
Physics From Deep Virtual 
Exclusive Data

Charles Hyde



A few starting thoughts

• Our analysis methods could probably be improved
• Most experiments analyzed by binning data, and then fitting 

distributions
• Possibilities to use Maximum Likelihood methods on un-binned 

data
• Very computationally intensive
• Opportunities for AI/ML?
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Radiative Corrections

• Higher order in 𝛼!"# ≈ 1/137
• Not small!  Parametrically 

!!"#
"

ln 𝑄#/𝑚$
# ~0.1

• Radiation of soft photons
• Virtual photon loop coupling across (e,e’) vertex
•  Vacuum polarization: e+e– loop in virtual photon propagator

• Must be incorporated into experimental analysis
• More on DVCS Radiative Corrections later.
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Electroproduction
• “Trento Convention” for 𝜙%

• A. Bacchetta, et al., Phys.Rev.D70, 117504 (2004).
• (e,e’h)X 

• D. Drechsel and L. Tiator, J. Phys. G 18, 449 (1992).
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• 𝑑Γ = “Virtual Photon Flux” L. N. Hand, Phys. Rev. 129, 1834 (1963).

• Vector Meson Production : K.Schillilng, G.Wolf, Nucl.Phys.B 61 (1973) 381-413
• Analyze the decay angular distribution e.g. 𝛟 → K+ K–

• Extract polarization density matrix of phi-meson (about 28 terms!)
• R4_00 term:  LàL polarizationè d𝜎L
• QCD factorization predicts dominance of d𝜎L over d𝜎T for light mesons
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Vector Meson Electroproduction

•  K.Schillilng, G.Wolf, Nucl.Phys.B 61 (1973) 381-413
• Example: two-body decay of vector-meson production 𝑒, 𝑒!𝜙 → 𝐾"𝐾#

• Analyze the decay angular distribution e.g. 𝛟 → K+ K– or 𝜌 → 𝜋&𝜋'
• Extract polarization density matrix of vector-meson

• Decay angular distribution of Wigner d-functions of J =0,1,2 è 20 structure 
functions!
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Exclusive Vector Meson Production at HERA

9/20/24 C.Hyde Femtography 6

• Summary talk from Diffraction2004 
A. Levy / Nuclear Physics B (Proc. 
Suppl.)  146 (2005) 92–101, 
arXiv:0501008

• Ratio grows slower than Q2

• Factorization of 𝜎L and 𝜎T can be 
considered separately
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Exclusive Vector Meson Production at HERA

G.Wolf https://arxiv.org/abs/0907.1217
• Naïve interpretation: 

Slope parameter represents convolution of `meson 
size’ with nucleon size

• Meson ‘size’ ~ 1/ 𝑄, + 𝑀-
,

• Nucleon size ~ intrinsic
• HERA data mostly interpreted in the 𝑞<𝑞 dipole picture, 

rather than GPDs
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Deep Virtual 𝜋0 and 𝜂 
Production

• Naïve QCD Factorization, asymptotic behavior: 
• d𝜎L ~1/Q6,  
• d𝜎T ~ 1/Q8

• Initial Hall A / CLAS experiments suggested d𝜎T dominant at Q2 ≤ 2 GeV2

• S. Ahmad, G. R. Goldstein and S. Liuti, Phys. Rev. D 79, 054014 (2009)
• Helicity flips via 𝜎./ 	operator at 𝜋0 and N verticesànominally suppressed by Λ,/𝑄,

• S. V. Goloskokov and P. Kroll, Eur.Phys.J.A 47, 112 (2011),
• “Generalized Perturbative Approach”, account for “finite-size” of meson vertex

• Chiral Symmetry breaking leads to strong helicity flip pseudo-scalar distribution 
amplitude (DA): 𝑞-𝑞 → 𝜋(, 𝜂
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We report measurements of the exclusive neutral pion electroproduction cross section off protons at large
values of xB (0.36, 0.48, and 0.60) and Q2 (3.1 to 8.4 GeV2) obtained from Jefferson Lab Hall A
experiment E12-06-014. The corresponding structure functions dσT=dtþ ϵdσL=dt, dσTT=dt, dσLT=dt,
and dσLT 0=dt are extracted as a function of the proton momentum transfer t − tmin. The results suggest the
amplitude for transversely polarized virtual photons continues to dominate the cross section throughout this
kinematic range. The data are well described by calculations based on transversity generalized parton
distributions coupled to a helicity flip distribution amplitude of the pion, thus providing a unique way to
probe the structure of the nucleon.

DOI: 10.1103/PhysRevLett.127.152301

Generalized parton distributions (GPDs) [1–3] describe
the three-dimensional structure of the nucleon by correlat-
ing the transverse position and the longitudinal momentum
of the quarks and gluons inside of it. GPDs are accessible
through deep exclusive processes, such as deeply virtual
compton scattering (DVCS) and deeply virtual meson
production (DVMP). For the latter, collinear factorization
theorems [4] applied to longitudinally polarized virtual
photons only (not to the transversely polarized ones)
establish that the DVMP amplitude factorizes at large
Q2 into a hard perturbative part and a soft component
described by the GPDs of the nucleon. Figure 1 shows the
leading mechanism of the π0 electroproduction reaction
and defines the kinematic variables of the process. There

are four chiral-even GPDs ðH;E; H̃; ẼÞ that define the
quark helicity-conserving amplitudes and four chiral-odd
(transversity) GPDs ðHT; ET; H̃T; ẼTÞ that define the quark

FIG. 1. Leading twist diagram representing the pseudoscalar
DVMP to the γγ channel. The net four-momentum transferred to
the proton is t, whose minimum value tmin occurs when the π0

meson is emitted parallel to the virtual photon. The average light
cone momentum fraction carried by the struck parton is x with
−2ξ the light cone momentum transfer.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.
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Hall-A Rosenbluth Separation: 
H(e,e’𝜋0)p
• M.Defurne, et al., PRL 117, 262001 (2016)

• 𝑥) = 0.36, Q2 = 1.5, 1.75, 2.0 GeV2

9/20/24 C.Hyde Femtography 10lowest t0 ¼ tmin − t bin, as a function of ϕ. The cross
section is almost independent of ϵ, indicating that most of
the signal is coming from its transversely polarized
component.
The uncertainties of the Rosenbluth separated ðdσL=dtÞ

and ðdσT=dtÞ are amplified by the limited lever arm in ϵ
and the small ratio ðdσL=dtÞ=ðdσT=dtÞ. Once the normali-
zation uncertainty is propagated, σL is found to be
compatible with zero, as seen in Fig. 4. However, the
interference cross section ðdσTL=dtÞ is nonzero, which
means that ðdσL=dtÞ, though small, is not negligible.
The fact that ðdσT=dtÞ ≫ ðdσL=dtÞ shows that this kin-
ematic regime is still far from the asymptotic prediction of
perturbative QCD. These results are compared to previous
unseparated measurements at similar kinematics from
the Hall A [12] (Q2 ¼ 1.9 GeV2, xB ¼ 0.36) and CLAS
[13,14] (Q2¼2.2GeV2, xB¼0.33) Collaborations. Results
are compatible within uncertainties, but the region of direct
kinematic overlap is limited to our highest Q2 setting.
Several models are also shown in Fig. 4. The leading-twist
chiral-even GPD Vanderhaeghen-Guichon-Guidal (VGG)
model [2] predicts a very small longitudinal cross section,
compatible with our results. Two models, incorporating
both the chiral-even and chiral-odd GPDs, are also shown
in Fig. 4 [16,25]. In these models, leading-twist chiral-odd
(transversity) GPDs of the nucleon are coupled to a twist-3
DA of the pion, and singularities that otherwise prevent
collinear factorization in the case of transversely polarized
virtual photons are regularized by the transverse momen-
tum k⊥ of the quarks and antiquarks making up the meson.
These models are in good agreement with our results for
both ðdσT=dtÞ and ðdσL=dtÞ within the experimental
uncertainties. However, they predict the opposite sign for
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FIG. 3. 2πðd2σ=dtdϕÞ for Q2 ¼ 1.5 (triangles), 1.75 (squares),
and 2 GeV2 (circles) at xB ¼ 0.36 and tmin − t ¼ 0.025 GeV2.
The cross sections extracted at low (high) ϵ are shown in open
(solid) symbols [and dashed (solid) lines].

FIG. 4. dσT (full circles), dσL (open circles), dσTL (triangles),
and dσTT (squares) as a function of tmin − t for Q2 ¼ 1.5 (left),
1.75 (center), and 2 GeV2 (right) at xB ¼ 0.36. The full
lines are predictions from Ref. [16] and the long-dashed
lines from Ref. [25]. The short-dashed line show the VGG
model [2] for dσL. Solid boxes around the points show
normalization systematic uncertainties; for dσL and dσT ,
these uncertainties are strongly anticorrelated. Previous
unseparated measurements (σU ¼ σT þ ϵσL) at similar,
but not equal, kinematics are also shown and described in
the text.
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Transversity GPDs

• Light cone matrix elements of 𝜎@A
• Tensor charge is a `macroscopic’ 

property of the nucleon 
• S. Ahmad, G. R. Goldstein and S. Liuti, 

Phys. Rev. D 79, 054014 (2009)

• Combined analysis of 𝜋0 d𝜎T, p & n è
• 𝑥) = 0.36, Q2 = 1.75  GeV2

• Systematic errors can be reduced with 
inclusion of CLAS 𝜂 data
• Resolve signs of GPDT
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for ĒT. The constraints on ĒT are mainly taken from lattice
QCD calculations [31].
In conclusion, we have separated the four unpolarized

structure functions of π0 electroproduction off the neutron at
Q2¼1.75GeV2 and xB¼0.36 in the t0 range ½0; 0.2# GeV2.
Similar measurements are obtained for coherent π0 electro-
production off the deuteron at xB ¼ 0.18. The latter are
found to be very small and according to theoretical expect-
ations. Neutron results show a dominance of the transverse
response confirming the transversity GPD approach for the
description of this process. By combining neutron and
proton results, we have performed the first flavor decom-
position of the u and d quark contributions to the cross
section. Additional information from η meson electropro-
duction will soon help constraint the relative phase between
the u and d quark contributions.
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natives and P2IO Laboratory of Excellence. Jefferson
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Deep Virtual 𝜂

• I.Bedlinsky et al [CLAS] 
Phys.Rev.C 95 (2017) 3, 
035202
• 6 GeV cross sections
• Curves from GK (𝑑𝜎* ≫ 𝑑𝜎+)

• 𝑑𝜎00 ≫ 𝑑𝜎10
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EXCLUSIVE η ELECTROPRODUCTION AT W > 2 GeV . . . PHYSICAL REVIEW C 95, 035202 (2017)
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Q2. For each given xB and Q2 we fit this structure function
with an exponential function:

dσU

dt
= AeBt .

Figure 15 shows the slope parameter B as a function of
xB for different values of Q2. The data appear to exhibit a
decrease in slope parameter with increasing xB . However, the
Q2 − xB correlation in the CLAS acceptance (see Fig. 4) does
not permit one to make a definite conclusion about the Q2

dependencies of the slope parameter for fixed xB . What one
can say is that, at high Q2 and high xB , the slope parameter
appears to be smaller than for the lowest values of these
variables. The B parameter in the exponential determines the
width of the transverse momentum distribution of the emerging
protons, which, by a Fourier transform, is inversely related to
the transverse size of the interaction region. From the point

of view of the handbag picture, it is inversely related to the
mean transverse radius of the separation between the active
quark and the center of momentum of the spectators (see
Ref. [28]). Thus the data imply that the separation is larger
at the lowest xB and Q2 and becomes smaller for increasing
xB and Q2, as it must. This is consistent with the results for
π0 electroproduction [6].

XII. COMPARISONS WITH THEORETICAL
HANDBAG MODELS

Figure 13 shows the experimental structure functions for
bins of Q2 and xB . The results of the GPD-based model of
Goloskokov and Kroll [8] are superimposed in Fig. 13. From
these plots we conclude that the GPD-based theoretical model
generally describes the CLAS data in the kinematical region of
this experiment, although there are systematic discrepancies.
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Comparison of 
Deep 𝜋0 and 𝜂 

• I.Bedlinsky et al [CLAS] Phys.Rev.C 95 
(2017) 3, 035202

• Curves of Goloskokov & 
Kroll qualitatively accurate
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12 GeV: Hall A 𝜋0
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Hall C data in analysis
• Rosenbluth separations
• H, D targets
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12 GeV: CLAS 𝜋0  BSA
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In progress: 
• Full cross section
• Eta-production
• H, D targets…
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Exclusive 𝜋0 : COMPASS

• 𝑄C  = 2.0 GeV2

• 𝑥D = 0.093
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DVCS: What do we measure?

• Cross sections and asymmetries
• Linked to CFFs, not GPDs
• Very complicated structure of cross section
• Need polarization observables to extract CFFs

• Azimuthal distribution analyzes polarization of virtual photon
• Longitudinal and transverse polarized targets

• Longitudinal is hard
• Transverse is extremely hard (except at EIC!)

• Only existing data are from HERMES
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DVCS Analysis Techniques
• Monte Carlo simulation of the full DVCS amplitude à cross section 

and/or Asymmetries.  Adjust model to fit data.
• Mostly used only when allows restriction to just one GPD

• Hglue for HERA
• Isoscalar H for coherent 4He

• Simplistic Fourier analysis (recommended by Kumericki & Mueller)
• Works well in domains where BH is weak

• Fit semi-empirical forms
• BSA = 𝛼 sin𝜙/ 1 + 𝛽 cos𝜙

• Monte Carlo simulation of the structure of DVCS observables (perhaps 
neglecting a few “kinematically suppressed” terms

Also need to include ”radiative effects”

9/20/24 C.Hyde Femtography 18



“BMK” 

• A.Belitsky, D.Mueller, 
PhysRev D 82, 
074010 (2010)
• Kinematic factors
• Bilinear CFF terms
• Linear CFF terms 

times elastic FF
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Formulae from Belitsky Mueller:
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Real & Imaginary part of [DVCS*BH] Interference
• A careful examination of the kinematic pre-factors of the |BH|2, 

Re[DVCS*BH] and |DVCS|2 show they contain different powers of 
s=(k+P)^2.
• Im[DVCS*BH] interference from spin-dependent cross sections 

d𝜎(+) – d𝜎(–), since BH is real
• Two methods for separation of the Re[DVCS*BH] from |DVCS|^2 

• Beam charge difference HERMES, HERA, COMPASS
• Beam energy-dependence “Generalized Rosenbluth Separation”:  

• M.Defurne, et al [Hall A], Nature Commun. 8 (2017) 1, 1408 
• 2023-2024 Hall C “Neutral Particle Spectrometer (NPS)” data
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A first test of factorization at large xB

• C.Muñoz Camacho, 
et al. [Hall A], PRL 
97:262002
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• Some ambiguities in 
how to extract 
Re[DVCS*BH]+|BH|2

• Q2-independence of the imaginary  part of the  interference
•Dominance of Twist-2 (GPD)
• « VGG » model correct to 30%

=
hCDVCS+Re[CI]

hCDVCS-Re[CI+DCI]



Separation of Re[DVCS*BH] 
and |DVCS|2 
• M.Defurne, et al [Hall A], Nature 

Commun. 8 (2017) 1, 1408 
• 2 beam energies, 3 Q2 values at 

x=0.36. “6 GeV”
• Analyzed d𝜎 results in BMP 

helicity frame (q,q’)
• Data preferred inclusion of either 

Gluon transversity: helicity flip 
GPD (HT) or NLO (𝑞-𝑞𝑔) amplitude

9/20/24 C.Hyde Femtography 22
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Hall A 12 GeV DVCS
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• Analyzed full energy, Q2, 𝜙, beam helicity  
dependence
• Helicity conserving terms e.g. ℋEE shown, 

error bands include effects of ℋFE  and ℋGE 

correlating the transverse spatial and longitudinal momen-
tum distributions of quarks and gluons inside the proton,
leading to a sum rule for the separate contributions of quarks
and gluons to the spin of the proton [1].
The ep scattering kinematics in the Bjorken limit define

a preferred longitudinal axis (up to ambiguities of order
t=Q2). Light cone momenta P! ¼ ðP0 ! PzÞ=

ffiffiffi
2

p
and light

cone helicities of the external particles are defined with
respect to this axis. The variables x! ξ are the light cone
momentum fractions of the initial and final active quark.
The variable ξ is kinematic: ξ ≈ xB=ð2 − xBÞ, whereas x is
integrated from −1 to 1 as a consequence of the implied
quark loop. The experimental ep → epγ scattering ampli-
tude is the coherent sum of the Compton amplitude and the
Bethe-Heitler (BH) amplitude, wherein the real photon is
emitted by the incoming or the scattered electron, as
illustrated in Fig. 1.
In this analysis of the Jefferson Lab Hall A experiment

E12-06-114, we follow the Braun-Manashov-Müller-
Pirnay (BMMP) formalism [6], wherein the longitudinal
axis is defined in an event-by-event frame in which the
three vectors q and q0 are colinear. More generally, the light
cone is defined by null vectors q0 and q − q0=ð1 − t=Q2Þ. In
this reference frame, the leading four Compton amplitudes
conserve the light cone helicity of the photons. The proton
helicity dependence of the Compton amplitude is expressed
through the definition of four chiral-even Compton form
factors (CFFs) (Hþþ, H̃þþ, Eþþ, Ẽþþ), which are con-
volution integrals of the four corresponding GPDs. Each
CFF is associated with a unique nucleon-spinor matrix
element of, e.g., γþ; γþγ5;….
The reduction of the twelve Compton amplitudes to just

four amplitudes, as first described in [3] is a profound
simplification. Nonetheless in the range of Q2 and xB
currently accessible, the remaining eight chiral-odd photon
helicity-flip Compton amplitudes, while small, cannot be
completely neglected.
The HERMES Collaboration performed extensive mea-

surements of single- and double-spin DVCS asymmetries

[7–9]. The H1 [10] and ZEUS [11] Collaborations mea-
sured the DVCS cross section over a broad range ofQ2 and
W2 at low xB. The Jefferson Lab CLAS Collaboration has
measured DVCS beam spin asymmetries and cross sections
[12–14] and longitudinally polarized target asymmetries
[15–17]. Recent experimental studies on DVCS show that
the contributions of the chiral-even GPDs dominate the
DVCS amplitude already at Q2 values as low as 1.5 GeV2

[13,18,19]. However, dynamic terms involving a photon
helicity flip are not negligible, even though they are
nominally suppressed by powers of ðt;M2Þ=Q2 [20].
This Letter reports the results of experiment E12-06-114,

which ran in Hall A at Jefferson Lab in the fall of 2014 and
in 2016. Concurrent data on ep → epπ0 were published in
[21], which also includes additional experimental and
analysis details. Table I shows the nine kinematic settings
in Q2 and xB at which the DVCS cross sections were
measured. For each setting, the data are binned in t and the
azimuth ϕ of the detected photon q0 around the direction of
q, as defined by the “Trento convention” [22].
The longitudinally polarized electron beam impinged on

a 15-cm liquid hydrogen target. The beam current was
adjusted between 5 and 15 μA, depending on the kinematic
setting, in order to maintain dead time below 5%. The Hall
A Møller polarimeter measured an averaged beam polari-
zation of 86! 1%. The Hðe⃗; e0γÞX reaction was the main
trigger of the data acquisition system. The scattered
electron was detected by a coincidence signal between
the scintillators and the Cerenkov detector of the left high-
resolution spectrometer (HRS) [23]. The electron identi-
fication was further refined off-line by the use of a Pb-glass
calorimeter in the HRS. The outgoing photon was detected
by a dedicated highly segmented PbF2 electromagnetic
calorimeter. The analog signal from each of the 208
calorimeter channels was recorded over 128 ns by
1 GHz digitizing electronics based on the analog ring
sampler (ARS) chip [24,25]. Following an HRS electron
trigger (level 1), calorimeter signal sampling was stopped.
Waveform digitization was validated by a level-2 trigger

TABLE I. Main kinematic variables for each of the nine ðQ2; xBÞ settings where the DVCS cross section is reported. Eb is the incident
electron energy, Eγ and −tmin correspond to a final state photon emitted parallel to q ¼ k − k0 at the nominal Q2, xB values listed. For
each setting, the cross section is measured as a function of t (3 to 5 bins depending on the setting) and in 24 bins in ϕ. The accumulated
charge, corrected by the acquisition dead time, is listed in the row labeled

R
Qdt. The last row of the table indicates the number of

statistically independent measurements (bins) for each xB setting, including helicity dependence.

Setting Kin-36-1 Kin-36-2 Kin-36-3 Kin-48-1 Kin-48-2 Kin-48-3 Kin-48-4 Kin-60-1 Kin-60-3

xB 0.36 0.48 0.60
Eb (GeV) 7.38 8.52 10.59 4.49 8.85 8.85 10.99 8.52 10.59
Q2 (GeV2) 3.20 3.60 4.47 2.70 4.37 5.33 6.90 5.54 8.40
Eγ (GeV) 4.7 5.2 6.5 2.8 4.7 5.7 7.5 4.6 7.1
−tmin (GeV2) 0.16 0.17 0.17 0.32 0.34 0.35 0.36 0.66 0.70R
Qdt (C) 1.2 1.7 1.3 2.2 2.2 3.7 5.7 6.4 18.5

Number of data bins 672 912 480

PHYSICAL REVIEW LETTERS 128, 252002 (2022)
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applying similar multidimensional cuts (R cuts, [26]) on
both the experimental and simulated data.
Deep inelastic scattering data were taken simultaneously

to the main DVCS data using an ancillary trigger for all
kinematic settings, which allowed a monitor of the scat-
tered electron detection efficiency and acceptance [21]. The
total systematic uncertainty of the DVCS cross-section
measurements includes the uncertainty on the electron
detection and acceptance, the luminosity evaluation, the
uncertainty on the photon detection, and the exclusivity.
Radiative corrections are included in the analysis based on
calculations of [27] and using the procedure described in
detail in [21].
Figure 3 shows a sample of the cross section measured at

each of the xB settings. See Supplemental Material [28] for
the full set of data. The azimuthal dependence of the cross
section is fit using the BMMP formalism [6], and the
contribution from the BH-DVCS interference and DVCS2

contributions are shown along with the BH cross section.
The BMMP calculation includes kinematic power correc-
tions ∼t=Q2 and ∼M2=Q2 that were proven to be important
at these kinematics [20]. The cross section is expressed as a
function of helicity-conserving CFFs (Hþþ, H̃þþ, Eþþ,
and Ẽþþ), longitudinal-to-transverse helicity-flip CFFs
(H0þ, H̃0þ, E0þ, and Ẽ0þ), and transverse helicity-flip
CFFs (H−þ, H̃−þ, E−þ, and Ẽ−þ). For each GPD label, the
subscripts λ, λ0 refer to the light cone helicity of the initial
(virtual) and final (real) photon, respectively. In this
formalism, the light cone is defined by linear combinations
of qμ and q0μ. Our whole dataset has been fitted using this
complete and consistent scheme, with the real and imagi-
nary part of all these CFFs being the free parameters (a total
of 24) of the fit. All kinematics bins inQ2 and ϕ at constant
ðxB; tÞ are fitted simultaneously, however possible QCD
evolution of the CFFs as functions of Q2 is not considered.
While the number of fit parameters is large, the high

accuracy of the data allows to simultaneously extract all the
helicity-conserving CFFs with good statistical uncertain-
ties. Figure 4 shows the real and imaginary part of all four
helicity-conserving CFFs as a function of xB averaged over
t. These results represent the first complete extraction of all
helicity-conserving CFFs appearing in the DVCS cross
section, including the poorly known Eþþ and Ẽþþ. The
state-of-the-art GPD parametrization KM15 [29] that
reproduces worldwide DVCS data show a reasonable
agreement but fail to describe Eþþ and Ẽþþ accurately.
As first demonstrated in [20] and described theoretically

in [30], the measurement of the DVCS cross section at two
or more values of the ep center-of-mass energy

ffiffiffi
s

p

provides statistically significant separation of the real
and imaginary parts of the BH-DVCS interference term
as well as the DVCS2 contribution in the cross sections for
polarized electrons. A new analysis [31] of all previous
JLab DVCS data followed a similar procedure, and

obtained flavor-separated Compton form factors, after
inclusion of our recent neutron DVCS data [32]. In the
present analysis, realistic error bands on the chiral-evenCFFs
are obtained by explicit inclusion of higher-order terms (e.g.,
H0þ, H−þ, etc.) in the cross section fit, with these terms
primarily constrained by inclusion of higher Fourier terms in
the azimuthal variableϕ. Although the extracted values of the
helicity-flip CFFs are largely statistically consistent with
zero, the statistical correlations between all of the CFF values
at fixed xB are essential to obtaining realistic experimental
uncertainties. Figure 5 illustrates for setting xB ¼ 0.60 the
values of CFFs as a function of t obtained when the fit
includes only the helicity-conserving CFFs (red points)
and when both helicity-conserving and helicity-flip CFFs
are included (black points). One can see that fitting only
helicity-conserving CFFs significantly underestimates their
uncertainties.
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FIG. 4. Values of the helicity-conserving CFFs, averaged over t,
as a function of xB. Bars around the points indicate statistical
uncertainty and boxes show the total systematic uncertainty. The
fit results of previous data [19] at xB ¼ 0.36 are displayed with
the open markers. The average t values are −0.281 GeV2 [19]
and −0.345, −0.702, −1.050 GeV2 at xB ¼ 0.36, 0.48, 0.60,
respectively. The solid lines show the KM15 model [29].

PHYSICAL REVIEW LETTERS 128, 252002 (2022)

252002-5



CLAS proton DVCS
• H.Jo et al. (CLAS Collaboration), Phys. 

Rev. Lett.115, 212003 (2015).
• Extraction of Re,Im[H] (also fitting #𝐻)
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CLAS Longitudinally 
polarized NH3 target
• E.Seder et al. [CLAS] 

Phys.Rev.Lett. 114 (2015) 3, 
032001
• Extensive measurements, 

primary sensitivity to Im 1ℋ
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CLAS 
Longitudinally 
polarized target

• E.Seder et al. [CLAS] Phys.Rev.Lett. 114 
(2015) 3, 032001

• Amplitude of sin𝜙 term of target single-spin 
asymmetry
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FIG. 3. (Color online) Target-spin asymmetry (AUL) for
DVCS/BH events plotted as a function of � for each three-
dimensional bin in Q2-xB (rows) and �t (columns - the bin
limits are shown on the top axis). The shaded bands are
the systematic uncertainties. The thin black line is the fit to
AUL with the function ↵ sin�

1+� cos� (for all bins but those marked

with (⇤), which were fitted with ↵ sin� due to the limited �
coverage). The dashed/red lines are the predictions of the
VGG model [18].

suggests that the axial charge (linked to =mH̃) is more
concentrated in the center of the nucleon than the elec-
tric charge (linked to =mH), confirming what was first
observed in [17]. This is in agreement with the behavior
as a function of Q2 of the axial form factor, which is the
first moment in x of eH, and which was measured in ⇡

+

electroproduction experiments on the proton as well as in
neutrino-nucleon scattering [19]. Our result adds to this
the extra information on the longitudinal momentum of
the partons.

The sixth panel of Fig. 4 shows our comparison of AUL

with the previous world data from HERMES [13] and
CLAS [12]: here our data were integrated over Q2-xB , as
there is no overlap between our 5 bin centers and the cen-
tral kinematics of the other datasets, and were fitted for
9 intervals in �t with the function ↵ sin�+� sin 2� to be
consistent with the fits employed for the other data. Our
results, in agreement with the previous ones, improve the
existing statistics by more than a factor of 5 in the �t

region up to ⇠ 0.4 (GeV/c)2, and extend the �t range
up to 1.6 (GeV/c)2.

In panels 1-5 of Fig. 4 predictions from four GPD-

FIG. 4. (Color online) First five plots: �t dependence of the
sin� amplitude of AUL for each Q2-xB bin. The shaded bands
represent the systematic uncertainties. The curves show the
predictions of four GPD models: i) VGG [18] (red-dashed),
ii) GK [20] (black-dotted), KMM12 [21] (blue-thick solid),
GGL [22] (black-solid). Bottom right plot: comparison of the
sin� amplitude of AUL as a function of �t for the results of
this work (black dots) integrated over all Q2 and xB values
(hQ2i = 2.4 (GeV/c)2, hxBi = 0.31), the HERMES results
[13] (green squares) at hQ2i = 2.459 (GeV/c)2, hxBi = 0.096,
and the previously published CLAS results [12] (pink trian-
gles), at hQ2i = 1.82 (GeV/c)2, hxBi = 0.28.

based models, listed in the caption, are included. Both
the VGG and GK models are based on double distri-
butions [2, 23] to parametrize the (x, ⇠) dependence of
the GPDs, and on Regge phenomenology for their t

dependence. The main di↵erences between these two
models are in the parametrization of the high-t part of
the electromagnetic form factors and in the fact that
the parameters of the GK model are tuned using low-
xB deeply-virtual meson production data from HERA.
KMM12 is a hybrid model designed for global fitting, in
which sea-quark GPDs are represented as infinite sums
of t-channel exchanges; valence quarks are modeled in
terms of these GPDs on the line ⇠ = x. The parameters
of KMM12 were fixed using polarized- and unpolarized-
proton DVCS data from HERMES [13, 24]. The kine-
matic range of applicability of this model is defined by the

relation �t <
Q2

4 . The GGL model provides a diquark-
model inspired parametrization of the GPDs that in-
corporates Regge behavior for the t dependence. The
GGL model parameters were obtained by fitting both
DIS structure functions and the recent flavor-separated
nucleon form factor data [25].
While the VGG and GK models are in fair agreement



First CLAS12 proton DVCS results

• G.Christiaens et al. [CLAS], Phys. Rev. Lett. 130 
(2023) 211902
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Neutron DVCS: An old, provocative Plot

• M.Mazouz Phys.Rev.Lett. 
99 (2007) 242501
• Fit model of E GPD to one 

(𝜉,Q2) data point.
• Integrate the model over x.
• HERMES data was 

transversely polarized p
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Neutron DVCS
• M.Benali, et al. [Hall A], 

Nature Phys. 16 (2020) 2, 191
• Combined D,H analysis 

xB = 0.36
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DVCS at HERA

• Next three slides are 
from review by G. Wolf 
arXiv 0907.1217
• This slide, GPD model of 

Freund
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DVCS at HERA

• t-dependence
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DVCS at HERA

• The DVCS cross section as a 
function of the scaling variable
 𝜏 = !,

!-
, H

,	for W = 82 GeV and 
Q2 = 8, 15.5, 25 GeV2 (top), and for 
W = 40,80,100 GeV, Q2 = 10 GeV2 
(bottom), as measured by H1. 
• The dashed curve shows the 

prediction of the dipole model
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Gluon Radius of Proton?
DVCS

Phys.Lett.B 793 (2019) 188-194 
arXiv:1802.02739
• COMPASS, HERA t-slope of 

H(x/2,x/2,t) at small-x
• Smaller than charge radius

• 0.84 fm
• Evidence for low-x growth 

~log(1/x)?
• Gribov diffusion
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~50% of gluon momentum sum-rule is at x>0.1
How are these gluons distributed radially?

https://arxiv.org/abs/1802.02739


Model Fits: DVCS
R. Akhunzyanov et al. 
[COMPASS], Phys.Lett.B 793 
(2019) 188-194 
arXiv:1802.02739
• COMPASS, HERA t-slope of 

H(x/2,x/2,t) at small-x
• Kumericki Mueller (KM)
• Goloskokov Kroll 
• What do these models do at 

high-x?
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Conclusions

• There is now a large data base of 1000s of DVCS measurements
• Cross sections
• Single and double spin asymmetries

• Local and Global Fits enable separations of Compton Form 
Factors (CFFs), including flavor separations.
• Global fits can also test assumptions of factorization, NLO 

contributions and Higher Twist (both kinematic & dynamic)
• A great deal of Jlab 12 GeV data is on tape, in various stages of 

analysis and publication, and more data planned.
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Epilogue
Radiative Corrections
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Radiative Corrections to BH & DVCS
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• M. Vanderhaeghen, et al., Phys Rev C 62, 025501 (2000)
• I.Akushevich and A. Ilyich, Phys Rev D 85, 053008 (2012)
• A. Afanasev, I. Akushevich, et al, Phys Rev D 66 (2002) (EXCLURAD)

• Figures that follow are from M.V. PRC 62



Virtual Radiative 
Corrections
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FIG. 2. First order virtual photon radiative corrections to the ep→ epγ reaction.
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Vertex, Self-Energy, 
Vacuum-Polarization 
corrections to BH
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Virtual Radiative 
Corrections
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Intrinsically different for BH & VCS

Self-Energy, Unique to BH

Vacuum-Polarization
BH: 1/[1+ P(t)] 
VCS: 1/[1+ P(Q2)]
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FIG. 2. First order virtual photon radiative corrections to the ep→ epγ reaction.
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Real Radiative 
Corrections

9/20/24 C.Hyde Femtography 43

(b1i)

q’

(b2i)

q’

(b1f)

q’

(b2f)

q’

q’
(b4) (b5)

q’

(b3i)

q’

(b3f)

q’

FIG. 3. First order soft photon emission contributions to the ep→ epγ reaction.

59

BH

VCS

Factorize in soft limit
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Simulation and data 
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Correction to measured cross section to obtain 
“Born” cross section does not factorize

• Model dependent calculation.
• Hall A analysis uses P.Guichon code with old factorized GPD model

• Final correction is relatively insensitive to specific DVCS kinematics in 
JLab range.
• ~10% effect
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