distribution
amplitudes (TDAs) [46,47]. First data have been analyzed
in this framework [48—50] and are quite encouraging. While
these TDAs with nonzero baryonic number are hadronic
matrix elements of a three quark operator on the light cone,
mesonic TDAs such as those appearing in a meson-to-photon
[46] transition are defined as Fourier transforms of quark-
antiquark operators very similarly as generalized parton
distributions (GPDs). The information contained in these
meson-to-photon TDAs pins down the nonperturbative
photon content of the mesons, and so provides an interesting
way to shed light on how QCD and QED intertwine in the
nonperturbative sector. This is complementary to GPDs,
encoding the transverse extension of the meson [8,9,51].
Extracting these nonperturbative objects from experimental
data is a challenge [52] that we take up here.

Published by the American Physical Society
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In this paper, we first derive a model for the pion to
photon TDAsS, using light-front wave functions (LFWF) for
the meson and the photon, and calculating their overlap in
the so-called Dokshitzer-Gribov-Lipatov-Altarelli-Parisi
(DGLAP) region. We then use the method developed in
[19,53,54] to deduce a model for both the DGLAP and the
Efremov-Radyushkin-Brodsky-Lepage (ERBL) regions;
this model satisfies all required properties of the TDAs,
including polynomiality. We then calculate the amplitude
for the electroproduction of a real photon off a #* meson
emitted by the nucleon target in the backward kinematic
region. This process may occur with various final states.
We consider both

v (q) + 7 (ps) = v(q') +p*(py), (2)

where Q? = —¢> > —u = —(q’' — p,)?, which probe dif-
ferent TDAs because of the different quantum numbers of
the final meson. We then evaluate the cross sections at JLLab
22 kinematics energies and briefly discuss the feasibility of
the experiment.

II. MODELING MESON-TO-PHOTON TDAS WITH
LIGHT-FRONT WAVE FUNCTIONS

For starting, let us recall that there are four leading twist
z —y TDAs: one vector, one axial and two transversity
TDAs. In a y*z — yx process, only the axial quark TDA

r*(q) + 7% (ps) = v(q') + 77 (Ph), (1) A™ contributes. It is defined' as [46,52]
|
€ b ! dz” ixPtz~ ! - +
7(6 AT (x.Goup) = 5 [ Sy (d e)lwa(=2/2)r Ty w2/ 2)a(pa))l s~ ~03 (3)

conversely, in a y*z — yp process, only the vector quark TDA V* contributes. It is defined as

i e 1 [dzm . - _
n'e" PPATV™ (x, & u.p) =3 / Sy (q e)wa(=2/2)r w2/ 2)|a(pa)) |~ —o0 (4)

prf, Cwro 2] 2

where, as usual, y, is the quark field of flavor g, e is the
elementary electric charge, P = (p, + ¢')/2, A = ¢' — p,,
€ups 18 the totally antisymmetric symbol, f, is the pion
decay constant, and e is polarization four-vector of the
photon. The lightlike four-vector n is such that, together
with another lightlike vector 2 (n -7 = 1), any »* can be
decomposed as o = ov"i* + v n* + /. Thus, 7—y
TDAs can be parametrized through the momentum fraction
variable x; the skewness &= A"/2P", the standard
Mandelstam variable u = A% and a renormalization scale,
u. Transversity (chiral-odd) 7 — y TDAs, from their part, do
not contribute to the processes we are discussing here,
yrt — yM™", for the same reason that chiral-odd quark
GPDs in the nucleon do not contribute to leading twist
DVCS, timelike Compton scattering, or deeply virtual
meson electroproduction [55,56]. Thus, we do not discuss
them here.

Notably 7 —y TDAs fulfill a number of properties that
follow directly from their field-theory definition. A com-
prehensive listing of those is out of the scope of this work
(for details see, e.g., [46,52] and references therein) but
some of them shall be of interest to our presentation:

(1) Support: 7 —y TDAs have support on the region

(.o el-1.1]® [-1.1].

'For simplicity, we omit the Wilson lines required to ensure
gauge invariance of the definition.

(ii) Partonic interpretation: similarly to GPDs, an inter-
pretation of 7 — y TDAs as parton-hadron scattering
amplitudes can be constructed [46]. Accordingly,
two kinematic regions can be distinguished: the
DGLAP, |x| > |&|, and ERBL, |x| < |£|, domains.

(iii) Polynomiality: following directly from their behav-
ior under Lorentz transformations, a polynomiality
property can be derived for 7 — y TDAs, guarantee-
ing that their Mellin moments behave as polyno-
mials of a given degree in the skewness variable.
Notice that, contrary to GPDs, TDAs are not
invariant under time-reversal transformations and
therefore these polynomials are neither even nor odd
in £. As a consequence, they can be written in terms
of double distributions [57].

(iv) Sum rules: because the z — 0 limits of Egs. (3)
and (4) arise in weak radiative z* — [ty decays,
we can relate them to axial and vector form factors,
respectively [52],

! f
[ st o) =2 5300,

1 T

1 fr
/_ V(& p) =R W), (5)

1 T

imposing constraints on possible parametrizations of
7 —y TDAs.
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So far, various models for 7 —y TDAs have been
constructed on the basis of different frameworks [52,58—
61]. In this section, we shall present our own, constructed
upon the overlap of LFWFs (see Ref. [62]), a method
primarily developed for GPDs. To do so we need a model
for pion and photon LFWFs. From that point on, the
overlap method allows us to construct the DGLAP region
of TDAs, which can be extended afterwards to the ERBL

|

dk, deyT (x,ky)
|7T+,T¢> :/ Lg £ [b:r,,T
16z x(1 —x)

1673

domain, providing us with a parametrization for axial and
vector 7 —y TDAs.

A. Light-front wave functions

1. LFWFs of the pion

The starting point for our calculation is the lowest Fock-
space state contribution to the z* meson wave function [63]:

T

(e k)], (1= x. ~ky) = b, (x. k1), (1= x, =k, )][0) (6)

7", 11) —/dkL iy xf) [(ky = ko), (xo k) (1= x, =k, )

x(1=x)

+ (ky + iky)b], | (x.ky)d | (1= x,—k.)]|0). (7)

where the P = 1, 11 label contributions from antialigned
and aligned quark-helicity projections. The LFWFs [38,39]

. 8157 M3
WTi(x’kL) = \/N_ (ki + MZ)Z X(

1—x), (8)

) 8157  k,M?
lkLW’TET<x’ kl) = W (k2 :_MZ)ZX<1 —)C), (9)
c 1

follow from a projection of the Bethe-Salpeter wave func-
tions of the pion. Here M is a mass scale fitted to M =
318 MeV on experimental data for the 7" electromagnetic

) = e /dﬁcl dx
rn " T4q

(2r)? 24/x(1 —x)

[

form factor. Note that when projecting the Bethe-Salpeter
wave functions, the chiral limit on-shell condition p2 = 0
has been implemented. Keeping the p2 is possible, but
significantly complicate the computations (see Ref. [64]).
Thus for this exploratory study, we stick to the on-shell
LFWFs.

2. LFWFs of the photon

The LFWFs of the photon can be derived based on the
methods outlined in [65,66] (note that other definitions
have been introduced [67]). This time the relevant photon
Fock-space states are

€ kJ_N}hnW;‘ﬂ ()C, k.L)

x (bl (xpy ki )d, | (1= x)pf —ky) +bf | (xpf . ku)d] (1= x)pf . —k1))[0), (10)

&k, dx
V) yonps = _eq/

(27)*2,/x(1 —x)

Ve R
Ny Wynys (X, k)i ke

x (bl s (epf ko )d, | (1= x)pf ki) = bl (xpf ko )d, 4 (1= x)pf . —k1))|0), (11)

o e, [ S
N N UF e s

NU”LWZ-M (.X, kL)((el - lez)sz(xp;’ kl)dlj((] - ‘x)p;’ _kL)

— (e + i), (xp k) (1= x)pF . ~k.))[0) (12

where T in |y)r- indicates the Dirac projector selecting the associated LEWFs y/.. Again, following [66] and our previous

efforts in the pion case [19,38,39] we find
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1—2x
' _
WX ki) = —5——>.
’ k3 + M?
1
J/‘n 5k - ’
Yy Vs(x J_) ki-ﬁ-Mz
iM
(k) =5——. 13
Wo‘ (X J_) kﬁ_ +M2 ( )

Albeit very refined ingredients for the quark propagator
(see for instance [68,69]) or the quark photon vertex exist,
[70-72] allowing us, for instance, to express a large number
of the vertex form factors as combinations of the quark self-
energy ones, we stick in this paper to a simple treelike vertex,
in order to simply assess the order of magnitude of backward
Sullivan DVCS. Note however that, when combining the
longitudinal and transverse Ward-Takahashi identities for the
photon vertex [70,73], most of its form factors can be derived
from the quark self-energy. Similarly, because of the quark-
level Goldberger-Treiman relation [74], the pion Bethe-
Salpeter wave function is also expressed in terms of the
quark self energy in the chiral limit. This, in principle, allows
one to connect the pion-to-photon TDA with a mechanism of
quark mass generation, expressed in the quark two-point
function. However, as highlighted in [72], this task is rather
involved and is left for future work. The computation
of the LFWFs is then performed following the Mellin
moment technique developed for Nakanishi integrals
[37,39,64,75,76] and is sketched in Fig. 1. Finally, we fix
the overall phase so thaty?., andy?.,,, are consistent with the
results found in [66]. We noted however a phase difference in
W1, but such a phase shift compensates with the pion one to
give a result in agreement with the data regarding the
constraints (5). We leave the investigation of such a shift
for future work, as our primary target here is to provide a
rough estimate of the cross section. Equations (10)—(13)
should thus be seen as the basis of our modeling strategy for
the photon.

3. The anomalous photon GPD

An interesting consistency check of our approach is the
calculation of the anomalous photon GPDs from the
overlap of the pointlike photon LFWFs. Let us briefly
remind the reader that the deep inelastic structure functions
on a photon target have their shapes and magnitudes

YTy I\

FIG. 1. Graphical representation of the formulas used to
compute the LFWFs defined by the operator wly from the
quark-photon vertex .

determined by a short distance analysis in QCD [77].
The resulting quark (and gluon) PDFs are proportional to
log 0? and are called anomalous. In a similar way, there are
two chiral-even anomalous leading twist photon GPDs
[78,79], a vector and an axial one, and their (x, &) behaviors
have been determined (at = 0) both in the DGLAP and
ERBL regions. Within the overlap method, the photon to
photon vector GPD expression for the DGLAP region is,
after integration on d’k; and considering only the loga-
rithmic contribution,

H(x.£,0)

€2NC 2+ 1= 2_52 Q2
- Zﬂz (x (1_22) )log <W>®(x—§),

(14)

in agreement with the result of the leading order perturba-
tive calculation [78].

B. DGLAP region: TDAs in the overlap representation

Once we have introduced our models for the pion and
photon LFWFs, we are in a position to face the extraction of
7z — y TDASs. As it was already said, to this end we exploit the
overlap representation [62]. Formally there is an infinite
number of those LFWFs contributing to the representation.
This is because there are infinitely many states—with an
arbitrary number of partons—contributing to the Fock-space
decomposition of the relevant states, here pion and photon
states. A practical calculation requires a truncation of the
relevant Fock-space expansions. In practice, this step intro-
duces an important limitation of the method: only the
DGLAP region can be accessed. To understand why one
needs to recall that, in the DGLAP region, only Fock-space
states containing the same number of partons overlap. This
feature can be read from the partonic interpretation of TDAs.
Meanwhile, in the ERBL region, states with a different
number of partons are connected. Accordingly, there is no
truncation of the Fock-space expansions that allows us to
access, in a consistent manner, both kinematic regions.

In this work we stick to a valence approximation,
assuming the parton content of the external pion and
photon states to be well approximated by a two-body
truncation of the corresponding Fock-space expansions.
The pion and photon LFWF models presented in
Secs. IIA1 and ITA2 then allow us to construct the
desired model for axial and vector z — y TDAs within the
DGLAP region. Following these steps we find vector and
axial 7 —y TDAs to decompose into contributions of
definite quark (in the pion) helicity projections,2

*For shortness in the notation, in the following we shall drop
any explicit labeling of the renormalization scale . We will
restore it in Sec. I[I E when we will turn to a discussion of scale-
evolution effects.
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A™ (x, & u) = A]Tryi (x, & u) + A?’T (x,& u),
VA (x,& u) = VY| (x, & u) + VL (x, & u). (15)

Moreover, within the DGLAP region3 each of those such pieces receive contributions from two kinematic regions: the
“quark part” of the DGLAP domain, x > ¢, and the “antiquark™ one, x < —¢&

B gou)] e = edf(x 2 §)apo AP (x. & u) + (=1)"e,0(x < =&)ap AP (=x. &, u),
P (x ¢, u)||x‘>§ = e40(x > E)vp AP (x, &, u) — €,0(x < —E)vRHAP (—x, & u), (16)

where L =0, 1 for P = 1], 11, respectively; and where we have introduced the short-hand notation

Ox > &) = e(f:g)e(ﬁg O(x < —&) = 9<sz>e<iz> (17)

Using the overlap method and the two-body LFWFs discussed before we have found

-1 g
tanh ( (Jr_l)

PSP (x & u) = N (1-x)*(x+8) (1+&-2x)

+2¢ -
(1-2)P1+8 ¢+ (v o
-1 L
aPSLAP (y £ 1)) — (1-x2(x+¢& 1-¢ 14 (2¢+ l)tanh (\/ §+1) (18)
L RIS () [+1 o
for the axial distribution, where A/ is a normalization factor reading
I5SN.
N =gt Ir (19)
and ¢ is a parameter controlling the u dependence of the TDA
u (1-x)? .
= th <0. 20
¢ DE(1=2) with u (20)
Similarly, for the vector TDA we obtained
Y _ tanh‘1< 4 )
U]TDELAP()C’& ", ) = (1 xz) 2(x+.§) (1-¢) | +20 - T+ ’
(1= (1 +¢)eE+1) C+1 =
-1 S
1—x 1-¢ 2¢ + 1)tanh™ {4 /72y
e e e e, @)

-EP(1+6¢(+1) +1 \/HZI

Notice that, as expected, the model shows an entangled x, £, u dependence. Moreover, that the resulting TDA models
fulfill the support property of TDAs can be seen already at this point. This is a direct consequence of the support property
of LFWFs.

3For definiteness we quote here, and in the following, results for & > 0.
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(a) Axial transition form factor
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(b) Vector transition form factor

FIG. 2. Axial and vector 7 — y transition form factors computed from our two-body models for the axial and vector TDAs. The

variable ¢ is defined as ¢ = —u/4M>.

C. Transition form factors

Once we have built our models for the axial and vector
TDAs, we can exploit them for the evaluation of the 7 — y
transition form factors, Eq. (5), benchmarking them against
sum rules. Indeed, as entailed by Lorentz covariance,
transition form factors do not depend on the skewness
variable &£. Accordingly, one can extract them from the
knowledge of DGLAP TDAs, only. Furthermore, one can
safely compute them using the £ — 0 expression for the
corresponding TDAs and at any p. We proceed in that way,
which allows us to perform the calculation in closed form.
The results are shown in Fig. 2.

What is more interesting though is to concentrate on the
limit # = 0, where we recover the axial and vector transition
form factors measured in weak decays #+ — [Tv;y. In those
cases we obtain

F™(0) = 0.0113,

F}/(0) = 0.039, (22)
where we used f,=130.02+£1.2MeV and m, =
139.57039 £ 0.00018 [80]. Our results can be compared
with reported experimental values

" (0)ppaaose = 0-0119 = 0.0001,

F
F/(0)|ppgagos = 0.0254 £ 0.0017. (23)
For the axial case, the 5% discrepancy is surprisingly
good, given the simplicity of the models we used. However,
the vector part is off by roughly 50%. This disagreement is
similar to what has been obtained up to now in the
literature. More precisely, TDAs together with the axial
and vector transition form factors have been modeled
previously, either in a Nambu—Jona-Lasinio approach

[61,81] or using a quark model [59]. The results of all
those works for the vector transition form factors are
consistent with ours. The situation might be improved
by solving numerically the Bethe-Salpeter equation for oft-
shell pions (following what was done in Ref. [27]).
However, such a computation is rather costly and chal-
lenging, and is left for future works. Nevertheless, the
consequences of this mismatch will be discussed in
Sec. III B.

D. ERBL region: The covariant extension

As explained in Sec. II B, a direct access to the ERBL
region through the overlap representation is precluded.
However, in order to exploit our TDA models for the
description of scattering processes both regions must be
known. To overcome this difficulty we employ the covar-
iant extension strategy [19,53,54] which guarantees that,
given a TDA within the DGLAP domain, its ERBL region
is uniquely4 determined. In a nutshell: as GPDs, 7 —y
TDAs benefit from a representation as the Radon transform
of double distributions [82]. Provided that the solution to
the inverse Radon transform problem exists and is unique,
when TDAs are known only on the DGLAP region [53], the
associated double distributions can be found and employed
afterwards to reconstruct the ERBL domain [19,54].

1. Covariant extension in the u — 0 limit

For illustration, let us first consider the simpler u = 0
case. In this kinematic limit, for the model constructed in
the previous section, a solution to the inverse Radon
transform problem can be found in analytic form.

4Impomlntly, TDAs being flavor nonsinglet objects, no
D-term-like ambiguity arises, in contrast to the GPD case.
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Indeed, we may find the associated double distributions (in Polyakov-Weiss scheme) to be polynomials in the kinematic

variables f and a:

1 10 10
(B, a,0)/N = —g—f—?a—i—az —4a? —|—?/}— 6ap —4a’f — 16 + 4af* + 4p°,
1 a & P
A — - 7 —
hM(ﬁ,a,O)//\/f6+3 St3-ab (24)
for the axial case, and
hY, (B, a 0)/N:l+ga—a2+%ﬁ—2aﬂ—ﬁ2
N 3°3 3 ’
1 a o p B
14 —_ - _Z . _ 7
for the vector case; such that
ap(x.£.0) = | dpdad(x— p - ) (p..0),
Q
0p(2..0) = [ dpdad(x — p - ahY(p..0) (26)
Q

Equation (26) links TDAs with the double distributions through the radon transform. Notice that, in contrast to the GPD
case, the double distributions associated to TDAs are not even in the variable a. This is a direct consequence of the lost of
time-reversal invariance, due to the difference between the initial (pion) and final (photon) states.

Given the above double distributions, our TDAs can be straightforwardly extended to their ERBL domain through a
direct evaluation of the radon transform. The results, Fig. 3, read

N
dfP(x.80)], . = 3E(1+ &P (=284 (1 + &) + x°8(1 = 138%) + x°2(5 + £(20 + 38)) — x&(1 - &(8 + 5¢))
—x*(3+£(10 4+ 11¢))],
N(x+¢&)
ai (e £ Oy =~ gy € €U 8 ~ 2L+ (4= 92+ (1 + 54+ T9))) (27)
for the axial TDA, and
N
(6 0)] = —ﬁ [ - E(4+¢&) —2xE(1+ (4 =)&) + 12 (1 + E(4+78))]
N
60N = gt g€ O =21+ (40D + RO T @9

for the vector case.

Notably, the results obtained and shown for selected
values of skewness in Fig. 3 display the expected proper-
ties. First, the curves are continuous at the crossing points
x = ££. Moreover, that they exhibit the expected poly-
nomiality property can be read directly from Eq. (26) or
checked afterwards by direct integration.

2. Covariant extension in the general u # 0 case

For the general case where u < 0, the covariant extension
strategy can be identically applied. The challenge in this case

is that no simple analytic expression for the underlying
double distributions can be envisaged. For this reason we
resort to a numerical implementation of the method [19,54]
as available in PARTONS [83] which employs a discretiza-
tion of the double distribution domain and an approximation
of the corresponding structure through finite element meth-
ods and second-order Lagrange polynomials. For the axial
TDA we setup our numerical procedure building a mesh with
a maximum element area of 0.09, which results into n, = 14
triangles. We sample such a domain with 12n, DGLAP lines.
For the vector TDA we use n, = 59 elements to discretize the
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Ilustration of the covariant extension strategy as applied to the axial (top panel) and vector (bottom panel) TDAS, in the u — 0

and selected values of the skewness variable, £ = 0, 0.1, 0.5 (dark-blue, light-blue, and red, respectively). The left panels show the
contributions for quarks-in-pion with antialigned helicity projection while the right-hand side plots display the corresponding results

when the quarks have aligned helicity projections.

double distribution domain (maximum element area of
0.025) which are sampled with 30n, lines.

As an illustration of the procedure Fig. 4 shows our
results for the axial and vector TDAs at £ = 0.1 and 0.5 and
for |u| =0,0.2,0.4,0.6 GeV?, covering the range on
which one is often interested when studying the Sullivan
process.

E. Scale evolution

We want to estimate of the cross section for ep — eyMn
at future facilities, in backward and Bjorken kinematics. To
this end the necessary ingredient is a sensible parametriza-
tion of vector and axial 7 —y TDAs. After following the
procedure described in the previous sections we are given
with those such models which, in addition to fulfill the
necessary properties, give acceptable estimations for the
axial and vector the pion-photon transition form factors.
However we are still a step back in our aim to describe
backward DVCS: we need to control the scale evolution of
our TDA models. Two important questions need to be
addressed in this regard. First, how do TDAs evolve with

scale? And second, what is the scale at which our models
are defined?

The first question was already addressed in [46] showing
that meson-to-photon TDAs evolve like nonsinglet GPDs.
Regarding the second point, we argue that our TDA models
are defined at some low renormalization scale pg = pres,
corresponding to a resolution scale Ag.; which only allows us
to resolve the two valence degrees of freedom, in concord-
ance with the two-body truncation of the Fock-space
expansion we employed for the formulation of our model.

To fix the scale, we stick to the model for evolution
developed elsewhere [84] and already used in the case of
forward Sullivan DVCS [19,20]. In a nutshell, leading
order evolution equations may be extended to the non-
perturbative regime through the absorption of “nonpertur-
bative corrections” into a redefinition of the strong coupling
as o™ which, saturating in the infrared regime [85-87],
approaches the standard minimal subtraction (MS) cou-
pling in the perturbative region. Among the possible
choices for such an effective charge, the authors in [84]
suggest the use of that introduced in [86,88] which, in
combination with the above strategy, has proved to give
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Tllustration of the covariant extension strategy for two values of the skewness variable, £ = 0.1, 0.5, shown in the top and

bottom panels, respectively, and a number of values of the momentum transfer variable, || = 0, 0.2,0.4,0.6 GeV?. Left-hand side plots
show results for the axial TDA while right-hand side figures do so for the vector TDA.

reliable results in PDF and GPD studies of the pion [89].
Within this setup, a value of the scale pp.s can be assigned
as that scale where long-range modes dominate over short-
range interactions, preventing the effective coupling
from blowing up, say at the former position of the
Landau pole. This argument gives, for the effective
coupling [86,88], pres = 0.331 GeV.

In line with the previous construction we claim that our
TDA models are defined at such a scale pp.s and that, using
the model for evolution described in [84] from that scale on,
we can reliably translate them to energy scales relevant for
collider experiments. The only task is to solve the corre-
sponding evolution equations. To this end we take advan-
tage of the Apfel++ library [90,91] which implements
leading order evolution equations for GPDs, and therefore
for TDAs [92,93]. As an illustration we show results for
evolution in Fig. 5. Importantly, as an aside result of the
convolution with the evolution kernels, the evolved TDAs
are smoother than the ones at the reference scale. This is
due to the integration over the entire x range which,
numerically, has the effect of filtering high-frequency
oscillations. Notice also that the evolved distributions show
the expected cusp at the transition points x = &, which is

maintained by the structure of the leading order evolution
kernels. Finally, we would like to mention here that, in
contrast to, e.g., the GPD case, TDAs being nonsinglet
objects, no gluon coupling exists at the level of evolution.
Accordingly, we expect the present evolved results to
provide a good first approximation of the TDAs which
enter backward DVCS scattering amplitudes at future
facilities.

III. THE BACKWARD DVCS THROUGH THE
SULLIVAN PROCESS

We have described our modeling strategy for axial and
vector 7 — y TDAs, including the effect of scale evolution.
We are therefore in a position to exploit these models for
the description of ep — eyMn scattering. Indeed, when the
momentum transfer between the initial- and final-state
nucleons remains small, say near the threshold for pion
production, the same scattering process can be seen as
being mediated by the scattering of the electron on a pion
emitted by the nucleon, Fig. 6; i.e.,

(29)

ep - e(n)*n > eyM*n.
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Ilustration of the effect of scale evolution, implemented as described in Sec. II E, on our axial (left) and vector (right panel)

TDAs. Results are shown for # = 0 (as TDA evolution equations do not depend on the momentum transfer variable) and two values of
skewness variable, £ = 0.1, 0.5, visible in the top and bottom rows, respectively.

where (z7)* is an off-shell pion state. Moreover, it has been
shown that, when the momentum transfer between incoming
and outgoing nucleon states is small, say |¢| < 0.6 GeV?, the
properties of the slightly virtual photon do not differ
appreciably from those of an actual pion [21,27]. Thus,
the process at hand, the Sullivan process, provides a window
to Compton scattering on pions.

Importantly enough, two contributions can be envisaged
for such process: the Bethe-Heitler scattering process,
where the outgoing photon is emitted by the final-state
electron (rightmost panel of Fig. 6); and another contri-
bution where the final-state photon is emitted by the

outgoing meson. This latter contribution is the one of
interest here. Two cases can be considered: When the
scattering process takes place through the small-z, (see
Fig. 6) channel, giving rise to the well-known deeply virtual
Compton scattering on a pion whose amplitude factorizes
at all orders of perturbation theory [5,6,94] and which
interferes with the Bethe-Heitler process, and when it
occurs in the small-u, channel: DVCS in backward
kinematics, bDVCS (middle panel of Fig. 6).

This latter case is the one studied here, with its
specificities: there is no explicit proof of factorization,
but we expect the amplitude to factorize in the same way as

FIG. 6. Left panel: forward DVCS; central panel: backward DVCS; right panel: the Bethe-Heitler process, in the Sullivan reaction

e () + p(p) = e (I') +r(q) + M*(py) + n(p).
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in the case of deep exclusive meson production.
Consequently, we will focus on the longitudinally polarized
differential cross section do;. Moreover, in the small-u,
region, the contribution from the Bethe-Heitler process can
be neglected.

A. Kinematics of backward DVCS
in the Sullivan process

Let us start going through the kinematics of the reaction

e(l) +p(p) = e(l') +7(¢') + M*(py) +n(p),  (30)

where M is either a pseudoscalar or a vector meson, and
follows the notation of [18]. We denote by my and m,, the
nucleon and final meson masses, respectively; we neglect
the lepton mass throughout our work. With ¢ = I — I’ and
pr=p—p', the virtual photon and virtual 7 meson
momenta, we define the Lorentz scalars

*=-¢*, W =(p+q)]
s=(p+0%  t=(p-p) (31)
and the energy fractions
Q2 “q Pr- l
Xp = , y=—", X = 32
P 2pg p-l pi 2

In particular, x, is the fraction of energy that the virtual pion
takes away from the proton in the ep c.m. frame.

The momentum transfer 7 is subject to the usual
kinematic limit

dSGep—wyn
dtdx,dQ*dxgdu,

8% (t—m?

2

—t > —ty = (33)

1—x,"
We are primarily interested in the pion-target process
e(l) + 7" (pz) = e(l) +7(q) + M (py). (34)

and we define the subprocess variables

Sp = (pn+Q)27 Uy = (pﬂ_pﬁt/[)z’
0’ Pz 4
X = , Yy = (35)
P 2p,q T pa-l
In the Bjorken limit, we have
2
Rl oy =y Ty, MRVLRRY (36)
Xy X X% s

With all these kinematic variables, a description of the
process can be achieved (see, e.g., [18]).

B. The ep — eyMn cross section

We would like to assess the cross section for bDVCS on
a pion, as given through the Sullivan process. Assuming the
one-pion exchange approximation to hold the process’
cross section can be written as (see Appendix A):

aflgep—wyMn _ gzerN —t
dtdx, " 8% (t—m2)?

F2(1; N)do*™™  (37)

where we followed [18] and introduced a phenomenologi-
cal factor F(t;A), Eq. (A3), smoothing the pion-nucleon
vertex as the virtuality of the exchanged pion increases.
Assuming factorization for the ex — eyM subprocess and
working in Bjorken kinematics, the cross section reads,
Appendix A,

xg72rNN —t 2( ;. QQED |~ Xp "
. 2)2F<r,A>( ) B (1 - )| AY (& uy. Q) (38)

QZ

where &~ x%/(2 — x%) and the dynamics of the process is entirely encoded in the yz — yM amplitude, A}:

Az (6, Q) = 16"“5 167a,(2) / dxdzCl (x, 7, E)D% (2, Q)A™ (x. &, 1. O)

A (& uy. Q) = 16”"‘ 1672,(0) 102el0) [ iz n,2, 00 OV (3., ©) (39)

for (light) outgoing pseudoscalar and vector mesons, respectively. There ®¥ represents the outgoing-meson distribution
amplitude and Cp the hard-scattering kernel which, at leading order in the strong coupling, reads [10,95]
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FIG. 7. Four-differential cross section for ep — eyzn (a) and ep — eypn (b) at typical JLab22 [96] kinematics, Q% = 2 GeV?,
xp = 0.125 and covering the entire x, range available. Results are shown for a number of u, values.

1 e, 1 €y
l—zé—x—ie zE+x—ie

Cil(x.2,6) = (40)

It now becomes plain that, combining Egs. (38) and (39),
a quantitative assessment of meson electroproduction in
backward kinematics can be achieved from a proper
representation of 7 — y TDAs. We can thus take advantage
of the models developed in preceding sections to study the
feasibility of such a measurement. We focus here on fixed-
target electron-proton experiments as those developed in
JLab. To this end we can consider typical photon virtualities
of 0> =2 GeV? (together with s, = 4 GeV?, ensuring the
proper interpretation of the process in the deeply virtual
regime [18]) and a number of u, values. It thus remains to
fix the x% variable, i.e., the skewness. As showed in
Appendix A, this is strongly tight by the available beam
energies. We consider 22 GeV electrons, as proposed for
the anticipated upgrade [96], leaving
0.17 <x, 0.5, 0.05 S xp < xy, 0.05<¢,  (41)
as the available phase space. For illustration, we choose
xp = 0.125 as a representative value and, covering the
available x, range, we evaluate the amplitudes, Eq. (39).
Notice that, the DA of the pion and the p meson being
symmetric in z — (1 —z), the z integration in Eq. (39)
factorizes in a prefactor [ dz®"(z)/z. For the sake of
simplicity, we consider the asymptotic distribution ampli-
tude, ¢, ,(z) = 6f,,2(1 — z). Notice however that, again
because the 7 and p leading-twist DAs are symmetric,
assessing the influence of a change in the DAs—say using
different models—is straightforward at leading order in a,
resulting in a pure multiplicative factor. We then evaluate
the resulting expressions through a combination of a 25
points modified Clenshawn-Curtis and a 15 points Gauss-
Kronrod integration rule, as implemented in the QAwC
routine of the GNU scientific library. As a result, we obtain

estimations on the cross section for z and p (deeply virtual)
electroproduction in backward kinematics.

Figure 7 displays our estimation for the cross section for
deep-virtual electroproduction of z and p mesons, in
backward kinematics, and in a typical kinematic range
accessible at JLab with 22 GeV electron beams. We show
results at a number of u, values. Notably, the result for
vector-meson electroproduction is appreciably larger than
that for pions, by roughly factor 50. The overshooting of
the form factor by a factor 3/2 in Eq. (23) explains only a
factor 2 at the level of the cross section. The ratio between
frand f, could explain also a factor 2.5 at the level of the
cross-section. It remains roughly a factor 10 that comes
from the modeling strategy and that could be tested
experimentally. Compared to the forward Sullivan DVCS
case, the total cross section of backward DVCS remains 2
orders of magnitudes below. However, this does not preclude
an experimental discovery of a signal at current and future
high precision, high luminosity facilities, as the photon is
expected to be measured in an area with much less back-
ground: the competitive Bethe-Heitler process is, for in-
stance, negligible. Furthermore, the possibility of exploring
lower-xp regions is not excluded [96] which would greatly
help in increasing the cross sections expected.

IV. CONCLUSION

We have presented a novel technique for the modeling of
7z —y TDAs based on a combination of the overlap
representation and the covariant extension methods, strat-
egies primarily developed for GPDs. Using existing models
for the pion valence LFWFs and after developing a para-
metrization for those of the photon, we obtained DGLAP
TDAs which produce good results for axial transition form
factors and acceptable ones for the vector transition form
factors. We extended these models to their ERBL region
and explored the effect of scale evolution. Finally, we
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exploited these models in a description of backward DVCS
on a pion, in the framework of the Sullivan process.

We have thus demonstrated the interest of studying the
backward DVCS on a pion in the framework of the Sullivan
description. The two processes discussed here are comple-
mentary. The y*z — yz reaction probes the axial 7 —y
TDA, while the y*z — yp reaction probes the vector one.
Both reactions are dominated by the longitudinal cross
section. Moreover, the second one selects a longitudinally
polarized p meson, a prediction one may test by studying
the angular distribution of the p meson decay. We per-
formed our analysis at leading order in the strong coupling
ay; next to leading order corrections which are known for
the coefficient function [97,98] will be straightforward to
implement in the near future. An estimate of higher twist
corrections would be most welcome but this represents now
a challenge. Note that the recent attempts [99-101] to take
into account of kinematic higher twist corrections to
forward Compton processes (or related processes [102—
104]), following the conformal operator product expansion
techniques [105], cannot easily be applied to backward
DVCS since in this case the starting point is not the
Compton tensor. Genuine higher twist corrections are not
easy to estimate.

Our study opens the way to a new access to 7 — y TDAs in
the backward DVCS channels; our cross-section estimates
allow us to hope for a first signal in JLab experiments at
present energies and for a fruitful program with dedicated
experiments at higher energies, although more precise
feasibility studies are clearly needed. An interesting outcome
of a first experimental campaign would be the invalidation
that the p production is enhanced compared to the pion one.

As a final remark, let us point out that the very related
process of backward timelike Compton scattering yp —
y*Mn at large timelike Q? should also be addressed within
the Sullivan picture to probe the crossed y — z TDA and the
new y — p TDAs.
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APPENDIX A: DETAILS ON CROSS-SECTION
COMPUTATION

In this appendix, we sketch some details on the deriva-
tion of the cross section for the ep — eyMn process. The
interested reader can find more details in [18,106]. The
starting point is the standard cross-section formula,

1
—eyMn __ 2
doep=erMn — F—Z|M| dTly, (A1)

erP Pol

where F,, = \/A(s.m3.,0) = 2(s —m3,) is the electron-
proton flux factor, M is the process’ amplitude, and dIl, is
the Lorentz-invariant four-body phase-space element.
Notice that > p,; denotes here the sum over the final state
polarization and averaging over the initial-state ones.

In the one-pion-exchange approximation, the amplitude
M can be decomposed as

_ : i
M= Uy (p/)l}/S\/EgerNuo’(p) mF(l; A)Mezﬁ—»eyM*v

T

(A2)

where u,(p) is the nucleon spinor with momentum p and
polarization o iys\/2g,yy is the pion-nucleon vertex whose
strength is measured by g,yy = 13.05 [107], i/(t — m2) is
the pion propagator, and F(#;A) is a phenomenological
factor’ introduced to smooth the pion-nucleon vertex as the
off shellness of the exchanged photon increases [18]

Shansky, and Lech Szymanowski. This research was A* —m;
funded in part by 1’Agence Nationale de la Recherche| (5 800 MeV) A —t (A3)
Combining Eqgs. (Al) and (A2) we readily obtain
ep—eyMn g721'NN F2(t;A) N = / _ 2
doeP=ertin = — F VAV ua’(p >u6’<p )y5u0<p>ua<p>y5(p)Z‘Meiﬁ—»eyM*| drl,
ep (t - mﬂ) 6.6 Pol
Gany 1 2 2
=220 F* (A Mri e dlly, A4
Fep (t—m,%)z ( );' + yM*' 4 ( )

SDifferent choices for such a “form factor” can be made. A discussion on the subject can be found in [108].
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which, defining the electron-pion flux-factor as

Feﬂ = 2(W2 - m721) = 2(t - m72r) + 4(17,; : l)
24'(p7t : l) = 4xﬂ<p ' l) = xﬂz(s - m2) = xszep’

(AS)

and writing the four-body phase-space element in terms of
the three-body one [109], can be cast as

doep—wyMn

2

JzNN 24 toeyM*

= ————= F°(t; AN)dtdx,dy,dc™ ~™ |
o (1= ppe | (A dtdxedydo

(A6)
|

with

1

dae;fr —eyM*™ _
F

Z'Merﬁ—myM*FdH?w (A7)

en Pol

the cross section for the ex™ — eyM™ subprocess, defined
in analogy to Eq. (Al). Notice that the above way of
writing explicitly decouples the “auxiliary” process where
a pion is emitted by a nucleon from the actually interesting
one, where the probing electron beam scatters off such
a pion.

If as discussed in Sec. III we focus on the contribution
from longitudinally polarized photons to the cross section
for en™ — eyM™ we find:

ot 1 [23\?1 =y,
o= — o (2N L A G Q)AL (s = p = 1) (A8)
The last element to be included is thus the three-body phase space [109], allowing us to write
d50€ﬂ+—>e]/M+ 1 AQED 3 y2x7lr; 1— y
= -AM s Wy 25 A9
dQ*dxpdy dudy — (27)? < 0’ ) xV1+er Y Mz (S . Q) (49)

where we assumed Bjorken kinematics, Eq. (36). Finally, if we integrate over the azimuthal angles y and v, we get an extra

factor (27)? which yields

yYxp 1-

Q2

+ +
d308ﬂ —eyM B <aQED)3
Xz

dQ%dxgdu,

V1ter y?

YA (& . Q)P (A10)

which, notice, coincides with the result reported in [10] [Eq. (376)] for the contribution given by longitudinally polarized

photons to the cross section for ep — epM.

Finally, arranging everything together we get the cross section for the Sullivan process

6 ~ep—eyMn 2 _
d°c JaNN t

ddx,dy,dQ%dxgdu, 1673 (1 — m2)

which, after integration on the azimuthal angle of the scattered neutron y,, gives

5 ~ep—eyMn 2 _
d’c JiNN t

dtdx,dQ*dxpdu, BT (t—m2)

APPENDIX B: JLAB KINEMATICS

In this work we are working towards a first assessment of
the cross section for z- and p-meson electroproduction off a
neutron in backward kinematics at JLab. Having developed
a consistent model for z7y it is time to concentrate on the
kinematics available to process. In this context, a number of
kinematic constraints arise on an experimental as well as a
theoretical basis; in the following we sketch them, setting
the ground for a numerical evaluation of the cross-section
equation (A12)

3 2.7 1—
F2 (1A aQED) Y Yp Y1AM(E u, 0), All
2 ( )<Q2 X,,\/H——é'z y2 | L(é:u Q)| ( )
P (%) b LoV a0 (A12)
2 0 ) x, V146 Y

(i) s.p: The Continuous Electron Beam Accelerator
Facility at JLab develops a scientific program based
on fixed-target experiments. Up to date available
beam energies reach 12 GeV but an upgrade to
22 GeV electron-beam energies is planned [96]. In
practice, this fixes the electron-proton center of mass
energy to

(12

si?) ~23 GeV2,  JLabl2,  (BI)
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or after the upgrade,

s ~ 42 GeV?,

JLab22. (B2)

(ii) s,: For the final-state meson and photon to be
properly detected, a minimum energy is required.
We impose here a constraint [18]

5, > sMin = 4 GeV2. (B3)

(iii) Mandelstam #: Ensuring that the proton-neutron
transition is dominated by the emission of a single
pion requires cutting on the squared momentum
transfer between those such states. Previous works
suggest a constraint on the maximum allowed value
of |t] 0.6 GeV? [18,20,27]. Further, a lower limit
given by the nucleon mass exists for such a variable:

x2m3

1—” < |t 0.6 GeV2. (B4)
— x”

(iv) Q?: To guarantee the description of the scattering
process in Bjorken kinematics and justify the theo-
retical development of the paper, a lower bound on
the allowed Q? values is imposed:

Q%> 0%, =2 GeV2 (B5)
|

and therefore

(v) y: The variable y can be interpreted as a measure of
the energy transfer from the electron beam to
probing photon. Usually, in order to suppress
QED radiative corrections, an upper bound on y
is imposed [18]. We choose a mild value,

(vi) x,: The interpretation of the process in the one-pion-
exchange approximation also imposes constraints on
the kinematic variable x,, which measures the energy
transferred from the target proton to the virtual pion:

< —|tnax| £ V1P + Amy |ty ~055.

= 2
2my,

xﬂy = xJT
(B7)

In addition, using x,y ~ x,y,, a lower bound for x,
can be found. Indeed,

zpﬂ‘q_sn'_t—’_QzN Sﬂ+Q2
2p -1 s z

~ o
ep My Sep — My

(B8)

xﬂyﬂ =

—|tpax | £ /1217 + 4m% [ tyax

2
2my

(vii) xp: The standard Bjorken variable is also constrained by the available kinematic configuration. Indeed,

Xp =

which, together with the lower bound on x, yields

2 2 2 2
Q" iXa Q@ Yia Q2 ~x 0 . (B10)
2p-q Yy 2prrq Yy S, +Q0°—t s, +0
1
7 S Xp S Xg (B11)

YMax Sep — My

where the upper bound arises from the constraint £ < 1.

In line with these kinematic constraints we decide to explore the behavior of the cross section at fixed Q> = 2 GeV? and
selected values of u,. We take a glimpse at the effect of varying xp choosing representative values xz = 0.2, 0.3, accessible
at both Jab12 and JLab22. Notice also that, within this kinematic configuration, the r dependence of the ex™ — eyM™ cross
section can be neglected, i.e., if we drop terms of order t/Q?,

1 1
2: er2:
Vite \/1+4t%

2
1—2(x§)2é—|—(’) <é) (B12)
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which, in the less favorable scenario, introduces a 40%. We may then drop such a term and write the cross section as

dSO.ep—>eyMn gzNN —t oD 3y2X” 1 —y
Sk F (A B2 AM(E u,, Q) BI3
dtdx,dQ%dxpdu, " 822 (1 — m2)? ( )( 0? > X 5 | A (& uz, Q)] (B13)
which definitely allows for integration over ¢ to give
digermerity aqep \* Y ¥ 1=y
drd0%dcndn. ~ Mo It B |AY (& uy Q)P B14
dx,dQ*dxgdu, (x |Max>< 02 ) I AL (€, uz, Q)] (B14)

with

9zNN =t —t >
I(x,, |t =X F=(t; A\)dt
(oo thaw) = 5 280 [ s P

Gann [N+ m%l (A2 - t) N mg Tl (B15)
T 87% |A?—m2 mp—t) N —t mp—t]_
as a measure of the pion’s flux into the scattering process ex — eyM [18].
With this construction we write the cross-section formula as
d4gep—>eyMn aQED 3 (S _ m2 )xB — Q2
(x|t il AM(E, u,, Q)2 B16
e = Ml i) (92 E T e, ) (B16)
where we wrote yxz = Q%/(s — m%) and we note
Xp
=—. B17
Il T (B17)
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