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On wide-angle photo- and electroproduction of pions to twist-3 accuracy
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The wide-angle photo- and electroproduction of pions is investigated within the handbag mechanism in which theγ(∗)N → πN ′ amplitudes
factorize into subprocess amplitudes,γ(∗)q → πq′, and form factors representing1/x-moments of generalized parton distributions (GPDs).
The subprocess is calculated to twist-3 accuracy taking into account both the 2- and 3-body Fock components of the pion. The cross-sections
are compared to experiment and spin-effects are discussed.
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1. Introduction

The hard exclusive processes are successfully described by
the handbag mechanism in which only one quark from the
incoming nucleon and one from the outgoing nucleon partic-
ipate in the hard subprocess while all other partons are spec-
tators. In particular, it was applied to the Compton scattering
γ(∗)N → γN , the simplest probe of the nucleon structure, as
well as, to the meson electroproductionγ(∗)N → MN ′. The
prerequisite of this approach is the existence of at least one
large scale in the process enabling the use of the perturba-
tive expansion in the strong coupling constant, as well as, the
twist expansion. Two kinematical regions were extensively
investigated in the past. The deeply virtual (DV) region is
characterized by the large virtualityQ2 of the incoming pho-
ton and a small momentum transfer(−t) from the incoming
to the outgoing nucleon. In the wide-angle (WA) region(−t)
is large, as well as(−u) ands, whileQ2 is smaller than(−t)
(Q2 = 0 in the case of photoproduction). The all order proofs
of factorization exist for DV Compton scattering (DVCS) [1]
and DV meson production (DVMP) [2]. The process am-
plitudes factorize in hard perturbatively calculable subpro-
cess amplitudes and generalized parton distributions (GPDs)
which encapsulate the soft hadron-parton transitions,i.e., and
the hadron structure. In contrast, for WA processes the gen-
eral factorization proofs are still missing but it was shown that
the factorization holds to next-to-leading order in the strong
coupling for WA Compton scaterring (WACS) [3, 4] and to
leading-order for WA meson production (WAMP) [5]. In
these cases it was argued that in the symmetric frame where
skewness is zero the process amplitudes can be represented
as a product of subprocess amplitudes and form factors that
represent1/x moments of GPDs at zero-skewness.

Both DVCS and WACS were widely investigated in the
last decades and the handbag factorization achieved a good
description of the experimental data. But for the DV pion
production the experimental data indicate the importance
of the transversely polarized virtual photons [6–9] and the
need to go beyond the leading twist-2 calculation since only

the longitudinally polarized photons contribute to the latter.
The twist-3 calculation with transversity GPDs was proposed
and the calculation including twist-3 2-body pion Fock com-
ponent achieved already the successful agreement with the
data [10]. Similarly, the experimental data for photoproduc-
tion [11–13] show that the the twist-2 contributions for WA
pion production [5] are not sufficient. In contrast to DVMP,
it was found that the twist-3 contribution to pion photopro-
duction vanishes in often used Windzura-Wilczek approxi-
mation, i.e., when just twist-3 2-body pion Fock components
are considered [14]. Both 2- and 3-body twist-3 Fock com-
ponents ofπ0 were considered in [15] and the results were
successfully fitted to CLAS data [11]. We report here on ex-
tension of this work to the twist-3 prediction forP = π±, π0

WA photo- and electroproduction [16].

2. Application of handbag mechanism

The helicity amplitudesMP
ν,κ′,µ,κ for γ(∗)(µ)N(κ) →

P (ν)N ′(κ′) process,i.e., the (electro)production of the pseu-
doscalar mesonP , in the WA angle region can be expressed
as
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wherem is a nucleon mass.
The soft form factors,RP

i andSP
i (FP

i ), represent spe-
cific flavor combinations of1/x-moments of zero-skewness
GPDs (Ka

i )
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FIGURE 1. Generic diagrams corresponding to the 2- and 3-body
subprocess amplitudes.
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i (x, t) , (2)

wherex is the average momentum fraction of an active quark
anda is its flavour. The form factorsRP

V , RP
A andRP

T are
related to the helicity non-flip GPDsH, H̃ andE, respec-
tively. TheS-type form factors,SP

T , S̄P
T andSP

S are related
to the helicity-flip or transversity GPDsHT , ĒT and H̃T ,
respectively.i

The amplitudesHµ,λ,ν,λ′ correspond to the subprocesses
γ(∗)(µ)q(λ) → P (ν)q′(λ′). and they are calculated using
handbag diagrams as the ones depicted on Fig. 1. The me-
sonP with momentumq′ is replaced by an appropriate 2- or
3-body Fock state. The 2-body projectorπ → qq̄ [17] given
by

PP
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− i
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]}
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, (3)

contributes to the subprocess amplitudes corresponding to the
diagrams depicted on Fig. 1a). The quark (antiquark) longi-
tudinal momentum fraction is denoted byτ (τ̄ ), andkT repre-
sents its intrinsic transverse momentum. The first term in (3)
corresponds to the twist-2 part, while the twist-3 part is pro-
portional to the chiral condensateµπ = m2

π/(mu +md) ∼= 2
GeV (at the factorization scaleµF = 2 GeV). This parameter
is large and although the twist-3 cross section for pion elec-
troproduction is suppressed byµ2

π/Q2 as compared to twist-2
cross section, for the range ofQ2 accessible in current exper-
iments the suppression factor is of order unity.ii The 3-body
π → qq̄g projector [15]

PP
3 ∼ f3π(µF )

i

g
γ5 σµνq′µgνρ

⊥
φ3π(τa, τb, τg, µF )

τg
, (4)

contributes to the subprocesses amplitudes corresponding to
Fig. 1b). The pion constituents are taken to be collinear to the

pion andτi denote their longitudinal momentum fractions.
The helicity non-flip amplitudesH0λ,µ,λ′ are generated by
twist-2, while the helicity flip onesH0−λ,µ,λ′ are of twist-3
origin.

Similarly to GPDs, the pion distribution amplitudes
(DAs) φ encode the long distance effects and thus the pion
structure. In addition to twist-2 DAφπ there are two 2-
body twist-3 DAs,φπp andφπσ, and 3-body twist-3 DAφ3π.
Twist-3 DAs are connected by equations of motion (EOMs)

τφπp(τ) +
τ

6
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3
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where

φEOM
π2 (τ) = 2
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Using EOMs and DA symmetry properties the twist-3 sub-
process amplitudes can be expressed in terms of just two
twist-3 DAs and 2- and 3-body contributions can be com-
bined. Moreover, EOMs lead to the inhomogeneous linear
first order differential equation which from known 3-body
DA φ3π [18] fixesφπp (andφπσ). We note that in the deriva-
tion of qq̄g projector and EOMs the same gauge has to be
used for the constituent gluon, and we have consistently used
the light-cone gauge.

For meson electroproduction both transverse and longi-
tudinal photons contribute to twist-2 subprocess amplitudes.
As expected in photoproduction limit (Q2 = 0) the longitu-
dinal contribution vanishes, while in DVMP limit (t → 0)
only the longitudinal photons contribute. The twist-3 con-
tributions both for transverse and longitudinal photons have
general structure

HP,tw3 = HP,tw3,qq̄ +HP,tw3,qq̄g

=
(HP,φπp+HP,φEOM

π2
)
+

(HP,qq̄g,CF

︸ ︷︷ ︸+HP,qq̄g,CG
)

= HP,φπp + HP,φ3π,CF +HP,φ3π,CG . (6)

The twist-3 2-body contributionHP,tw3,qq̄ is proportional
to CF colour factor, while twist-3 3-body contribution has
CF and CG proportional parts. TheCG part is separately
gauge invariant, while forCF contributions only the sum of
2- and 3-body parts is gauge invariant (with respect to the
choice of photon or virtual gluon gauge). We have used
EOMs to obtain that sum, as well as, the complete twist-
3 contribution expressed through just two twist-3 DAs,φ3π

andφπp. The twist-3 subprocess amplitude for longitudinal
photons vanishes both forQ → 0 andt → 0, i.e, for pho-
toproduction and DVMP. One finds that for photoproduction
HP,φπp = 0 [15]. For DVMPHP,φEOM

π2 = 0, and although
for t 6= 0 one finds no end-point singularities, in this limit
one has to deal with end-point singularities inHP,φπp [10].
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FIGURES 2, 3. 2.- Photoproduction. 3.- The cross section forπ0

photoproduction. The solid (dotted) curve represents the full (twist
2) result. The dashed curve is obtained with the amplitudes taken
at the fixed renormalization and factorization scaleµR = µF = 1
GeV. Data taken CLAS [11] (open circles) and from SLAC [12]
(the latter provided ats = 10.3 GeV2).

3. Numerical results

For details on the form of the pion DAs, GPDs and param-
eters used to obtain the numerical results as well as the ex-
plicit expressions derived for the subprocess amplitudes we
refer to [16]. The form factors related to both helicity non-
flip and transversity GPDs and only two independent pion
DAs (twist-2 pion DAφπ and twist-3 3-body pion DAφ3π)
remain as soft physics input. The latter are accompanied by
decay constantsfπ andf3π.

We comment here on few selected results. In Ref. [15] the
cross-section forπ0 photoproduction has been fitted to [11]
data. The results are displayed in Fig. 3.

As it was already noted in Ref. [5], one can see from
Fig. 3 that twist-2 prediction lies well beyond the data. But
by including the twist-3 contributions one obtains reasonable
agreement with the experiment. Twist-3 is more important
in backward hemisphere (θ is c.m.s. scattering angle). The
twist-2 and twist-3 cross sections scale ass−7 ands−8, re-
spectively. Our results have effectives−9 scaling which is a
bit too strong. As an attempt to modify this the fixed renor-
malization and factorization scales were tested. In Ref. [16]
such an analysis was extended toπ+ andπ− for which only
few experimental data are available [12, 13], The similar be-
haviour of photoproduction cross-sections was found.

For pion electroproduction there are four partial cross
sections: dσL/dt, dσT /dt, dσLT /dt, and dσTT /dt. In
Ref. [16] the theoretical predictions were given and impor-
tance of the measurement was stressed. In the context of ob-
taining new information about transverse GPDs we note that
both forσL andσLT there is no twist-2 and twist-3 interfer-
ence. Given that the form factorRP

A contributing to twist-2
part is not unknown at large(−t), one could thus obtain the

FIGURE 4. Results for the helicity correlation parametersALL and
KLL for π+ andπ− photoproduction.

information on theST form factor and gain knowledge on
HT GPD. Furthermore,σTT that is suppressed for DVMP
could be used in WA limit to obtain the information onSS

and thus on completely unknown transversity GPDH̃T .
As often the spin-dependent observables offer additional

insight which is less sensitive to particular parameters. For
meson photoproduction the most interesting are the corre-
lations of the helicities of the photon and that of either the
incoming or the outgoing nucleon,i.e., ALL andKLL, re-
spectively. It can be shown that

AP,tw2
LL = KP,tw2

LL ,

AP,tw3
LL = −KP,tw3

LL , (7)

and so the measurement ofALL andKLL offers characteris-
tic signature for dominance of twist-2 or twist-3. This is simi-
lar to the role that the comparison ofσT andσL has in DVMP.
From Fig. 4 it is clear that our numerical results suggest the
dominance of twist-3 for largeθ, while twist-2 increases in
the forward direction.

4. Conclusions

In this work we have summarized the recent application of the
handbag factorization to WA photo- and electroproduction of
pions [16]. In contrast to WACS, but like DVMP, the leading
twist-2 analysis which involves helicity non-flip GPDs fails
for WA photoproduction by order of magnitude. We have ob-
tained the twist-3 prediction for WAMP which includes both
2- and 3-body twist-3 Fock components of the pions. The
π0 photoproduction was fitted to the data [15] Interesting he-
licity correlations show that twist-3 dominates forπ0 chan-
nel, and mostly forπ±, while in latter case twist-2 matters
in forward hemisphere. Different combinations of form fac-
tors along with available data should allow to extract the form
factors and to learn about large−t behaviour of transversity
GPDs important for parton tomography. The application to
other pseudoscalar mesons [19] is straightforward.
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i. The GPDsẼ andẼT and their associated form factors decou-
ple at zero skewness.

ii. Twist-3 effects can also be generated by twist-3 GPDs. How-
ever, these are expected to be small and therefore neglected.
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