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Exclusive DVCS 
& Associated Production

� Exclusive:  H(e,e’ 𝛾)p
� MX

2 = Mp
2

� Associated Production 
H(e,e’ 𝛾)Nπ
� MX

2 ≥ (Mp+mπ)2

� Modelling the 
associated 
production:
� Vary the exclusivity cut 

over a broader range, 
with greater precision

� Extract some inelastic 
physics
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Exclusive



Associated Production: H(e,e’𝛾)Nπ
� Incoherent sum 

� Sum over π+ and π0 final states
� Integration over pion decay angular distribution
� 𝑑𝜎~ 𝑀(𝑒𝑝 → 𝑒𝛾𝑝𝜋+ , + 𝑀(𝑒𝑝 → 𝑒𝛾𝑛𝜋/ ,

� Coherent sum  ABH + ADVCS
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ADVCS+ABH Theory
P.Guichon, L.Mossé, M.Vanderhaeghen, Phys Rev D 68 (2003) 034018

� (Nπ) s-wave near threshold
� Soft Pion Theorems (Chiral Perturbation Theory)
� Form factors and GPDs determined from (u,d) 

flavor separated Nucleon form factors and GPDs

� (Nπ) p-wave:   ‘Δ’ Resonance
� P33(1232MeV)    (Isospin=3/2, Spin=3/2)
� Use large Ncolor limit 
� NàΔ transition GPDs derived from Nucleon GPDs

� M.Polyakov & S.Stratmann hep-ph/0609045
� Deep Virtual H(e,e’πHard)NπSoft
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Associated BH

A Soft Pion Theorem Results for J
⌫

(q � q0) 5

where � is the azimuthal angle of the plane q ⌦ q0 relative to the plane k ⌦ k0.

Each amplitude in Eq. 14 is the coherent sum of Associated VCS and Associated Bethe-
Heitler terms:

T (ep ! e�N⇡+,0) = TVCS + TBH. (16)

The individual terms have the general forms

TVCS = (±e)3✏0
µ

(�, q)†Hµ⌫(M2
X

)
1

Q2
u(k0, h0)�

⌫

u(k, h) (17)

and

TBH = e3J
⌫

(M2
X

)
1

��2
u(k0, h0)



� · ✏0(�, q)†� · (k0 + q0) +m
e

2k0 · q0 �⌫

+�⌫

� · (k � q0) +m
e
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�

u(k, h) (18)

In the present model, the matrix elements Hµ⌫ and J
⌫

in Eq.s 17 and 18, respectively, are
each the coherent sum of s-wave and p-wave ⇡N terms.

III. BETHE-HEITLER AMPLITUDE

The nucleon current in the BH amplitude is

J
⌫

(M2
X

) =
D

N(p0, �0)⇡
�

�

�

Ĵ
⌫

(q � q0)
�

�

�

p(p, �)
E

(19)

This current will be described as the sum of the soft-pion and �-resonance amplitudes.

A. Soft Pion Theorem Results for J

⌫

(q � q

0)

The electromagnetic current for the reaction �N ! N⇡, in the soft-pion limit is (Eq. 65
of [1]):

D
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(q � q0)
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�

�
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= T a

⌫,Born(p
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p(p, �)
E

+O(k
⇡

).

(20)
The variables a, b 2 1, 2, 3 are Cartesian isospin labels. The Born term is

T a

⌫,Born(p
0|p) = i

g
A

(0)

f
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⇡
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], [p])
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⇡

])
� · (p� k
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) +M

�2p · k
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� · k
⇡

�5⌧
a

�

U(p, �) (21)
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• Nπ Threshold (cPT)

• TBorn ~ 𝐹1,,
3,4 −𝑡𝛾

• J5    ~  𝐹7(−𝑡𝛾)
• Δ-Resonance: è Dominated by GM

Δ(-t) ≈  3 GD(–t)
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FIG. 1. Frame-dependence of the on-shell momentum transfer (Eq. 26). All curves are calculated
for ADVCS kinematics k = 8.8 GeV, Q2 = 3.0 GeV2, xBj = 0.36, and M

X

= 1.078 GeV. The three
sets of curves are calculated at t

�

= �2 = �0.313, �0.359, and � 0.475 GeV2. All curves are
calculated in the p0 + k

⇡

= P

X

rest-frame. The curves are plotted as a function of cos ✓
⇡

defined
in this rest-frame by � · k

⇡

= |�||k
⇡

| cos ✓
⇡

. In the k

⇡

rest frame, the three curves at fixed �2

would be identical, and equal to the invariant t(p0, p) = (p0 � p)2.

B. Bethe-Heitler amplitude for the N⇡ p-wave

The BH amplitude of the N ! � transition is given by Eq. 90 of [1]:

h(N⇡)� |J⌫ | pi = �I f⇡N�

m
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(P
X

)
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(��2)(�K)�⌫
�

U(p, �)

(29)

The isospin factor is

I(p ! p⇡0) =
2

3
, I(p ! n⇡+) = �

p
2

3
(30)

The mass-dependent width of the �-resonance is modeled by the on-shell value �(M� =
1.232 GeV) = 0.120 GeV times a p-wave N⇡ phase-space factor:

��(MX

) = ��(M�)



k⇤
⇡

(M
X

)

k⇤
⇡

(M�)

�3
M�

M
X

. (31)

𝑡𝛾	
  = (q-q’)2 = Δ2



Associated DVCS

� (Nπ) Threshold:
� Nucleon GPDs: 𝐻3,4 𝑥, 𝜉, 𝑡 ,	
  	
  𝐸3,4, 	
  𝐻>3,4, 	
  𝐸?3,4
� Isovector GPDs:  𝐻@ 𝑥, 𝜉, 𝑡 − 𝐻A 𝑥, 𝜉, 𝑡 , …
� Compton Form Factors

� P33 Resonance:  Dominant terms are
� 𝐻BC 𝑥, 𝜉, 𝑡 → ,

D�
𝐸@ 𝑥, 𝜉, 𝑡 − 𝐸A 𝑥, 𝜉, 𝑡

� 𝐶1C 𝑥, 𝜉, 𝑡 → 3� 𝐻>@ 𝑥, 𝜉, 𝑡 − 𝐻>A 𝑥, 𝜉, 𝑡
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Model results for Photo-Production

� Guichon, Mossé, 
Vanderhaegen apply 
their hadronic 
current model to 
photo-production
� ≈ “calibrates” BH 

Cross section
� π+ dominates 

threshold region.
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Analogously, the matrix element of the axial vector op-
erator for the !*N→!" transition followed by "→#N de-
cay, is modified from Eq. $82% to

! #N"&
f

Q f
2S f
5$x , ñ %"N#

"

!"I
f#N"

m#
k#

' ū$p!%
i$!•p"#W %

W2"M"
2#iW("$W %

$$g')"
1
3 !'!)"

1
3W *!'$p"%)"!)$p"%'+

"
2
3W2 $p"%'$p"%)%16!3

2,C1$x ,- ,"2%ñ)

#•••.u$p %, $89%

where we again indicated only the leading transition propor-
tional to the GPD C1.
Finally, in order to calculate the !*p→!#N process, we

also need to specify the BH process of Eq. $7% associated
with the N→" transition. The corresponding " contribution
to the matrix element J/ entering in Eq. $7% is given by

0#N& j/$0 %&N1"!"I
f #N"

m#
k#

' ū$p!%
i$!•p"#W %

W2"M"
2#iW("$W %

$$g')"
1
3 !'!)"

1
3W *!'$p"%)

"!)$p"%'+"
2
3W2 $p"%'$p"%)% ,GM* $"2%

$$"KM %)/#GE*$"2%$"KE%)/

#GC*$"2%$"KC%)/.u$p %, $90%

in terms of the same vector N→" transition form factors
GM ,E ,C* as discussed before. The isospin factor I is the same
as specified following Eq. $87%.

VII. RESULTS

In the absence of available data for the !*p→!#N pro-
cess, we can get an idea of the accuracy of our estimates by
comparing the pion production amplitudes of Eqs. $65%, $90%,
which enter in the Bethe-Heitler process, with the pion
photo- and electroproduction cross sections. We are inter-
ested here in the region of not too large "t!%1 GeV2, cor-
responding to the virtuality of the photon in the Bethe-
Heitler process. In this kinematical range, a large amount of
pion photo- and electroproduction data exist to compare
with. In particular, the pion photoproduction cross section
!p→#N $proportional to the cross section of the associated
Bethe-Heitler process for t!→0) is given by

' d2

d3 (
c .m .

!
1

W#N
2 $8#%2

&k!#*&

E!
c .m .

1
4 &

2
&
2!

&
4!&1

)e5/$q ,4%

$0#N& j/$0 %&N1 )2, $91%

where E!
c .m . is the photon c.m. energy, 5/(q ,4) is the photon

polarization vector, W#N is the #N c.m. energy, and j/ is the
electromagnetic current operator. We show the results of the
different model contributions discussed above to the pion
photoproduction total cross sections in Fig. 9. As can be seen
from Fig. 9, our estimates consisting of a soft pion produc-
tion amplitude supplemented by a " resonance production
mechanism reproduce the cross sections on the lower energy
side of the "(1232) resonance. Around the resonance posi-
tion, our simple model overestimates the cross sections by
about 10%; that is mainly due to rescattering contributions,
which can be included by a proper unitarization of the am-
plitude, which we did not perform in our simple estimate. At
the higher energy side of the "(1232) resonance, the present
model somewhat overestimates the data. In addition to the
unitarization, this is due to the increasingly important role of
the t-channel exchanges of 6 and 7 vector mesons in the
nonresonant part of the amplitude. It is known that these
vector meson exchanges yield a destructive interference on
the higher energy side of the "(1232) resonance. Since our
objective here is not to present a phenomenological model
for pion photoproduction, able to precisely describe the
available data, but to provide an estimate for the associated
DVCS process, we do not include a proper unitarization or
vector meson exchanges as one is not able at this point to
model the corresponding contributions for the ADVCS pro-
cess. Therefore the quality of the description shown in Fig. 9
is indicative of the quality of our corresponding estimates for
the ADVCS process, which are performed along the same
lines, i.e., using the sum of a nonresonant soft pion produc-
tion amplitude and a "(1232) resonance production ampli-
tude as outlined above.

FIG. 9. Total pion photoproduction cross sections for the differ-
ent model contributions considered in this paper. Dashed curves:
commutator contribution. Dash-dotted curves: commutator#Born
contributions. Dotted curves: " contribution. Solid curves:
commutator#Born#" contributions. The data are from Ref. *36+
$diamonds%, Ref. *37+ $circles%, and Ref. *38+ $triangles%.
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Program
� Detailed notes from PRD68 paper:

� https://hallaweb.jlab.org/dvcslog/12+GeV/414

� Simulation code in development
� Event Generator with resolution and radiation tail 

completed by Hashir R.
� Skeleton of code (C.H.) implementing Dirac 

algebra with qft++ classes of M. Williams.

� Keep only dominant terms, apply global 
normalizations ABH, ADVCS amplitudes to fit 
near threshold inclusive data.

� Apply to 2010 data and 12 GeV data  
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