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Exclusive pion-induced Drell-Yan process at J-PARC for accessing the nucleon GPDs Kazuhiro Tanaka

1. Introduction

Figure 1: Exclusive pion-induced Drell-Yan
process for the forward dimuon production.

We consider the pion-induced dimuon produc-
tion. Summing the absolute square of the correspond-
ing amplitudes, pN ! qq̄X ! g

⇤X ! µ

+
µ

�X , over
the accompanying hadronic final state X , we obtain
the inclusive Drell-Yan cross section. The leading
contribution comes from the transversely-polarized
virtual photon g

⇤, as a consequence of the helicity
conservation in the annihilation of the on-shall, mass-
less quark and antiquark associated with the relevant
partonic subprocess qq̄ ! g

⇤. On the other hand, the
dimuon angular distribution for the production in the

forward region is known to obey the pattern associated with the longitudinally-polarized virtual
photon, which can be produced by the annihilation of off-shell quark q or antiquark q̄. The relevant
off-shellness may be caused by perturbative gluon exchange between the quark and antiquark orig-
inating from the pion, and this type of mechanism with the gluon exchange plays important role
for the forward production. Now, the spectator quark (or antiquark) originating from the pion may
be absorbed by the target nucleon, giving rise to the exclusive final state, µ

+
µ

�N, as represented
in Fig. 1. This is the exclusive Drell-Yan process and this type of diagrams gives important contri-
butions for the dimuon production in the forward region of the exclusive Drell-Yan process [1].

We discuss a recent cross section estimate of the exclusive Drell-Yan process as a report of our
recent paper [2]. With the High Momentum Beamline being constructed at J-PARC, the secondary
pion beam with moderately high energies ⇠ 15-20 GeV is best suited to study meson-induced
hard exclusive processes like exclusive Drell-Yan process. We mention the feasibility study [2]
for measuring the exclusive pion-induced Drell-Yan process with the E50 spectrometer at J-PARC.
We also discuss non-factorizable mechanism, beyond QCD factorization, in exclusive Drell-Yan
process and give its first estimate using the light-cone QCD sum rules [3, 4].

2. QCD factorization formula at the leading order (LO)

We consider the exclusive Drell-Yan production, p

�p! g

⇤n! µ

+
µ

�n, in particular, with the
production of g

⇤ in the forward region corresponding to the small invariant-momentum-transfer, t =
D2 with D ⌘ q�q0, where q and q0 are the momenta of the initial pion and the produced g

⇤. In this
case, as mentioned in Sec. 1, the complete annihilation of quark as well as antiquark from the pion,
as in Fig. 1, plays important role. Here, the relevant amplitude is expressed as the convolution of the
corresponding partonic (short distance) annihilation processes with the two separate parts of long-
distance nature, associated with the pion and the nucleon, respectively: the upper long-distance
part denotes the pion distribution amplitude (DA), whose information can be obtained from, e.g.,
gg

⇤ ! p

0 process at Belle and Babar, while the lower long-distance part denotes the generalized
parton distribution functions (GPDs) as an off-forward nucleon matrix element, whose forward
limit reduces to the usual helicity distribution, Dq(x). Here, the GPDs are defined as the off-forward
matrix element of the bilocal light-cone operators of the type, hn(p0)|q̄(�y�/2) · · ·q(y�/2)|p(p)i,
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Exclusive !0 electroproduction at a beam energy of 5.75 GeV has been measured with the Jefferson

Lab CLAS spectrometer. Differential cross sections were measured at more than 1800 kinematic values in

Q2, xB, t, and "!, in the Q2 range from 1.0 to 4:6 GeV2, !t up to 2 GeV2, and xB from 0.1 to 0.58.

Structure functions #T þ $#L, #TT , and #LT were extracted as functions of t for each of 17 combinations

of Q2 and xB. The data were compared directly with two handbag-based calculations including both

longitudinal and transversity generalized parton distributions (GPDs). Inclusion of only longitudinal

GPDs very strongly underestimates #T þ $#L and fails to account for #TT and #LT , while inclusion of

transversity GPDs brings the calculations into substantially better agreement with the data. There is very

strong sensitivity to the relative contributions of nucleon helicity-flip and helicity nonflip processes. The

results confirm that exclusive !0 electroproduction offers direct experimental access to the transversity

GPDs.

DOI: 10.1103/PhysRevLett.109.112001 PACS numbers: 13.60.Le, 14.20.Dh, 14.40.Be, 24.85.+p

A major goal of hadronic physics is to describe the three
dimensional structure of the nucleon in terms of its quark
and gluon fields. Deep inelastic scattering experiments
have provided a large body of information about quark
longitudinal momentum distributions. Exclusive electron
scattering experiments, in which all final-state particles are
measured, have been rather successfully analyzed and in-
terpreted by Regge models which are based on hadronic
degrees of freedom (see, for example, Refs. [1,2]).
However, during the past decade the handbag mechanism
has become the leading theoretical approach for extracting
the nucleon quark and gluon structure from exclusive re-
actions such as deeply virtual Compton scattering (DVCS)
and deeply virtual meson electroproduction. In this ap-
proach, the quark distributions are parametrized in terms
of generalized parton distributions (GPDs). The GPDs
contain information about the distributions of both the
longitudinal momentum and the transverse position of
partons in the nucleon. In the handbag mechanism, the
reaction amplitude factorizes into two parts. One part
describes the basic hard electroproduction process with
a parton within the nucleon, and the other—the GPD—
contains the distribution of partons within the nucleon
which are the result of soft processes. While the former
is reaction dependent, the latter is a universal property of
the nucleon structure common to the various exclusive
reactions. This is schematically illustrated in Fig. 1.
While the handbag mechanism should be most applicable

at asymptotically large photon virtualityQ2, DVCS experi-
ments at Q2 as low as 1:5 GeV2 appear to be described
rather well at a leading twist by the handbag mechanism,
while the range of validity of leading order applicability of
deeply virtual meson electroproduction is not as clearly
determined.
There are eight GPDs. Four correspond to parton helic-

ity conserving (chiral-even) processes, denoted byHq, ~Hq,
Eq, and ~Eq. Four correspond to parton helicity-flip (chiral-
odd) processes [3,4], Hq

T , ~Hq
T , E

q
T , and ~Eq

T . The GPDs
depend on three kinematic variables: x, %, and t, where x
is the average parton longitudinal momentum fraction and
% (skewness) is half of the longitudinal momentum fraction

FIG. 1 (color online). Schematic diagram of the !0 electro-
production amplitude in the framework of the handbag mecha-
nism. The helicities of the initial and final nucleons are denoted
by & and &0, the incident photon and produced meson by ' and
'0, and the active initial and final quark by ( and (0. The arrows
in the figure represent the corresponding helicities.
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In this Letter, we present the first exclusive measurement
of the beam-spin asymmetry (BSA) in deeply virtual
electroproduction of a real photon off a bound proton in
4He. Figure 1 illustrates the leading-twist handbag diagram
for the DVCS process. In the Bjorken regime, i.e., large
virtual photon four-momentum squared [Q2 ¼ −q2 ¼
−ðk − k0Þ2], and at small invariant momentum transfer
[t ¼ ðq − q0Þ2], the DVCS scattering process can be fac-
torized, leaving the nonperturbative structure of the nucleon
to be parametrized in terms of four chirally even GPDs: H,
E, H̃, and Ẽ, representing the four helicity-spin combina-
tions of the quark-nucleon states [36,37]. Experimentally,
we measure the squared sum of the Bethe-Heitler (BH) and
the DVCS amplitudes. The BH process, where the real
photon is emitted by the incident or the scattered electron
rather than the nucleon, dominates the cross section at our
kinematics. The BSA arises from the interference of these
two terms and is directly sensitive to the DVCS amplitude
that contains the information on the GPDs. Using a
longitudinally polarized electron beam (L) and an unpo-
larized target (U), the BSA is defined as

ALU ¼ d5σþ − d5σ−

d5σþ þ d5σ−
; ð1Þ

where d5σþðd5σ−Þ is the virtual photoproduction differ-
ential cross section for a positive (negative) beam helicity.
Following the cross section decomposition provided

in [38], the different components can be expressed in
terms of Fourier coefficients associated with ϕ harmonics,
where ϕ is the angle between the leptonic and the hadronic
planes of the reaction. At leading twist, the BSA can be
parametrized as

ALUðϕÞ ¼
a0 sinðϕÞ

1þ a1 cosðϕÞ þ a2 cosð2ϕÞ
; ð2Þ

where the parameters a0;1;2 are combinations of the afore-
mentioned Fourier coefficients. The sinðϕÞ harmonic is
dominant in ALU and is proportional to the following
combination of Compton form factors (CFFs) H, E, and H̃
as [27]

a0 ∝ Im
!
F1H −

t
4M2

F2E þ xB
2
ðF1 þ F2ÞH̃

"
; ð3Þ

where F1 and F2 are the Dirac and Pauli form factors,
respectively, and xB the Bjorken scaling variable. The
real and the imaginary parts of the CFF H relate to the
GPD H as

ℜðHÞ ¼ P
Z

1

0
dx½Hðx; ξ; tÞ −Hð−x; ξ; tÞ&Cþðx; ξÞ; ð4Þ

ℑðHÞ ¼ −π½Hðξ; ξ; tÞ −Hð−ξ; ξ; tÞ&; ð5Þ

with P the Cauchy principal value integral and Cþ a
coefficient function defined as ½1=ðx − ξÞ þ 1=ðxþ ξÞ&,
where ξ is the skewing factor and can be related to xB
by ξ ≈ ðxB=2 − xBÞ. Similar expressions apply for the
GPDs E, H̃, and Ẽ [27]. At the forward limit, ξ → 0
and t → 0, the GPD H reduces to quark, antiquark parton
distribution functions, and its zeroth moment in x repre-
sents the elastic Dirac form factor F1.
The experiment (E08-024 [39]) took place in Hall-B of

Jefferson Lab using the nearly 100% duty factor, longitu-
dinally polarized electron beam (83% polarization) from
the Continuous Electron Beam Accelerator Facility
(CEBAF) at an energy of 6.064 GeV. The data were
accumulated over 40 days using a 6-atm-pressure, 292-
mm-long, and 6-mm-diameter gaseous 4He target centered
64 cm upstream of the CEBAF Large Acceptance
Spectrometer (CLAS) coordinate center. For DVCS experi-
ments, the CLAS baseline design [40] was supplemented
with an inner calorimeter (IC) and a solenoid magnet. The
IC extended the photon detection acceptance of CLAS
down to a polar angle of 4°. The 5-Tesla solenoid magnet,
in the center of which the target was located, prevented the
high-rate low-energy Møller electrons from reaching the
CLAS drift chambers by guiding these electrons inside a
tungsten shield placed around the beam line.
Incoherent DVCS events were selected by requiring

an electron, a proton, and at least one photon in the final
state using the standard particle identification framework
of the CLAS event reconstruction (see [41] for addi-
tional details on the particle identification). Note that,
even though the DVCS reaction has only one real photon
in the final state, events with more than one photon were
not discarded at this stage. These extra photons were

e(k)

e'(k')

(q)*γ (q')γ

ξx-ξx+

N(p) N'(p')

2t = (q-q')

, t)ξGPDs(x,

He4

X

Factorization

FIG. 1. Representation of the leading-order, twist-2, handbag
diagram of the incoherent DVCS process off 4He, where the four
vectors of the electrons, photons, and protons are denoted by
k=k0, q=q0, and p=p0, respectively. xþ ξ is the nucleon longi-
tudinal momentum fraction carried by the struck quark,−2ξ is the
longitudinal momentum fraction of the momentum transfer Δ
(¼ q − q0), and t (¼ Δ2) is the squared momentum transfer
between the initial and the final state nucleon.
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38Universidad Técnica Federico Santa María, Casilla 110-V Valparaíso, Chile

39Edinburgh University, Edinburgh EH9 3JZ, United Kingdom
40University of Glasgow, Glasgow G12 8QQ, United Kingdom
41University of Virginia, Charlottesville, Virginia 22901, USA

42Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061, USA
43College of William and Mary, Williamsburg, Virginia 23187-8795, USA

44Yerevan Physics Institute, 375036 Yerevan, Armenia
(Received 13 July 2017; revised manuscript received 11 September 2017; published 15 November 2017)

We report on the first measurement of the beam-spin asymmetry in the exclusive process of coherent
deeply virtual Compton scattering off a nucleus. The experiment uses the 6 GeV electron beam from the
Continuous Electron Beam Accelerator Facility (CEBAF) accelerator at Jefferson Lab incident on a
pressurized 4He gaseous target placed in front of the CEBAF Large Acceptance Spectrometer (CLAS). The
scattered electron is detected by CLAS and the photon by a dedicated electromagnetic calorimeter at
forward angles. To ensure the exclusivity of the process, a specially designed radial time projection
chamber is used to detect the recoiling 4He nuclei. We measure beam-spin asymmetries larger than those
observed on the free proton in the same kinematic domain. From these, we are able to extract, in a model-
independent way, the real and imaginary parts of the only 4He Compton form factor, HA. This first
measurement of coherent deeply virtual Compton scattering on the 4He nucleus, with a fully exclusive final
state via nuclear recoil tagging, leads the way toward 3D imaging of the partonic structure of nuclei.

DOI: 10.1103/PhysRevLett.119.202004

The generalized parton distribution (GPD) framework
offers the opportunity to obtain information about the
momentum and spatial degrees of freedom of the quarks
and gluons inside hadrons [1–5]. In impact parameter
space, the GPDs are indeed interpreted as a tomography
of the transverse plane for partons carrying a given fraction
of the proton longitudinal momentum [6–9]. The most
promising way to access GPDs experimentally is through
the measurement of deeply virtual Compton scattering
(DVCS), i.e., the hard exclusive electroproduction of a
real photon on a hadron. While other processes are also
known to be sensitive to GPDs, the measurement of DVCS
is considered the cleanest probe and has been the focus of
efforts at Jefferson Lab, HERA, and CERN [10–25]. The
vast majority of these measurements focused on the study
of the proton and allowed for an extraction of its three-
dimensional image (for reviews of the field, see [26–31]).
These recent developments could also be applicable to
nuclei, giving access to novel information about nuclear
structure in terms of quarks and gluons [32–35]. Such a
study of the 3D structure of nuclei appears to be especially
interesting in light of the large, yet unresolved, nuclear
effects observed in nuclear parton distribution functions

[36–38]. The results presented in this Letter demonstrate
the feasibility of such an approach and constitute the first
step toward a tomography of nuclei.
Figure 1 illustrates the handbag diagram for coherent

DVCS on 4He, where the four-vectors of the electrons,
photons, and 4He are denoted by k=k0, q=q0, and p=p0,
respectively. For large virtual photon 4-momentum
squared, Q2 ¼ −ðk − k0Þ2, and small squared momentum
transfer, t ¼ ðp − p0Þ2, the DVCS handbag diagram can be

e(k)
(q)*γ (q )γ

ξx-ξx+

e (k )

H (e p )4He(p)4

2∆t = 

, t)ξ(x,AH

Factorization

FIG. 1. Representation of the leading-order handbag diagram of
the DVCS process off 4He.
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2.2.3 Deeply Virtual Meson Production (DVMP)

Fig. 2.13: “‘Hand-bag” diagram of DVMP of ⇡0 [11]

While linear combinations of the chiral-even GPDs are relatively well constrained,

the chiral-odd counterparts are not. Chiral-odd GPDs, which encode the transverse-

spin structure of the nucleon, can be accessible via hard exclusive meson electropro-

duction [40]. This was made explicit when BSA measurements [11] showed that these

contributions cannot be ignored. Moreover, BSA measurements for hard exclusive or

Deeply Virtual Meson Production (DVMP) processes (see Fig. 2.13) have the distinct

advantage of being able to sift out di↵erent flavor combinations of GPDs simply by

“switching out” mesons. That is, extracting the BSA of a particular meson electropro-

duction process yields a particular flavor combination of GPDs, supporting an overall

flavor decomposition of GPDs [37].

The cross section (and decomposition) as well as BSA measurements of DVMP

on the free nucleon have also been extracted to constrain these transverse GPDs for

• the ⇡0 in [40] and [11], and

22

2.2.2 Deeply Virtual Compton Scattering (DVCS)

Fig. 2.11: “‘Hand-bag” diagram of DVCS [45]

DVCS is the hard exclusive electroproduction of a real photon radiated by the

struck quark of the nucleon (seen in Fig. 2.11). Factorization for the amplitude of this

process has explicitly been proven in two independent calculations [46, 47].

For DVCS the leading twist is 2, while higher twists n are suppressed by powers

of (M/Q)n�2 [39], and so, as previously mentioned, DVCS is sensitive to the H, H̃, E

GPDs. Beam spin asymmetries have been extracted for a wide range of kinematic

variables Q2, x and t, organized into two-dimensional
�
Q2, x

�
bins [8, 45], shown in

Fig. 2.12, in an e↵ort to constrain these GPDs. From these measurements, we see that

the models involving di↵erent GPD contributions decently, but not ideally, describe the

data points.
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Single Spin Asymmetry in Electroproduction of Scalar or

Pseudoscalar Meson Production off the Scalar Target
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Abstract

We discuss the electroproduction of scalar (0++) or pseudoscalar (0−+) meson production off
the scalar target. The most general formulation of the differential cross section for the 0−+ or
0++ meson production process involves only one or two hadronic form factors, respectively, on
a scalar target. The Rosenbluth type separation of the differential cross section provides the
explicit relation between the hadronic form factors and the different parts of the differential
cross section in a completely model-independent manner. The absence of the single spin asym-
metry for the pseudoscalar meson production provides the benchmark for the experimental
data analysis. The measurement of the single spin asymmetry for the scalar meson production
may provide a clear criterion whether the leading-twist formulation of the generalized parton
distribution is in agreement with the most general formulation of the hadronic tensor.

Keywords: electromagnetic meson production, single spin asymmetry

While the virtual Compton scattering process is coherent with the Bethe-Heitler process,
the meson electroproduction process offers a unique experimental determination of the hadronic
structures for the study of QCD and strong interactions. In particular, coherent electroproduc-
tion of the scalar (0++) or pseudoscalar (0−+) meson production off a scalar target (e.g. the
4He nucleus) provides an excellent experimental terrain to discuss the fundamental nature of
the hadron physics without involving many complications from the spin degrees of freedom.
We discuss in this work two benchmark examples (0++ vs. 0−+) that provide a unique interface
between the theoretical framework and the experimental measurements of physical observables.

To establish the notation for the electroproduction of meson m off the scalar target h, we
write

e(k) + h(P ) → e′(k′) + h′(P ′) +m(q′), (1)

and the virtual photon momentum is defined to be q = k − k′, see Fig. 1. In the target rest
frame (TRF) presented in Ref. [1], the differential electroproduction cross section is given by

dσ ≡
d5σ

dydxdtdφk′dφq′
= κ⟨|M|2⟩, (2)

Preprint submitted to Elsevier June 4, 2018
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Salient Features 
•  No interference from Bethe-Heitler process 
•  BSA of exclusive coherent electroproduction 

of the π0 off 4He has been measured. 
•  Data appear consistent with our benchmark 

BSA prediction for 0-+ meson production off 
the scalar target.  

•  General formulation of hadronic amplitudes  
   in Meson Production off the Scalar Target (0++  
   vs. 0-+)  
•  Comparison/Contrast with the leading twist GPD 

formulation. 
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5-Fold Differential Cross Section
for unpolarized target and without recoil polarization 

The following notation of the coincidence cross section will be used in our calculations. Further details can be found in D.
Drechsel and L. Tiator, J. Phys. G 18 (1992) 449-497. (scanned version)   (click here for a larger image)

On this page the complete 5-fold differential cross section and in addition the individual 2-fold cross sections dsT, dsL, dsLT, dsTT
and SLT' will be calculated using electron kinematics. For virtual photon kinematics see our alternative page. 

 Note: The longitudinal cross sections (dsL, dsLT and dsLT') differ from those in Drechsel and Tiator, J. Phys. G18 (1992) 449.
Here we do not use the longitudinal polarization epsilon_L!! 

Channel:  (pi0,p)  (pi0,n)  (pi+,n)  (pi-,p)

Choose kinematical variables for polarization definition 
 Enter values for electron beam energy Ei, scattered electron energy Ef,  electron scattering angle Qeland electron polarization hel:

Ei (MeV) Ef (MeV) Qel (deg)  hel

Choose kinematical variables 
 choose an independent (running) variable:  Q F 

 choose values for Q, F, step size and maximum value:
Q (deg) F (deg)  increment upper value click here

Change of model parameters: (  suppress output )

Born Rho Omega 
P33(1232) P11(1440) D13(1520) S11(1535) S31(1620)
S11(1650) D15(1675)  F15(1680) D33(1700) P13(1720)
F35(1905) P31(1910) F37(1950) 

Change of S-wave low-energy corrections and type of pi-N coupling (click here for details)
E0+ S0+ PS-PV mixing range parameter Lambda 

Change values of resonance couplings (relative to default values):
P33(1232) S31(1620) D33(1700)

M1+ E1+ S1+ A1/2 S1/2 A3/2 A1/2 S1/2

https://maid.kph.uni-mainz.de/maid2007/cross.html 
       Mainz analysis interactive database (MAID)  
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Figure 1: Momentum assignments in meson electroproduction process with one-photon-exchange.
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Here, y = P · q/P · k, t = (P � P 0)2 and x = Q2/(2P · q) = Q2/(2M⌫) with Q2 = �q2, the
target mass M and the virtual photon energy ⌫ in TRF. For the one-photon-exchange process,
the transition amplitude M can be expressed as the invariant product of the leptonic current
eLµ = eū

e

0(k0, s0)�µu
e

(k, s) and the hadronic current eJµ mediated by the photon propagator,
i.e. M = e2L · J/q2. As discussed in Ref. [1], by using the reduced three momenta product
obtained from the q · J = 0 relation, we get the following invariant amplitude squared

h|M|2i =
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fi
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↵
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�

J†
µ

J
⌫

�
, (4)

where the hadronic tensor is given by

H
µ⌫

= J†
µ

J
⌫

(5)

and the leptonic tensor including the electron beam polarization � is given by

Lµ⌫ = q2⇤µ⌫ + 2i�✏µ⌫↵�k
↵

k0
�

(6)

with ⇤µ⌫ = gµ⌫ + 2
q

2 (k
µk0⌫ + k0µk⌫).

*** Notation of Helicity ***

Lµ⌫ = q2

gµ⌫ +

2

q2
(kµk0⌫ + k0µk⌫)

�
+ 2ih✏µ⌫↵�k

↵

k0
�

(7)
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e

0(k0, s0)�µu
e

(k, s) and the hadronic current eJµ mediated by the photon propagator,
i.e. M = e2L · J/q2. As discussed in Ref. [1], by using the reduced three momenta product
obtained from the q · J = 0 relation, we get the following invariant amplitude squared

h|M|2i =

✓
e2

q2

◆2

Lµ⌫H
µ⌫

=

✓
e2

q2

◆2 
2q2

✏� 1
h|⌧

fi

|i2 + 2i�✏µ⌫↵�k
↵

k0
�

J†
µ

J
⌫

�
, (4)

where the hadronic tensor is given by

H
µ⌫

= J†
µ

J
⌫

(5)

and the leptonic tensor including the electron beam polarization � is given by

Lµ⌫ = q2⇤µ⌫ + 2i�✏µ⌫↵�k
↵

k0
�

(6)

with ⇤µ⌫ = gµ⌫ + 2
q

2 (k
µk0⌫ + k0µk⌫).

*** Notation of Helicity ***

Lµ⌫ = q2

gµ⌫ +

2

q2
(kµk0⌫ + k0µk⌫)

�
+ 2ih✏µ⌫↵�k

↵

k0
�

(7)

2

e(k)

�⇤(q)

e0(k0)

h(P ) h

0(P 0)

m(q0)

Jµ

Figure 1: Momentum assignments in meson electroproduction process with one-photon-exchange.

where

 ⌘ 1

(2⇡)5
yx

32Q2
q
1 + (2Mx

Q

)2
. (3)

Here, y = P · q/P · k, t = (P � P 0)2 and x = Q2/(2P · q) = Q2/(2M⌫) with Q2 = �q2, the
target mass M and the virtual photon energy ⌫ in TRF. For the one-photon-exchange process,
the transition amplitude M can be expressed as the invariant product of the leptonic current
eLµ = eū
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Abstract

We discuss the electroproduction of scalar (0++) or pseudoscalar (0−+) meson production off
the scalar target. The most general formulation of the differential cross section for the 0−+ or
0++ meson production process involves only one or two hadronic form factors, respectively, on
a scalar target. The Rosenbluth type separation of the differential cross section provides the
explicit relation between the hadronic form factors and the different parts of the differential
cross section in a completely model-independent manner. The absence of the single spin asym-
metry for the pseudoscalar meson production provides the benchmark for the experimental
data analysis. The measurement of the single spin asymmetry for the scalar meson production
may provide a clear criterion whether the leading-twist formulation of the generalized parton
distribution is in agreement with the most general formulation of the hadronic tensor.

Keywords: electromagnetic meson production, single spin asymmetry

While the virtual Compton scattering process is coherent with the Bethe-Heitler process,
the meson electroproduction process offers a unique experimental determination of the hadronic
structures for the study of QCD and strong interactions. In particular, coherent electroproduc-
tion of the scalar (0++) or pseudoscalar (0−+) meson production off a scalar target (e.g. the
4He nucleus) provides an excellent experimental terrain to discuss the fundamental nature of
the hadron physics without involving many complications from the spin degrees of freedom.
We discuss in this work two benchmark examples (0++ vs. 0−+) that provide a unique interface
between the theoretical framework and the experimental measurements of physical observables.

To establish the notation for the electroproduction of meson m off the scalar target h, we
write

e(k) + h(P ) → e′(k′) + h′(P ′) +m(q′), (1)

and the virtual photon momentum is defined to be q = k − k′, see Fig. 1. In the target rest
frame (TRF) presented in Ref. [1], the differential electroproduction cross section is given by

dσ ≡
d5σ

dydxdtdφk′dφq′
= κ⟨|M|2⟩, (2)
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where H
i

= J
i

(i = x, y, z), ✏ = ⇤xx�⇤yy

⇤xx+⇤yy

= � 2M2
x

2
y

2+2Q2(y�1)
2M2

x

2
y

2+Q

2(y2�2y+2) and ✏
L

= Q

2

⌫

2 ✏ as given by

Eq. (16) of Ref. [1]. The last terms in Eqs. (4) and (6) for the case of a polarized electron
beam with � = ±1 depending on the electron spin are related with the single spin asymmetry
(SSA). Due to the absence of the interference with the Bethe-Heitler process, the SSA of the
meson electroproduction is a direct measure of any asymmetry within the hadronic tensor, i.e.,
H

µ⌫

6= H
⌫µ

.
In parallel to the Levi-Civita symbol ✏µ⌫↵�, we have recently introduced in Ref. [2] the back

bone of the Compton tensor defined by

dµ⌫↵� = gµ⌫g↵� � gµ↵g⌫�, (8)

which may be used to construct pieces of “DNA” for the virtual Compton scattering as well
as the meson electroproduction by contracting with the three basis four vectors such as q, P̄ =
P +P 0 and � = P �P 0 = q0 � q. The most general hadronic tensor structures obtained by our
“DNA” method in virtual Compton scattering o↵ the scalar target are in complete agreement
with the previous results by Metz [3] and further comparisons with other methods [4] and
results of general hadronic tensors for the nucleon target [5] are underway. In the present work
of the meson electroproduction o↵ the scalar target, we note that the hadronic current for the
pseudoscalar (0�+) meson production is governed by a single hadronic form factor defined by

Jµ

PS

= F
PS

✏µ⌫↵�q
⌫

P̄
↵

�
�

, (9)

while the hadronic current for the scalar (0++) meson production involves two hadronic form
factors given by

Jµ

S

= (S
q

q
↵

+ S
P̄

P̄
↵

)dµ⌫↵�q
�

�
⌫

, (10)

where the hadronic form factors F
PS

, S
q

and S
P̄

are dependent on the Lorentz invariant vari-
ables Q2, x and t = �2. Redefining the scalar hadronic form factors F1 and F2 for the later
convenience as

F1 = S
q

� S
P̄

,

F2 = S
P̄

, (11)

we get the hadronic current for the scalar (0++) meson production as

Jµ

S

= F1(q
2�µ � qµq ·�) + F2[(P̄ · q + q2)�µ � (P̄ µ + qµ)q ·�], (12)

which reduces to the usual electromagnetic current Jµ / (P + P 0)µ for the case of no meson
production, i.e. q0 = 0. The electromagnetic current conservation is assured of course both for
the electroproduction of pseudoscalar (0�+) and scalar (0++) mesons owing to q

µ

Jµ

PS

= 0 and
q
µ

Jµ

S

= 0, respectively.
For the pseudoscalar meson production case, we should note that the SSA term is zero

because, owing to the fact that only a single hadronic form factor occurs, the hadronic tensor

3
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several hadronic form factors are involved. The status of the data and phenomenology in the
generalized parton distribution (GPD) approach of deeply virtual meson production (DVMP)
on the nucleon has been reviewed in Ref. [6]. The GPD formulation has been applied to the
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formulation [11]. In clear distinction from the recent SSA measurement of DVCS o↵ 4He [12],
however, the meson electroproduction process discussed here doesn’t have any interference with
the Bethe-Heitler process. As far as a single hadronic form factor governs the hadronic current,
the SSA of the meson electroproduction should vanish in general regardless of the complexity
in the hadronic form factor. We thus note that the SSA of the coherent pseudoscalar (e.g.
⇡0) meson electroproduction o↵ the scalar target (e.g. the 4He nucleus) vanishes due to the
symmetry given by Eq. (14): i.e.,
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Moreover, in the TRF kinematics [1] defining the azimuthal angle � between the leptonic
plane and the hadronic plane taking the virtual photon direction as ẑ-direction, the hadronic
current for the pseudoscalar (0�+) meson production given by Eq. (9) yields H
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= 0 in Eq. (7).
Regardless of the electron beam polarization �, the di↵erential cross section for the pseudoscalar
meson (e.g. ⇡0) production is thus given by
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with the meson mass m and the lab angle ✓ for the meson production in the hadronic plane.
This provides the Rosenbluth type separation of the di↵erential cross section for the electropro-
duction of the pseudoscalar meson, from which the pseudoscalar meson form factor F

PS

(Q2, t, x)
may be extracted directly from the experimental data of the di↵erential cross section if available.
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Regardless of the electron beam polarization �, the di↵erential cross section for the pseudoscalar
meson (e.g. ⇡0) production is thus given by

d�PS = d�PS

T

+ d�PS

TT

✏ cos 2� = d�PS

T

(1� ✏ cos 2�), (16)

where

d�PS

T

= �d�PS

TT

= 
e4|F

PS

(Q2, t, x)|2 sin2 ✓

4M2x4(1� ✏)

�
4M2x2 +Q2

� ⇥
x2

�
t2 � 4m2M2

�
+Q4 + 2Q2tx

⇤
, (17)

with the meson mass m and the lab angle ✓ for the meson production in the hadronic plane.
This provides the Rosenbluth type separation of the di↵erential cross section for the electropro-
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may be extracted directly from the experimental data of the di↵erential cross section if available.
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Eq. (16) of Ref. [1]. The last terms in Eqs. (4) and (6) for the case of a polarized electron
beam with � = ±1 depending on the electron spin are related with the single spin asymmetry
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Equivalently general benchmark prediction 
is feasible to the reverse processes 
envisioned in JPARC experiments, e.g. 
π- + 4He ! 4H e+e-

Although the Hydrogen-4 is a highly 
unstable isotope, it may be still identifiable 
from its decay to tritium through neutron 
emission.  
If the lepton spin polarizations can be 
measured, then the prediction of the zero 
spin asymmetry of the lepton pair may be 
testable. 



Conclusion and Outlook 
•  The general formulation with the 

Rosenbluth-type separation of the 
differential cross section for the exclusive 
π0 production off 4He is provided. 

•  In particular, its BSA is predicted to be 
absent from the general symmetry ground 
and the data support this prediction. 

•  Equivalently general formulation is 
feasible for the reverse processes 
envisioned in JPARC experiments, e.g.  

   π- + 4He ! 4H e+e-


