
GDR QCD 2024

Introduction

Deeply-Virtual Compton
Scattering

Pion to Photon TDA

Our Model

Conclusion and Future
Work

References

Backward DVCS on the pion in Sullivan processes

Abigail Castro
in collaboration with Cedric Mezrag, Bernard Pire and Jose Manuel Morgado Chávez.
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Introduction

Can we measure in the backward region DVCS on pion?

(a) Forward Compton Scattering (b) Backward Compton Scattering

In forward region → FEASIBLE! (Chávez, Bertone, et al., 2022).
In backward region → Object of our work!
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Introduction

Accessing DEMP and DVCS at Backward Angles above the Resonance Region
Li, Stevens, and Huber, 2022a
▶ Determine if exclusive π0 electroproduction has a significant backward-angle peak;
▶ Phenomenology study of extracting the u-dependence for the separated cross sections;
▶ Lay down a path to continue studying u-channel physics in the future EIC.

(c) Backward-angle meson production reaction above the res-
onance region (

√
s = W > 2GeV ).

(d) Experimental configuration for
1H(e′, ep)π0with the standard Hall
C equipment
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DVCS

DVCS is a window to access the structure of hadronic matter, allowing us to investigate
the partonic content and dynamics inside of hadrons.
▶ Object of theoretical and experimental effort (H1, ZEUS, HERMES, Jlab CLAS +

Hall A, COMPASS...),
(Stepanyan, Burkert, et al., 2001; Belitsky and Müller, 2001; Ventura, 2021, and others);

▶ Colinear factorization theorem→the scattering amplitude: the coefficient function x
GPD
(Collins and Freund, 1999; Collins, Soper, and Sterman, 2004);

▶ GPD: Access to spin, pressure, quarks and gluons densities information inside of the
hadrons
(Müller, Robaschik, et al., 1994; Radyushkin, 1996; Ji, 1997);

▶ Feasibility of measuring it on forward and backward region
(Airapetian, Akopov, et al., 2001, d’Hose, Burtin, et al., 2002;Gayoso, Bibrzycki, et al.,
2021;Li, Stevens, and Huber, 2022b;...).
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Pion

▶ Goldstone boson→ insight on the mass generation phenomena quest.
▶ Sullivan Process: photon interaction with pion from the meson cloud inside of protons →

Indirect measurement of the meson structure.
▶ We have theoretical and experimental data on DVCS on nucleons! What for DVCS on pion?

γ*

Fπ

p

e

π

n

γ

π

n

π

γ

Figure 1: Graphs for ep → eγπ+n in the one-pion exchange approximation. Contributing subprocesses
are virtual Compton scattering on a pion (left) and the Bethe-Heitler process (right). The crossed
Bethe-Heitler graph (not shown) has the photons attached to the lepton line in opposite order. The
blob marked with Fπ represents the electromagnetic pion form factor.

with four-momenta given in parentheses. We write

q = l − l′ , pπ = p − p′ (2)

for the four-momenta of the virtual photon and the virtual pion, and use the standard variables

Q2 = −q2 , W 2 = (p + q)2 , s = (p + l)2 , xB =
Q2

2p · q , y =
p · q

p · l (3)

for deep inelastic scattering processes. The variables

t = (p − p′)2 , xπ =
pπ · l

p · l (4)

describe the emission of the virtual pion from the proton target, where xπ is the fraction of energy
that the virtual pion takes away from the proton in the ep c.m. The azimuthal angles of the final-state
electron and neutron in that frame are respectively denoted by ψe and ψn, where the z-axis is chosen
along the lepton beam momentum. We write mN and mπ for the nucleon and pion masses, and
neglect the lepton mass throughout our work. An important role is played by the kinematic limit

− t ≥ −t0 =
x2

πm2
N

1 − xπ
, (5)

which is readily obtained from the expression p′2
T = −t(1 − xπ) − x2

πm2
N for the squared transverse

momentum of the neutron in the ep c.m. We need two more variables to describe the γ and π in the
final state, namely

tπ = (pπ − p′
π)2 (6)

and the azimuthal angle φπ between the plane spanned by pπ and p′
π and the plane spanned by l and

l′ in the c.m. of πγ in the final state. For the sign of φπ we follow the usual convention for DVCS
on a proton target.1 For our later discussion it is useful to introduce further variables, which refer to
the subprocess eπ → eγπ on the virtual pion target, namely

sπ = (pπ + q)2 , xπ
B =

Q2

2pπ · q
, yπ =

pπ · q
pπ · l

. (7)

1One thus obtains φπ from the angle φh in [28] by replacing P → pπ and Ph → p′
π.

3

Figure: The Sullivan Process (Amrath, Diehl, and Lansberg, 2008).
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Forward and Backward Scattering

Different regions→ different kinematics→ different structure functions!
▶ Forward region → small t-channel: GPDs;
▶ Backward region → large t-channel but small u-channel: Transition Distribution

Amplitudes;

Figure: Exclusive ep → enπ+ process description (S. Diehl and Joo, 2020).
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Transition Distribution Amplitudes

▶ Physical picture similar to GPDs, but on backward region (Pire and Szymanowski, 2005;
Tiburzi, 2005);

▶ Generalization of parton distributions to the case where the initial and final states correspond
to different particles (Courtoy and Noguera, 2007).

Figure: Leading twist TDAs for mesonic case (Pire and Szymanowski, 2005).
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Pion-Photon Transition Distribution Amplitudes (TDAs)

The theoretical estimation of the TDAs is model dependent. Previous studies exist in the
literature!
▶ ”Estimates for Pion-Photon Transition Distributions”, B.C. Tiburzi, 2005;
▶ ”Backward DVCS and Proton to Photon Transition Distribution Amplitudes”, Lansberg, J.

P., Pire, B. and L. Szymanowski, 2006.
▶ ”Pion-photon Transition Distribution Amplitudes in the Spectral Quark Model”, W.

Broniowski and E. R. Arriola, 2007.
▶ ”Pion-photon transition distribution amplitudes in the Nambu–Jona-Lasinio model”, A.

Courtoy and S. Noguera, 2007;
▶ ”Pion-photon and kaon-photon transition distribution amplitudes in the

Nambu–Jona-Lasinio model”, J. Zhang, J. Wu, 2024.
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Our model

We present a model of these TDAs based on the overlap of light front wave functions
primarily developed for GPDs, using a previously developed pion light front wave
function (Chouika, Mezrag, et al., 2018) and deriving a consistent model for the light
front wave functions of the photon.
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Our model

The vector and axial pion to photon chiral-even TDAs are defined as presented in Lansberg, Pire,
et al., 2012∫

dz−

2π
eixP

+z−⟨π−(pπ−)|d̄(− z
2
)γµu(

z
2
)|γ(pγ , ε)⟩

∣∣∣
z+=0, zT=0

=
1
P+

i e
fπ
ϵµεP∆⊥Vπ−

(x, ξ, t),

(1)∫
dz−

2π
eixP

+z−⟨π−(pπ−)|d̄(− z
2
)γµγ5u(

z
2
)|γ(pγ , ε)⟩

∣∣∣
z+=0, zT=0

=
1
P+

e
fπ
(ε ·∆)PµAπ−

(x, ξ, t) .

(2)

In our model we are calculating the TDAs using the overlap representation (M. Diehl, Feldmann,
et al., 2001) where one can write the matrix elements in terms of light front wave functions (LFWF)

⟨γout|Ψ+(− z
2
)γ+Ψ+(

z
2
)|πin⟩ (3)
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Overlap Representation

In the DGLAP region (ξ < x < 1), the momenta kinematics is given by

x̂1 =
x̄1 − ξ

1 − ξ
, x̂2 =

x̄2

1 − ξ
,

x̃1 =
x̄1 + ξ

1 + ξ
, x̃2 =

x̄2

1 + ξ
,

k̂1⊥ = k̄1⊥ +
1 − x̄1

1 − ξ

∆⊥

2
k̂2⊥ = k̄2,⊥ − x̄2

1 − ξ

∆⊥

2

k̃1⊥ = k̄1⊥ − 1 − x̄1

1 + ξ

∆⊥

2
, k̃2⊥ = k̄2,⊥ +

x̄2

1 + ξ

∆⊥

2
, (4)

where k̄i = (k′i + ki)/2 and x̄i = k̄+i /P+ . The variable x̄ represents the momentum fraction
carried by the partons, ξ is the skewedness parameter, and t is the squared momenta transfer.

x1 = x̄1 + ξ, x′1 = x̄1 − ξ ; k1⊥ = k̄1⊥ − ∆

2
, k′1⊥ = k̄1⊥ +

∆

2
; k2 = k′2 = k̄2,

(5)
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Overlap Representation

The hadronic states are characterised by momenta p and helicity λ

|H ; p, λ⟩ =
∑
N ,β

∫
[dx]N [d2k⊥]NΨλ

N ,β |N , β, ; k1, ..., kN ⟩ (6)

where β labels the parton composition, helicity and colour of each parton. The Ψλ
N ,β is the

momentum LFWF of the N-parton Fock state.
The transition amplitude in our case will be written in terms of the in incoming pion states and
outgoing photon states〈

γ,P +
∆

2

∣∣∣∣ = 〈γ,P +
∆

2

∣∣∣∣
γ·n

+

〈
γ,P +

∆

2

∣∣∣∣
γ·nγ5

+

〈
γ,P +

∆

2

∣∣∣∣
σn⊥

(7)∣∣∣∣π,P − ∆

2

〉
=

∣∣∣∣π,P − ∆

2

〉
γ·nγ5

+

∣∣∣∣π,P − ∆

2

〉
σn⊥

(8)
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Axial TDA

Out of the six possible combinations, only two are non vanishing and are given as:∫
dz−

2π
eixP

+z−
(〈

γ,P +
∆

2

∣∣∣∣
γ·n

)
ψ̄(− z

2
)γ · nγ5ψ(

z
2
)

∣∣∣∣π,P − ∆

2

〉
γ·nγ5

=
e
fπ
ϵ ·∆Aπ

γ·n (9)∫
dz−

2π
eixP

+z−
(〈

γ,P +
∆

2

∣∣∣∣
σn⊥

)
ψ̄(− z

2
)γ · nγ5ψ(

z
2
)

∣∣∣∣π,P − ∆

2

〉
σn⊥

=
e
fπ
ϵ ·∆Aπ

σn⊥

(10)

with Aπ = Aπ
γ·n + Aπ

σn⊥ . Expanding the incoming and outgoing states in terms of LFWFs, one
can derive the expressions of Aπ

γ·n and Aπ
σn⊥ .
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Pion to Photon Leading TDAs

The pion LFWF used are the ones presented at Chouika, Mezrag, et al., 2018

ψπ
↑,↓(x, k⊥) = 8

√
15π

M3

(k2
⊥ +M2)2 x(1 − x), (11)

ik⊥ψπ
↑,↑(x, k⊥) = 8

√
15π

k⊥M2

(k2
⊥ +M2)2 x(1 − x), (12)

For the photon we developed a LFWF model where the photon to photon GPD were consistent
with Friot, Pire, and Szymanowski, 2007:

ψγ·n(x, k⊥) = −2
(1 − 2x)

(k2
⊥ +M2)

, (13)

ψγ·nγ5(x, k⊥) = 2
1

(k2
⊥ +M2)

, (14)

ψσn⊥ (x, k⊥) = 2
M

(k2
⊥ +M2)

. (15)
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Axial Pion-Photon TDA on DGLAP region

At this moment, we were able to calculate the active parton contribution of the axial transition
amplitude:
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Axial Pion-Photon TDA on DGLAP region

At this moment, we were able to calculate the active parton contribution of the axial transition
amplitude:
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Conclusions & Future Work

▶ The main purpose of this work is to see if is feasible to measure Sullivan process in backward
region.

▶ Our motivation is that it is already shown that is feasible to measure the DVCS on nucleons
in both regions, and on pion in the forward region (Chávez, Bertone, et al., 2022).

▶ Based on the overlap LFWF for pion and photon, we are developing a phenomenological
study on the backward pion-photon TDA.

▶ We obtained partial results that resembles results from literature.
▶ Next we are going to calculate the complete axial TDA in DGLAP region and ERBL region;
▶ Obtain the backward DVCS cross-sections, thus be able to analyse the feasibility of measuring

such processes;

QDR QCD 2024 17/18
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End

Thank you!
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