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Scaling Tests of the Cross Section for Deeply Virtual Compton Scattering
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We present the first measurements of ép — ep~y cross section in the deep virtual Compton scatter-
ing (DVCS) regime and the valence quark region (zpj = 0.36). From JLab E00-110, we extract the
imaginary part of the Bethe-Heitler (BH)-DVCS interference terms, to order twist-3 for Q? = 1.5,
1.9, and 2.3 GeV?, and the real part of the BH-DVCS interference terms at Q? = 2.3 GeV?. We
present the first model-independent measurement of linear combinations of generalized parton distri-
butions (GPDs) and GPD integrals up to twist-3 approximation. The validity of this approximation
is strongly supported by the absence of Q-variation of the extracted terms — thereby constraining
the size of higher twist contributions to our observables.

PACS numbers: 13.60.Fz, 13.40.Gp, 14.20.Dh, 13.60.Hb

Understanding nucleon structure is a primary goal of
nuclear physics today. Measurements of electro-weak
form factors determine nucleon spatial structure, and
deep inelastic scattering (DIS) of leptons off the nucleon
measures parton distribution functions, which determine
longitudinal momentum distributions. The demonstra-
tion by Ji [f], Radyushkin [ll], and Miller et al. [f], of
a formalism to relate the spatial and momentum distri-
butions of the partons allows the exciting possibility of
determining spatial distributions of quarks and gluons

in the nucleon as a function of the parton wavelength.
These new structure functions, now called generalized
parton distributions (GPD), became of experimental in-
terest when it was shown [ll] that they are accessible
through deep virtual Compton scattering (DVCS) and its
interference with the Bethe-Heitler (BH) process (Fig. ).
Fig. @l presents our kinematic nomenclature. DVCS is de-
fined kinematically by the limit —t < @? and Q2 much
larger than the quark confinement scale.

The factorization proofs [, Hl] confirmed the connec-
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FIG. 1: Lowest-order QED diagrams for the process ep —

epv, including the DVCS and Bethe-Heitler (BH) amplitudes.
The external momentum four-vectors are defined on the di-
agram. The virtual photon momenta are ¢ = k — k' in the
DVCS- and A = ¢ — ¢ in the BH-amplitudes. The invariants
are: W? = (q+p)*, @ = —¢° > 0, t = A? xp; = Q% /(2p-q),
and the DVCS scaling variable ¢ = —¢°/(g-P) & 5;/(2—25j),
with g = (¢+¢')/2and P =p+p'.

Kin & 9. @ wy O, W (0
(GeV/c) (°) (GeV?) (°)  (GeV) (GeV/c)
1 3.53 15.6 1.5 036 —22.3 19 2.14
2 2.94 19.3 1.9 0.36 —18.3 2.0 2.73
3 2.34 23.8 2.3 0.36 —14.8 2.2 3.33

TABLE [: Experimental ep — epvy kinematics, for incident
beam energy E = 5.75 GeV. §, is the central value of the
q-vector direction. The PbF, calorimeter was centered on 64
for each setting. The photon energy for q' || q is denoted

q'(0°).

tion between DVCS and DIS. Diehl et al. [[] showed
that the twist-2 and twist-3 contributions in the DVCS-
BH interference terms (the first two leading orders in
a 1/\/@ expansion) could be extracted independently
from the azimuthal-dependence of the helicity-dependent
cross section. Burkardt [[l] showed that the t-dependence
of the GPDs is the Fourier conjugate to the transverse
spatial distribution of quarks in the infinite momentum
frame as a function of momentum fraction. Diehl [] and
Belitsky et al. [H] extended this interpretation to the gen-
eral case of skewness £ # 0.

These elegant theoretical concepts stimulated an in-
tense experimental effort in DVCS. The H1 [ILf, [LY] and
ZEUS [L7] collaborations at HERA measured the cross
section for zpj ~ 2¢& & 1073. The HERMES collabo-
ration measured relative beam-helicity [ILZ] and beam-
charge asymmetries [Ld, [LA]. Relative beam-helicity [IL4]
and longitudinal target [ILI] asymmetries were also mea-
sured at the Thomas Jefferson National Accelerator Fa-
cility (JLab) by the CLAS collaboration.

We initiated E00-110 in Hall A at JLab to obtain cross
section measurements with good control of exclusivity to
test the hypothesis of twist-2 dominance in the kinemat-
ics accessible with 6 GeV electrons. We report here the
measurement, of the cross section of the ép — epy re-
action for positive and negative electron helicity in the
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FIG. 2:  Experimental configuration for the DVCS experi-
ment in JLab Hall A. Electrons scattered from the liquid Hs
target are detected in the HRS-L.. Photons are detected in the
PbF: calorimeter. A sample of protons are detected in the
scintillator array.

kinematics of Table | Fig. ll illustrates the lowest-order
QED diagrams for this process.

Our data were acquired in JLab Hall A [L4] (Fig. B).
The 5.75 GeV electron beam was incident on a 15 cm
liquid Hy target. Our typical luminosity was 1037 /cm?/s
with 76% beam polarization. We detected the scattered
electrons in the left (as viewed from the beam) High Res-
olution Spectrometer (HRS-L). With the use of detectors
with direct view of the target at high luminosity, we took
care to minimize background and absorption processes
in the target and surrounding material. We built a new
vacuum chamber surrounding the liquid hydrogen target,
with a spherical form of radius 63 cm and of wall thick-
ness 1 cm Al. The windowless exit beam pipe joined this
sphere with an expanded 13 cm circular inner aperture
flaring to match the standard downstream beam pipe at
2 m. A thin window faced the entrance window of the
HRS-L. Photons (and vy coincidences from 7% decay)
were detected in a 11 x 12 array of 3 x 3 x 18.6 cm?
PbF; crystals, whose front face was located 110 cm from
the target center. The PMT signals from the PbF, el-
ements were digitized by a 128 sample x 1GHz wave-
form digitizer, based on the Analog Ring Sampler (ARS)
memory chip [L4]. A passive splitter also sent each PbF,
signal to a digital trigger-validation circuit. A standard
electron trigger from the HRS-L stopped the ARS ac-
quisition and triggered a programmable width (typically
60 ns) sample-and-hold (SH) integration and digitization
on each PbF, channel in the digital trigger. The trig-
ger then computed all overlapping 2 x 2 cluster sums. If
no sum was found over a programmable threshold set to
1 GeV equivalent, all ARS and SH buffers were cleared
and acquisition restarted. This validation-reset cycle has
a 500 ns deadtime. When the trigger found cluster(s)
above threshold, all signals in the corresponding ARS
channels were digitized and recorded for that event, to-
gether with the HRS information. We calibrated the
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FIG. 3: Missing mass squared for H(e,e'y)X events (green
curve) at @ = 2.3 GeV? and —t € [0.12,0.4] GeV?, inte-
grated over the azimuthal angle of the photon ¢~~. The black
curve shows the data once the H(e,e'y)y X' events have been
subtracted. The other curves are described in the text.

PbF, array by coincident elastic H(e, el prrs) data.
With (elastic) &' = 4.2 GeV/c, we obtain a PbF3 resolu-
tion of 2.4% in energy and 2 mm in transverse position
(one-¢). The calibration was monitored during the ex-
periment by intermittent blue LED scans and by recon-
struction of the 7% — 44 mass from H(e, e/n%) X events.
Offline analysis of the ARS waveforms for each channel
allowed us to maintain this resolution, even with acci-
dental pileup pulses separated by as little as 4 ns.

We present in Fig. B the missing mass squared ob-
tained for H(e,e’'v)X events, with coincident electron-
photon detection. After subtraction of an accidental co-
incidence sample, our data is essentially background free:
we have negligible contamination of non-electromagnetic
events in the HRS and PbF, spectra. In addition to
H(e, ¢'y)p, however, we do have the following compet-
ing channels: ep — en’p, ep — enNnr, ep — eyNT,
ep — eyNnm.... From symmetric (lab-frame) =°-
decay, we obtain a high statistics sample of H(e, e'7).X’
events, with two photon clusters in the PbF5 calorime-
ter. From these events, we determine the statistical sam-
ple of [asymmetric] H(e,e'y)yX’ events that must be
present in our H(e,e’y)X data. The M3 spectrum dis-
played in black in Fig. B was obtained after subtracting
this 7° yield from the total (green) distribution. This
is a 14% average subtraction in the exclusive window
defined by 'M% cut’ in Fig. B Depending on the bin
in ¢, and t, this subtraction varies from 6% to 29%.
The result shows a clear exclusive peak with a shoul-
der from threshold-N7 and A production, and a con-
tinuum rise above the H(e,e’y)Nmm ... threshold. After
our 1V subtraction, the only remaining channels, of type
H(e, e'y)Nm, Nnr, etc. are kinematically constrained to
M% > (M +my)?. This is the value ("M% cut’ in Fig. B
we chose for truncating our integration. Resolution ef-
fects can cause the inclusive channels to contribute be-
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low this cut. To evaluate this possible contamination, we
used an additional proton array (PA) of 100 plastic scin-
tillators. The PA subtended a solid angle (relative to the
nominal direction of the g-vector) of 18° < 6,, < 38°
and 45° < ¢, = 180° — ¢, < 315°, arranged in 5
rings of 20 detectors. For H(e,e'v)X events near the
exclusive region, we can predict which block in the PA
should have a signal from a proton from an exclusive
H(e, e’yp) event. The red histogram is the X = (p + y)
missing mass squared distribution for H(e, ¢’yp)y events
in the predicted PA block, with a signal above an effective
threshold 30 MeV (electron equivalent). The blue curve
shows our inclusive yield, obtained by subtracting the
normalized triple coincidence yield from the H(e, e'v) X
yield. The (smooth) violet curve shows our simulated
H(e, ¢'y)p spectrum, including radiative and resolution
effects, normalized to fit the data for M3 < M? The
cyan curve is the estimated inclusive yield obtained by
subtracting the simulation from the data. The blue and
cyan curves are in good agreement, and show that our
exclusive yield has less than 3% contamination from in-
clusive processes.

The following equations reproduce the consistent ex-
pansion of the DVCS cross section to order twist-3 of
Belitsky, Miiller, and Kirchner [Rf]. The azimuthal an-
gle ¢, of the detected photon is defined in a right-
handed coordinate system with ¢, = § and y, paral-
lel to k x k’. This definition of ¢, agrees with the
“Trento-Convention” for ¢ [21], and is the definition used
in L] and [L4]. Note that this azimuth convention dif-
fers from [R0] by ¢, = m — ¢fi}. In the following ex-
pressions, we utilize the differential phase space element
d°® = dQ*dxpjdg.dtdg.-. The helicity-dependent (dX)

and helicity-independent (do) cross sections, are:
£y _Afre i)
d>® 2| d°® d>®
= sin(¢y,)IT Sm [C(F)]
sin(261,)03 Sm [¢ (7]
(| DV CS|?)

e (1)
dc 1 et dPe™
55 = 2 [W W]
B dPo(|BH|?)  d°0(|DVCS)?)
o d>® d>®

+I5%e [C1(F)] + IT aRe [T + ACT] (F)
— co8(y ) I Re [C1(F)]
+ cos (26, ) T3 Re [C (FT)] (2)

The I'®% are kinematic factors which depend on rBj, Q?,
t, ¢4y, and 5 = (k + p)*. Their ¢, dependence arises
from the electron propagators of the BH amplitude. The
¢! and AC! amplitudes are the angular harmonic terms
defined in Eqs. 69 and 72 of [2f] (we have suppressed the



subscript “unp” since our measurements are only with an
unpolarized target). These angular harmonics depend on
the interference of the BH amplitude with the set F =
{H, &, A, éN'} of twist-2 Compton form factors (CFFs) or
the related set F° of effective twist-3 CFFs:

CHF) = FL)yH(E, 1) +EGut)H(E, 1)
t
—sz(t)g(&t) (3)
CHFM) = FL(OHT(E 1) + G (t)H T (£,1)
— o P OET (€, 1) (4)

[+ ACT(F) = FOH(E D) — B OEE D)

Gt [HED +EED]. (5)
Note that [CI + ACI] depends only on H and &. The

usual proton elastic form factors, Fy, Fb and Gy =
Fy 4+ F5 are defined to have negative arguments in the
space-like regime. The Compton form factors are defined
in terms of the vector GPDs H; and Fy, and the axial
vector GPDs lfff and Ef, defined for each flavor of quark
f. For example (f € {u,d,s}) [RA]:

wen = [

!

; 7»/+ da [g%] Hf<x,£,t>}. (6)

Twist-3 CFFs contain Wandzura-Wilzcek terms, deter-
mined by the twist-2 matrix elements, and dynamic
antiquark-gluon-quark twist-3 matrix elements. The
twist-2 and twist-3 CFFs are matrix elements of quark-
gluon operators and are independent of @ (up to loga-
rithmic QCD evolution). The kinematic suppression of
the twist-3 (and higher) terms is expressed in powers of
—t/Q? and (fmin — t)/Q?% in the T factors. Also, the
twist-3 terms couple to the longitudinal polarization of
the virtual photon. The 'DVCS?’ terms in both do and
dY are kinematically suppressed by at least an order of
magnitude in our kinematics [2], because they are not
enhanced by the BH amplitude. For dX, the "DVCS?’
term is the conventional LT’ term: it is a twist-3—twist-
2 interference and therefore has an additional kinematic
suppression. We neglect the DVCS? terms in our anal-
ysis. The helicity-independent cross section also has a
cos(3¢.~) twist-2 gluon transversity term. We expect this
term to be small, and do not include it in our analysis.
In any case, the terms we neglect do not affect the cross
sections we extract, which are accurately parametrized,
within statistics, by the contributions included in our
analysis.

In our simulation, we generate events uniformly in a
fixed electron phase space A*®, = AQ*AxpjA¢. and in
a photon phase space A?®., = 27[timin (Q?, zp;)

{m [Hy(&,6,1) — Hy(—€,€, )]

- tmax] .
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The bound tmax = —1 GeV? is an arbitrarily fixed up-
per bound, and t,;, ~ —x%jMz/[l — pj] is the event-
by-event kinematic upper bound on ¢t < 0. We sim-
ulate internal bremsstrahlung in the scattering process
and external bremsstrahlung and ionization straggling
in the target and scattering chamber windows. We in-
clude spectrometer resolution and acceptance effects and
a full GEANTS3 simulation of the detector response to
the DVCS photons and protons. The spectrometer ac-
ceptance is defined for both the data and simulation by
a R-function cut [R1]. Radiative corrections for virtual
photons and unresolved real photons are applied accord-
ing to the VCS (BH+Born amplitude) specific prescrip-
tions of Ref. [R1]. This results in a global correction factor
(independent of ¢~ or helicity) of 0.91 £ 0.02 applied to
our experimental yields. Within the quoted uncertainty,
this correction is independent of the kinematic setting.
Each kinematic setting has one (Q?, zp;j)-bin, four ¢-
bins, and 24 ¢.-bins. For each (Q?, zpj,t) bin, we fit
the fe and Sm parts (as appropriate) of the harmonics
Cn € {CT(F),CE(FeT), [CI + ACI] (F)} as independent

parameters. We minimize:

V=Y [(YiExp

7

R L P

The Y2P

; are the experimental yields, after accidental
and 7% subtractions, in bin i, with statistical errors o;.
The fit yields, Y;Fi* = > Cn K, (1), depend linearly on
the fitting harmonics C,, and the Monte-Carlo integrated
kinematic weights:

N

K (i Z

AP AP, () N
—em Le()n(g)- (8)
L is the integrated experimental luminosity and N®™
is the total number of events in the simulation. The
indicator function n(é, j) = 1 if simulation event j lands
in experimental bin ¢, otherwise, n(Z, j) = 0. After fitting
the harmonics C, to our experimental yields, we extract
the experimental cross section (and associated error bars)
d5 Exp(,; d5 Fit

o (Z) — () EXP/YFlt (9)

d>® d>®

where d®cFit is defined by our fitted parameters and
Eqs. (EHA).

In Kin-1 and Kin-2, due to the lower ¢’ momenta
(Table W), our acceptance, trigger, and readout did not
record a comprehensive set of ep — em’X events. For
those events we were able to reconstruct, we found only
a few percent contribution to d%, but a larger contri-
bution to do. For Kin-1,2, we only present results on
d¥. Our systematic errors in the cross-section measure-
ments are dominated by the following contributions: 3%
from HRSxPbF, acceptance and luminosity; 3% from



H(e, e'y)yX (7°) background; 2% from radiative correc-
tions; and 3% from inclusive H(e, e/y) N7 ... background.
The total, added in quadrature, is 5.6%. The d¥ results
contain an additional 2% systematic uncertainty from
the beam polarization measurement by the Compton Po-
larimeter [24]. In order to compute the BH contribution
in the do analysis we used Kelly’s parametrization of
form factors [H], which reproduce elastic cross-section
world data in our ¢ range with 1% error and 90% CL.

For one (Q?, xpj,t) bin, Fig. Bl shows the helicity-
dependent and helicity-independent cross sections, re-
spectively. Table [l lists the extracted angular harmon-
ics. The twist-3 terms make only a very small contribu-
tion to our cross sections. The suppression of the twist-3
term F°% is contained in the kinematic coefficient ng,%
(rather than in the extracted values) and is reflected in
the much larger statistical error. The 'DVCS? terms
generate a similar ¢,-dependence as the BH-DVCS in-
terference terms in the DVCS cross sections dX and do,
and cannot be extracted independently. Thus the an-
gular harmonic terms in Table [l may include contribu-
tions from bilinear 'DVCS?’ terms omitted in our anal-
ysis. However, as noted above, these terms are sup-
pressed kinematically, especially in the cross-section dif-
ference [Rf]. In our experiment the acceptance-averaged
ratios of the kinematic coefficients of the bilinear DVCS
terms to the BH-DVCS terms are below 1.2% for d¥ and
below 4.5% for do. By combining the contributions in
Table [l one obtains a precise determination of the az-
imuthal dependence of the €p — epy cross section, re-
gardless of the neglected terms in the analysis.

Our first major result is the Q? dependence of the
3m[C?] angular harmonics. Fig. B (Left) shows the
results averaged over our full ¢t domain, with (¢) =
—0.25 GeV? (varying by £0.01 GeV? over Kin 1-3). For
Im[CT(F)], the 3% statistical uncertainty sets an upper
limit < 10% to twist-4 and higher contributions. This
angular harmonic, Sm[CZ(F)], is then a direct measure-
ment of the linear combination of GPDs of Eq. B Fig. B
(Right) displays the twist-2 C angular harmonics of Ta-
ble Bl (Real and ITmaginary parts) as functions of ¢, with
the predictions from a model by Vanderhaeghen, Guichon
and Guidal (VGG) [R4, RY, 24]. The VGG model (twist-
2 contributions only, profile parameter b,q = bseq = 1,
Regge parameter o/ = 0.8 GeV~2, GPD E; = 0) is in
qualitative agreement with the Im[CZ(F)] data, but sig-
nificantly under-predicts the principal-value integrals (Fe
parts of the angular harmonics). We next note that the
two twist-2 angular harmonics (Eq. B B extracted from
the helicity-independent cross section do determine dis-
tinct combinations of GPD integrals, with [CZ 4+ ACZ](F)
dependent only on ‘H and &. This real part of the BH-
DVCS interference is the same interference term that can
be obtained by measurements of the difference of elec-
tron and positron (or p*) DVCS cross sections. The
large contribution of the BH-DVCS interference term in
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FIG. 4: Data and fit to the helicity-dependent cross sec-

tion d*%/ [dQ2dejdtd¢yy], and helicity-independent cross
section d'o/ [dQ2dejdtd¢yy], as a function of ¢,,. Both
are in the bin (Q*,¢) = (2.3,-0.28) GeV? at {xg;) = 0.36.
Error bars show statistical uncertainties. Total fits with one-
o statistical error bands are shown in red. The systematic
uncertainty is given in the text. The green line is the |BH|?
contribution to d*o. The blue lines in d*Y and d*c are the
contributions from the fitted Im and Re parts of C*(F), re-
spectively. The long dashed line is the fitted Re[CT + ACT](F)
term. The short dashed curves are the fitted Sm and e parts
of CT(F=T).

Q°\(t) (GeV?) t = —0.33 —0.28 —0.23 —0.17
Sm 1.5 21403 21403 20402 3.2£02
[CH(F)] 1.9 19402 23402 25402 32402
23 21402 24402 26402 33403

Sm 1.5 28420 25420 0121 06424
[CH(F™)] 1.9 03414 38415 -09+18 47427
23 53416 07+1.8 02425 40446

Q? = 2.3 GeV?, Re part of Angular Harmonics

C(F) —2.440.1 —2.04£0.1 —1.740.1 —0.7 £ 0.2
[C+AC](F) 01401 08401 16401 2501
[C(Feh)] —1.4405 06406 1.0+08 34+14

TABLE II: Angular Harmonics fit results, Sm and Re parts,
and their statistical uncertainties.

do (Fig. B especially from 90° to 270°) indicates that
the relative Beam Spin Asymmetry BSA = d°%/d°c
cannot be simply equated to the imaginary part of the
BH-DVCS interference divided by the BH cross section.
Finally, these data support the prediction of perturbative
QCD scaling in DVCS [ll, ], even at the modest Q2% of
this experiment. This is similar to the phenomenology of
inclusive DIS results in the same zg; range [24].
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FIG. 5: Left: Q7 dependence of Sm parts of (twist-2) CT(F)
and (twist-3) CT(F°T) angular harmonics, averaged over t.
The horizontal line is the fitted average of Sm[CT(F)].

Right : Extracted real and imaginary parts of the twist-2 an-
gular harmonics as functions of . The VGG model curves are
described in the text. Note the sign of —[CT 4+ ACT](F) (data
and VGG). Superposed points in both panels are offset for
visual clarity. Their error bars show statistical uncertainties.
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