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• Form Factors


• Local - non -
Forward Matrix 
Elements


• Spacial Distribution

Elastic Scattering

3D Picture of a Proton

• Parton Distributions 


• Non local - Forward 
Matrix Elements


• (Longitudinal) Momentum 
Distributions 

Deep Inelastic Scattering

• Generalized Parton Distributions 
(GPD)


• Non local - Non -Forward Matrix 
Elements


•  Relates spacial and momentum 
distributions


• Can shed light on quark orbital 
angular momentum

Hard Exclusive Scattering
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DVCS at Hall A
▸ 3 Generation of Experiments so far 

▸ 2004 (Gen 1) 

▸ Scaling : (Q2 dependence of GPD’s/Angular Harmonics) 

▸ 𝝌b=0.36,  Q2 = 1.5, 1.9, 2.3 GeV2 

▸ First measurement of DVCS Cross Section (5 Thesis and 4 peer 
reviewed papers) 

▸ 2010 (Gen 2) 

▸ Rosenbluth like separation of Pure DVCS and Interference using  
beam energy dependence  

▸ 𝝌b=0.36, Q2 = 1.5, 1.75, 2.0 GeV2  

▸ Electron Beam 5.5 and 4.5 GeV 

▸ 3 Thesis, 2 publication in PRL, 1 in Nature Communications
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E1206-114 : DVCS3
ACQUIRED0.36   0.48  0.60

~50% of the approved PAC Days
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DVCS in Hall A - Goal

6

• Timeline:
• E00-110/E03-106 (2004) : first round of dedicated experiments (Q² dependence study)
• E07-007/E08-025 (2010) : second round of dedicated experiments (Q² dependence study + beam 

energy dependence)
• E12-06-114 (2014 - 2016) : ~50% PAC days completed

• E12-06-114 goals :
• Scaling test : Wider Q² scans at 

fixed xB (larger Q² lever arm than in 
2010 & several values of xB)

• Separation of Re and Im parts of 
DVCS cross-section amplitude

100 PAC days (88 + 12 calibration)

PROPOSED

Goal : Scaling Test



DVCS3 Installation in Hall A
A Bethe-Heitler Amplitude 2

I. THE EXCLUSIVE AND ASSOCIATED BETHE-HEITLER PROCESSES

Our goal in DVCS experiments is to extract the ep → epγ cross section from a measure-
ment of the H(e, e′γ)X reaction. The experiment necessarily integrated the missing mass
squared M2

X = (P + k − k′ − q′)2 up to, and slightly beyond, the Nπ threshold. Even if
an experimental cut is made at M2

X ≤ (M + mπ)2, resolution effects can contaminate the
exclusive sample with events of the type

e + p −→ e + γ + Nπ (1)

As a first estimate of the cross section of reaction 1, we can use the Bethe-Heitler contribution
alone, in which the photon is radiated by either the initial or final electron. In this case, the
hadronic current is the same current that is measured in the ep → eNπ reaction.

The general formalism for both the exclusive ep → eγp and associated-production ep →
eγNπ reactions is described by P. Guichon, et al., [1]. They model the inelastic hadronic
matrix elements with two components. Near threshold, they use soft pion theorems to relate
the associated BH and VCS amplitudes to elastic form factors and Generalized Parton
Distributions (GPDs), respectively. Up to two pion threshold, they add a model of the
∆-resonance.

A. Bethe-Heitler Amplitude

The Bethe-Heitler amplitude is written as:

TBH =
−e3

(q − q′)2
⟨f | Ĵν |i⟩u(k′)

[

γ · ϵ†f
1

γ · (k′ + q′) − m
γν + γν 1

γ · (k − q′) − m
γ · ϵ†f

]

u(k)

(2)
This expression is in Lorentz-Heaviside units, with

α =
e2

4π
=

1

137.0 . . .
(3)

The spinors are normalized to u(k)u(k) = 2m. For the elastic channel, the electromagnetic
current has the form:

⟨f | Ĵν |i⟩ = U(P ′)

[

F p
1 (−∆2)γν + iF p

2 (−∆2)
σνα∆α

2M

]

U(P ) (4)

with ∆α = (P ′ − P )α and

σνα =
i

2
[γν , γα] . (5)

The hadronic current for the associated BH amplitude will be discussed in later sections.
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Counting the numbers:
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⟨f | Ĵν |i⟩u(k′)

[

γ · ϵ†f
1

γ · (k′ + q′) − m
γν + γν 1

γ · (k − q′) − m
γ · ϵ†f

]

u(k)

(2)
This expression is in Lorentz-Heaviside units, with

α =
e2

4π
=

1

137.0 . . .
(3)

The spinors are normalized to u(k)u(k) = 2m. For the elastic channel, the electromagnetic
current has the form:
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Exclusive DVCS Associated DVCS
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DVCS - BH Interference

The two-dimensional metric g
?

µ⌫
= gµ⌫ � nµn

⇤

⌫
� n

⇤

µ
n⌫ is defined in terms of two light-like vectors

n and n
⇤, such that n

2 = n
⇤2 = 0 and n · n⇤ = 1. The o↵-forward matrix element of this operator

is parametrized via four GPDs [37] (see [38, 39] for an earlier discussion)

G
T

µ⌫
(x, ⇠, �2) ⌘ 4(P · n)�1

Z
d

2⇡
eix(P ·n)hP2|GOT

µ⌫
(,�)|P1i (19)

=
⌧
?

µ⌫;↵�

2M
�↵Ū(P2)

(

HT (x, ⇠, �2)
q�

P · q i��� + fHT (x, ⇠, �2)
��

2M2

+ET (x, ⇠, �2)
1

2M

 
� · q
P · q�� � ⌘ ��

!

� eET (x, ⇠, �2)
��

2M

)

U(P1) ,

The traceless symmetric projector ⌧
? in Eq. (19) possesses the properties

⌧
?

µ⌫;⇢�
⌧
?

µ⌫;⇢0�0 = ⌧
?

⇢�;⇢0�0 , ⌧
?

µ⌫;⇢�
= ⌧

?

⇢�;µ⌫
, ⌧

?

µµ;⇢�
= 0 , ⌧

?

µ⌫;µ⌫
= 2 .

A simple calculation of one-loop diagrams [38, 39] gives us the following result for the real final-

state photon DVCS amplitude

Tµ⌫ =
↵s

2⇡
TF

X

i=u,d,s

Z 1

�1
dx C

(+)
(0)i(x, ⇠) G

T

µ⌫
(x, ⇠, �2) , (20)

with TF = 1/2 and the coe�cient function C
(+)
i(0) defined in Eq. (11). Substituting Eq. (19) into the

above expression gives the amplitude, which we will use in our computation of the cross section.

We define the CFFs similarly to Eqs. (9) via

n
HT , ET , fHT , eET

o
(⇠) =

↵s

2⇡
TF

X

i=u,d,s

Z 1

�1
dxC

(+)
(0)i(⇠, x)

n
HT , ET , fHT , eET

o
(x, ⇠) . (21)

Below we will use unifying conventions for these CFFs, i.e., FT = {HT , . . . , eET}.

4 Angular dependence of the cross section

Now we are in a position to turn to physical observables, which give direct access to GPDs in a

measurement of the five-fold cross section for the process e(k)h(P1) ! e(k0)h(P2)�(q2),

d�

dxBdyd|�2|d�d'
=

↵
3
xBy

16 ⇡2 Q2
p

1 + ✏2

����
T
e3

����
2

. (22)

This cross section depends on the Bjorken variable xB, the squared momentum transfer �2 =

(P2 � P1)2, the lepton energy fraction y = P1 · q1/P1 · k, with q1 = k � k
0, and, in general, two

azimuthal angles. We use throughout our presentation the convention

✏ ⌘ 2xB
M

Q .
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φz

x

y

k

k ’k ’

q

q

P

1

2

22

TTSS ϕ

φ

Figure 1: The kinematics of the leptoproduction in the target rest frame. The z-direction is

chosen counter-along the three-momentum of the incoming virtual photon. The lepton three-

momenta form the lepton scattering plane, while the recoiled proton and outgoing real photon

define the hadron scattering plane. In this reference system the azimuthal angle of the scattered

lepton is �l = 0, while the azimuthal angle between the lepton plane and the recoiled proton

momentum is �N = �. When the hadron is transversely polarized (in this reference frame)

S? = (0, cos �, sin �, 0), the angle between the polarization vector and the scattered hadron is

denoted as ' = �� �N .

In Eq. (22), � = �N � �l is the angle between the lepton and hadron scattering planes and

' = � � �N is the di↵erence of the azimuthal angle � of the transverse part of the nucleon

polarization vector S, i.e., S? = (0, cos�, sin �, 0), and the azimuthal angle �N of the recoiled

hadron. Our frame is rotated with respect to the laboratory one in such a way that the virtual

photon four-momentum has no transverse components, see Fig. 1. We fix our kinematics by

choosing the z-component of the virtual photon momentum to be negative and the positive x-

component of the incoming lepton: k = (E, E sin ✓l, 0, E cos ✓l), q1 = (q0
1, 0, 0,�|q3

1|). Other

vectors are P1 = (M, 0, 0, 0) and P2 = (E2, |P 2| cos � sin ✓N , |P 2| sin� sin ✓N , |P 2| cos ✓N ). The

longitudinal part of the polarization vector is SLP = (0, 0, 0, ⇤).

The amplitude T is the sum of the DVCS TDVCS and Bethe-Heitler (BH) TBH amplitudes. The

latter one is real (to the lowest order in the QED fine structure constant) and is parametrized in

terms of electromagnetic form factors, which we assume to be known from other measurements.

The azimuthal angular dependence of each of the three terms in

T 2 = |TBH|2 + |TDVCS|2 + I , (23)

9QED : Known

From Cross Section to GPD’s

!7 Compton Form FactorsCn, Sn



From Numbers to cross section

Use a fit method to extract the parameters and 
reconstruct the cross section by minimizing  

dσ = dσBH + ∑
j∈CFFtermscj

Kj(E, Q2, χB, t, ϕγγ, ϕe) × cj(t)

Kinematic

Parameter

χ2 =
Nbin

∑
k=1 (

Nexp
k − Nsim

k

σk )
2

!8

For each setting in (XB, Q2), define 24 bins in ɸ𝛾𝛾 and ~5 bins in t (t-tmin) 

Nsim
k = ℒ ∑

j∈CFFtermscj

cj(k) × ∫k
Kj(E, Q2, xBj, t, ϕe, ϕγγ)

Assumption : cj(k) is constant over the phase-space within bin

Simulated events Vs Fitted Events : Frederic Georges

Cj ∈ {CT
n , ST

n T = DVCS, BH, ℐ; n = 0...3}
Compton Form Factors

Extracted cross sections are independent of choice of 
fit parameter



Preliminary DVCS Cross Sections 
- Frederic Georges

5 t-bins total, 
Also Q2 =3.2 and 4.5

d4σ =
d4 σ + d4 σ

2
= |TBH |2 + |TDVCS |2 + ℜ(𝒯) Δ4σ =

d4 σ − d4 σ
2

= ℑ(𝒯)
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Preliminary Helicity Independent cross section for 
XB = 0.60 and Q2 = 8.4 GeV2 in all t bins (also Q2=5) 

Preliminary

Frederic Georges!10



Preliminary Helicity Dependent cross section for 
XB = 0.60 and Q2 = 8.4 GeV2 in all t bins (also Q2=5) 

Preliminary

Frederic Georges!11



Q2 Dependence (Scaling) - Twist 2 Im(CFF)

Frederic Georges!12

Preliminary

Previous Hall A Experiment

XB = 0.36 ; <t> = -0.35 GeV2

XB = 0.48 ; <t> = -0.47 GeV2

XB = 0.60 ; <t> = -1.06 GeV2

2 Postponed Kinematics

Cross Section 
Dependence ~ sin (ϕ)

XB = 0.36 ; <t> = -0.27 GeV2



π0 Cross Section - Mongi Dlamini
d5σ

dQ2dχBdtdϕedϕπ
= Γ

dσ2

dtdϕ

 (deg.)φ
0 50 100 150 200 250 300 350

)2
 (n

b/
G

eV
dtσd

0

20

40

60

80

100

120

140

160

180

200

220

2 - t = 0.167000 GeVmin=0.36, tB, x2 = 3.15 GeV2 = 7.36 GeV, QBE

Same Electron Selection, But look for 
2 photons in the DVCS Calorimeter 
corresponding to a pion signature

Similar Extraction Method to DVCS 

PreliminaryExtracted for XB = 0.36 and Q2 = 3.1 GeV2, 
3.7 GeV2, 4.5 GeV2 

!13



Extracted Structure Function 𝜎T + ϵ𝜎L

Mongi Dlamini!14

GK Dominated by d𝜎T - twist 3 
transversely GPD  

Strong Q2 dependence



Extracted Structure Function 𝜎TT

Mongi Dlamini!15



Extracted Structure Function 𝜎LT

Mongi Dlamini!16



Systematics and Corrections

Uncertainty Value (%)
CFF parametrization 1.0
Beam Polarization 1.0 (2.2)

Luminosity and Deadtime 1.6
HRS Electron ID * 0.5
HRS Multi Track * 0.5

HRS Acceptance (R-Function) * 1.0
Virtual Radiative Corrections * 2.0

Total (Helicity Independent) 3.0
Total (Helicity Dependent) 3.2 (3.7)

* Estimated from E00-110

Preliminary

Trigger Efficiency 99%

Beam Polarization 86%

Dead Time 2%-3% Correction
Spectrometer 

Tracking 4%-7% Correction

Calorimeter Multi 
Cluster

0.5% - 2% 
Correction

!17



Summary and Future
• Preliminary results on DVCS and π0 Cross Section - 2 Thesis 


• 4 PhD students currently finalizing analyses


• Including Normalization Studies


• Updated Optics for Fall 2016, DIS Cross section is now within 4% of world data, 
down  from ≤15% variation before.


• Investigating a couple of leads for Spring 2016 DIS cross-section variation 
(Trigger labelling, detuned optics)


• Draft publications for summer 2019

Jeopardy 50 PAC Days + New Hall C


See : NPS Update, Charles Hyde, Hall C 
Collaboration Meeting

!18



Thank You



Calibration updates…
• Updated Optics for Fall 2016 - Bishnu Karki 


•  DIS Cross section is now within 4% of world data, down  from 
≤15% variation before.


• Investigating a couple of leads for Spring 2016 DIS cross-
section variation (Trigger labelling, detuned optics)


• Dead time correction - S. Ali


• Updated R-Function for Spring 2016 data - A. Johnson


• Raster Correction update for Fall 2014 - H. Rashad


• Updated Scattering chamber geometry for Geant4 simulation - Bill 
Henry !20



GPD’s in Experiments - DVCS
γ*P → γP

ξ ∼
χb

2 − χb

Long Range 
Perturbative

Short Range  
Non-Perturbative 

(Parametrized by GPD’s)

Factorization 

GPD’s appears via Compton Form Factors (Complex Integrals)

Q2 = − q2 = 2EE′�(1 − cosθ)

ν = E − E′ � = q2/2M

χb =
Q2

2P . q
=

Q2

2Mν

eP → ePγ

!21



Properties of GPD’s

Hq(x,0,0) = q(x)

H̃q(x,0,0) = Δq(x)

Connection to PDF’s Connection to Form Factors

∫
1

−1
dxHq(x, ξ, t) = Fq

1 (t)

∫
1

−1
dxEq(x, ξ, t) = Fq

2 (t)

∫
1

−1
dxH̃q(x, ξ, t) = Gq

A(t)

∫
1

−1
dxẼq(x, ξ, t) = Gq

P(t)
Jq =

1
2 ∫

1

−1
dxx[Hq(x, ξ,0) + Eq(x, ξ,0)]

Connection to Total angular Momentum

Jq =
ΔΣ
2

+ Lq

Spin

Orbital

!22



Higher Twist

Higher Order Gluon GPD’s

Higher Order and Higher Twist

!23



Q2 Dependency…

Gluon Contribution (?)

Twist 2 - Re(CFF)

Twist 3 - CFF

Small, but non-zero

Preliminary

Frederic Georges

Preliminary

Preliminary

Preliminary

!24


