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We propose to measure the cross section for deeply virtual Compton scattering
(DVCS) off the deuteron in quasi-free D(€, ¢/y)pn kinematics at Q*=1.9 GeV? and
xp=0.36. Two incident beam energies (4.82 GeV and 6.0 GeV) will be used in order
to separate the interference between DVCS and the Bethe-Heitler (BH) from the
pure DVCS? contribution. This separation is a necessary step toward an interpreta-
tion of the cross section in terms of combinations of generalized parton distribution
(GPD) integrals. In the Impulse Approximation, the inelastic DVCS reaction can
be interpreted as the incoherent sum of proton and neutron contributions. DVCS
on the neutron provide a different flavor sensitivity than DVCS on the proton and
is therefore a required step to flavor-separate GPDs. In addition, we will measure
the cross sections of DVCS on coherent deuteron (d-DVCS) and the deeply virtual
7Y electroproduction off the neutron. To achieve our goals, we request 400 hours of

data taking with Deuterium target during the future p-DVCS experiment (E07-007).
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I. INTRODUCTION AND MOTIVATIONS
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FIG. 1: The handbag diagram for DVCS. An incident lepton of four-momentum k generates a
virtual photon of four-momentum ¢ = k& — k. The momentum four-vector of the scattered photon
is ¢’. The initial and final momentum four-vectors of the nucleon are p and p’ resulting in a total
momentum transfer t = (p’ — p)? = (¢ — ¢’)?>. Additional (e,e’) invariants are y = ¢ - p/(k - p),
W2 = (q+p)? Q% =—¢* and x5 = Q?/(2q-p). The GPD skewness invariant is ¢ = z5/(2 — zp).

Generalized parton distributions (GPDs) are a new theoretical tool, developed in the late
90s, which link form factors and parton distributions. They offer correlation information
between the transverse location and the longitudinal momentum of partons and can access
the contribution of the orbital angular momentum of quarks (and gluons) to the nucleon
spin [1-3]. Deeply Virtual Compton Scattering (DVCS) on the nucleon is the simplest hard
exclusive process involving GPDs, and have simulated an intense experimental effort. The
H1 [4, 5] and ZEUS [6] collaborations measured the cross section for zp; &~ 1073, The HER-
MES collaboration measured relative beam-helicity [7] and beam-charge asymmetries [8, 9.
Relative beam-helicity [10, 11] and longitudinal target [12] asymmetries were measured at
JLab by the CLAS collaboration. Cross-sections measurements on the proton in the valence
quark region by the Hall-A collaboration at JLab showed indications of twist-2 dominance
at Q% ~ 2 GeV? [13].

Fig. 1 shows the leading twist mechanism for DVCS. A virtual photon scatters on a single
quark with a given longitudinal momentum fraction x+¢. This quark becomes highly virtual
and re-emits a real photon before coming back into the nucleon with a different longitudinal

momentum x — &. The amplitude to remove and restore the parton inside the nucleon is



described, at the leading order in 1/@Q), in terms of four GPDs H, H, E and E depending
on the three variables z, £ and the momentum transfer ¢. The GPDs appear in the DVCS

amplitude under integrals over the variable x:

! 1 1
TDVCSO(/_1dx(;L’—f—l—iej::L’—l—g—ie)GPD(x,g,t), (1)

! 1 1 ,
x P/_ldx (x_gi m) GPD(z,&,t) —im [GPD(g,g,t)j:GPD(—g,g,t) .

Experimentally DVCS interferes with the Bethe-Heitler (BH) process where the real pho-
ton is radiated by the incident or the scattered lepton (see Fig. 2). In Hall A at Jefferson
Lab, we measure both the polarized cross section difference with longitudinally polarized

electrons and the unpolarized cross section. At leading twist:

~ 2-Sm(TBH . TPVES), (2)

T
+5 ~ }TBH}z +2. Re(TBH . TPVCS) 4 }TDVCSF. (3)

—
o

—
o

Since the BH is purely real and fully calculable with the known form factors, the polarized
cross section difference accesses the imaginary part of the DVCS amplitude and therefore
a linear combination of GPDs at one point x = +£, while the unpolarized cross section
accesses the real part of DVCS and therefore a linear combinations of GPD integrals over z

T DVCs } 2

(see Eq. 1). In addition, the unpolarized cross section allows to access the ‘ term

which represents a bilinear combination of GPD integrals.

DVCS BH

2
(a) (b) (c)

FIG. 2: Lowest order QED diagrams for the process eN — eN+, including the DVCS (a) and the
Bethe-Heitler (b, ¢) amplitudes.

To investigate neutron structure via electron scattering, a deuterium target frequently
serves as a quasi-free neutron target because of the weak binding energy between the proton
and the neutron inside the deuteron. Within the impulse approximation (IA), where only

one nucleon is active and participates in the absorption and emission of the photon (the other



nucleon being a spectator), the electroproduction of photons on a deuterium target may be

decomposed into elastic (d-DVCS) and quasi-elastic (p-DVCS and n-DVCS) contributions:
D(€, e'v)X = d(€,e'y)d +n(€ ey)n + p(e. ey)p+ . .. (4)

Meson production channels also contribute as background at large M%. Therefore, with
a deuterium target one can have three different DVCS processes: DVCS on the nucleon
(p-DVCS and n-DVCS) and coherent DVCS on the deuteron (d-DVCS), which accesses
deuteron GPDs [14-17]. Cross sections of n-DVCS (and d-DVCS) are then obtained from
D(€, e'v)X events after subtraction of the proton quasi-elastic contribution deduced from
measurements on a Hy target.

Two experiments, dedicated respectively to p-DVCS and n-DVCS, ran in fall 2004 in
Hall A. The p-DVCS experiment (E00-110) showed strong evidence of DVCS scaling for
Q? as low as 2 GeV? [13]. This is a necessary step before interpreting the polarized cross-
sections in terms of GPDs. We measured the first linear combinations of proton GPDs at
three different Q2 and at fixed zz. These combinations are mainly sensitive to H and H. In
the n-DVCS experiment (E03-106) we extracted, from the helicity-dependent cross section of
D(€, €'v) X reaction on quasi-free neutrons off deuterium target, the same linear combination
of GPDs, but with different weights (a consequence of the different neutron BH amplitude).
The neutron helicity dependent cross section was mostly sensitive to E(+&, €, t), the least
constrained GPD [18]. The knowledge of E' is essential because it enters on equal footing
with H in Ji's sum rule leading to the total angular momentum carried by quarks in the
nucleon [3]. In addition to providing different GPDs combinations, the neutron experiments
have naturally a different flavor sensitivity to GPDs than the proton experiments and they
appear as a mandatory step toward a better knowledge of the partonic structure of the
nucleon. Figure 3 is a beautiful illustration of this complementarity between the neutron
and the proton experiments.

Measurements of the unpolarized cross section are of great interest since they can ac-
cess GPD integrals over x and therefore explore the regions |z| # £. Unfortunately, these
measurements could not be done in E03-106. On the one hand, the interpretation of the
unpolarized cross section in terms of GPD integrals requires the knowledge of the }TD ves ‘2
term in Eq. 3. Both the E00-110 results and theoretical model calculations suggest that

this term cannot be neglected. A simultaneous extraction of a linear combination of GPDs
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FIG. 3: A model-dependent extraction of the contributions J, and Jy of up- and down-quarks,
respectively to the proton spin [18].

integral (interference term) and a bilinear combination of GPDs (DVCS? term), through
the unpolarized cross section, requires data with two different beam energies, which was not
performed in E03-106. On the other hand, our measurement of the unpolarized cross section

in E03-106 had very large systematic error bars (~50%). The latter is the consequence of:

e A large systematic error due to the uncertainty on the relative calibration between the

H, and the Dy data (almost one month separated the two data taking periods).

e A large systematic error due to the contamination of the DVCS-like channel eD —
e/'m’X — e/vX. In fact, a high trigger threshold did not allow the recording of enough

70 decays to properly evaluate this contamination.

We propose in this experiment to accurately measure the DVCS unpolarized
cross-section off the neutron at Q?=1.9 GeV? and z3=0.36. We request 400
hours of beam time with a 15 cm liquid D, target at 4.82 GeV (200 h) and 6.0
GeV (200 h) in order to separate the DVCS? and the interference contributions
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and therefore extract linear and bilinear combinations of GPD integrals.
These combinations have naturally a different flavor sensitivity than the ones extracted
from proton experiments. We will use exactly the same successful technique from the
previous n-DVCS experiment where we detected only the scattered electron (in the HRS-L
spectrometer) and the emitted photon (in a PbF, calorimeter). The DVCS events are then
identified with the missing mass technique and the n-DVCS (and d-DVCS) contribution
is obtained, within the impulse approximation, by subtracting the Hs data from the D,
data. It should be noticed that 120 hours of H, data taking at the proposed kinematics
are already approved for the future p-DVCS experiment (E07-007) [19]. The requested
beam time is adjusted to have approximately the same statistics for D, and Hy data. The
experimental apparatus will be the one used in the two previous DVCS experiments in Hall
A with some modifications and upgrades already planned for E07-007. The contamination
of the 7 electroproduction channel will be precisely evaluated with a new global-sum digital
trigger on the calorimeter. This will provide a larger acceptance for D(e, €’yy) X events, and
will thereby remove the systematic error due to this contamination. Finally, the problem of
the uncertainty on the relative calibration of the calorimeter will be removed by alternating
frequently between H, and Dy data taking. We expect, based on the previous DVCS ex-

periments and these improvements, 5% systematic errors on the cross section measurements.

The proposed experiment will provide in addition :

e Polarized cross sections of the 7 electroproduction off an unpolarized deuterium tar-
get, including a L/T separation. The comparison of these results to the proton is
very interesting regarding factorization in the eN — €'7°N channel and will constrain

parton and GPDs models.

e Polarized coherent DVCS cross-sections of the deuteron. The same azimuthal and inci-
dent energy analysis will be performed to extract the different harmonic contributions

to the cross-section. This will provide unique constraints on deuteron GPDs.

e Measurement of the n-DVCS helicity dependent cross section and the corresponding
linear combination of GPDs (at = ££) with a factor 2 improvement on the total

error bars with respect to E03-106.
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II. DEEP PHOTON ELECTROPRODUCTION ON THE NEUTRON

As shown in Fig. 2, both DVCS and BH processes contribute to the photon electroproduc-
tion cross section. In the differential phase space element d°® = dQ*drpdtdd.ded.., where
¢, is the azimuthal angle of the scattered electron and ¢.,, is the angle between the leptonic
and hadronic planes, the total cross section of photon electroproduction off an unpolarized

target of mass M is given by [20]:

d°o(A, +e) _ doy BH pves yy (2 L
5P T szde ‘T +7T ()‘)‘ g
QGupTBY* BH |2 DVCS (|2 1
= T +|\T A IN)| =, 5
1672Q* /T + €4 0g [‘ } } ( )‘ +Z( )] o6 (5)

where epyeos = 2epM/Q, X is the electron helicity and the + stands for the sign of the
charge of the lepton beam. Since the BH contribution is completely calculable in QED from
the well known form factors at small |t|, a measurement of the polarized cross section will
access the interference (Z) and the DVCS? (|7PV¢S }2) terms which depend respectively on
a linear and a bilinear combination of GPD integrals. It is possible then to perform a ¢.,
analysis in order to separate up to a certain degree the different contributions to the cross

sections. At twist-3 accuracy [20]:

6
I(\) = Py 731(¢6 P {Co + Z A) cos(ng,,) — Ast sin(nqbw)}} (6)
vy 00!
DVCS (|2 _ ¢® f pves _ pves DVCS
‘T ()‘)‘ 1202 {CO -G cos(@yy) + Asi Sm(gbw)} : (7)

P2 are the electron propagators of the BH amplitude with a ¢,, dependence. In the
previous equations, only the sin(n¢.,,) terms depend of the electron helicity. Consequently,
the unpolarized cross section has a cos(n¢,,) harmonic structure and the helicity-dependent
cross section has a sin(n¢.,.) harmonic structure. It should be noticed that we have neglected
the gluon tansversity terms, having a cos(3¢,,) weighting in Eq. 6 and a cos(2¢.,,) weighting

in Eq. 7, because our measurements are in the valence quark region (zp=0.36).



12
A. Interference Terms

The Fourier coefficients ¢Z and s of the interference term (Eq. 6) are:

SE

)—lN»—A

g = —8(2—y)Re { (21__?21(2(31(?) + i(1 —y)(1—zp) [C* + ACT] (]—")}
{ } = —8K{(2_;(22y_+5)} {iﬁ;}cz(ﬂ
{3 } = %ﬁ: {(2__yy)} {\f;} CT(Fely, (8)

Q2
where at the Bjorken limit

V)

98

O N

K2 = 21—l L= 4] [1+O(/QY)] (9)

The C* and AC? are the quantities to be extracted from the data and depend on the
interference of the BH amplitude with the set F = {H, &, 7'2} of twist-2 Compton form
factors (CFFs) or the related set F° of effective twist-3 CFFs:

C'(F) = Fi(t/H(E.1) + ECuH(E 1) — 1 BEE D) (10)

Cl(FeTy — Fl(t)Heff(g’t)+§GM(t)7'~(eH(§,t) — 4;/[2F2(t)5eﬁ(§,t) (11)

[C'+ ACT] (F) = F(H(E t) - 4M2 Fy(H)E(E 1) — EGu(t) [HE, 1) + £(5, 1)), (12)

where F} and Fy are respectively the Dirac and Pauli form factors and Gy, = F; + Fs.
As mentioned above, CZ(F°T) is a twist-3 term and has a sin(2¢,,) or cos(2¢.,) weighting.
E00-110 results indicate that the contribution of this term to the polarized cross sections
is small relatively to the twist-2 terms [13]. Therefore in E03-106, we have neglected the
contribution of this term in our analysis. However, it would be exciting if it could generate
a measurable signal.

The imaginary part of twist-2 CFFs is determined by the x = +£ points of the GPDs,

whereas the real part is determined by a GPD integral over z. For example:

= zf:efc{m[Ef(&&,t)—Ef(—g,g,t)] +73/+1dx [5225” ]Ef(x 3 t)} (13)

Zef{ B, 6.6) + By(—¢,6,0)] +P /+1 [5225 }Ef(xﬁt)},(lél)

where the sum f € {u,d, s} runs over the flavor content of the nucleon, and ey is the quark

charge in unit of the elementary charge. From the previous equations, we can deduce that a
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measurement of the unpolarized cross section accesses the real part of CFFs and therefore
a GPD integral over x, while a measurement of the helicity-dependent cross section probes

the imaginary part of CFFs and therefore GPDs at x = +£.

B. DVCS? Terms

The bilinear DVCS Fourier coeflicients are:

C(]])VCS _ 2(2 _ 2y + yZ)CDVCS(F, F*)

cs
C?V _ SK 2—y Fe CDVCS(}_eff . (15)
Sllavcs 2—1xp —y Sm

CPVES(F, F*) is the only twist-2 DVCS angular harmonic term. It is a bilinear combination

of CFFs:

COVOS(F, ) = ﬁ {4(1 ~ap) (HH* + HH) — 2%2Re [Hs* + Hg]
— 4B
/ t oxa
- (x% + (2 — xB)24M2> EEX — x2B4M255*} : (16)

The twist-3 term CPVC9(Fe F*) has an identical form, with the CFFs F replaced by the
set Fef. Again, the measurement of the twist-3 terms is not among our proposal goals.
However, it will be possible to put an experimental upper limit to these contributions in

this new experiment.

C. Separation of the Interference and the DVCS? Terms

Let us summarize the equations of the previous sections. If we neglect all twist-3 and
gluon terms, the DVCS helicity-independent (do) and helicity-dependent (dX) cross sections

read

d> 1 [d°ct d°0~ d°c(|BH|?
a 5 [ 9 9 :| _ U(| | )+FDVCS CDVCS(f,f*)

5P P d>P )
L R _ cos RMpe [C! ® Re [C! 1
+ P () Pal) <{Fo (¢47) T Re [CH(F)] + TFaRe [CT + ACT] (]—“))(17)

d°Y 1 [d5a+ o~ 1
2

DD BDd DD } - P1(dyy) Pa(d) <Sin(¢w)r? Sm [CI(}-)]) ) (18)
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FIG. 4: n; (left) and —ny (right) as functions of the beam energy for different values of t at Q% = 1.9
GeV? and 25=0.36. These variables are defined in Eqgs. 22, 23. The dashed lines show the two
requested beam energies.

FéR,%

where are kinematical factors with no ¢., dependence [20]. The harmonic ¢.., struc-

ture of the DVCS cross section does not allow the independent determination of Re [Cl ],
Re [C' 4+ ACT] and CPVES. Indeed, the interference Z and DVCS? terms have the following
harmonic structure (with ¢ = /Q?):

i0/ Q% + 1108 0/ Q + 08 20/ Q* + izc0s 3¢/ Q

I pum—
P1 Py
DVCS? = do/Q* + dycos ¢/ Q* + dycos 20/ Q* . (19)
The product of the BH propagators reads:
h o P2
PPy =1+ acos ©+ @(,os 20. (20)

Reducing to a common denominator (xP;P,), one obtains:

PiPoT +PiP.DVCS? = | (ig 4 do)/ Q7 |+ dip1 /2/ Q" + pads/2/Q°
+[i1/Q + (pido +dv) /Q* + (prda + pady) /2/ Q%] cos ¢
+ia/ Q% + (pado + p1d1 /2 + d3) /Q]cos 2
+is/Q + (prdz + pad) /2/Q°]cos 3¢
+[pada/4/Q°cos 4. (21)

One sees in Eq. 21 that the interference Z and the DVCS? terms mix at leading order in

1/Q in the azimuthal expansion.
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In order to separate the interference and the DVCS? contributions, we have to measure
accurately the cross section at constant xp, t and Q2 but at two different incident beam
energies. That is possible thanks to the sufficiently different dependence on the beam energy
of the DVCS? and Interference kinematic coefficients of Eq. 17. It should be noted that this
separation technique will also be performed in the future proton experiment E07-007 [19].

Figure 4 shows the ratios

1

Dy 731 (¢W)P2 (‘bw
1

G /¢>W P1(¢W)P2(¢w)

m = )F(?A/FDVCS (22)

(Fge - COS(wa)F?) /Toves (23)

as functions of the beam energy and for different values of ¢. One should notice that CPV¢*

is, in average, kinematically suppressed by at least a factor 10 relative to Re [CI} and
Re [Cl + AC! } However its contribution to the cross section might be important due to
a large value of the CPV term as suggested by E00-110 results and model calculations

based on GPDs (cf. the following section).

D. Neutron GPD Model Estimates

Figure 5 shows an estimate with the VGG model [21, 22] of the GPD combinations that
will be extracted from the data. According to this model, the CPV¢ term is roughly 100
times larger than the interference terms Re [C'] and Re [C* + AC']. Indeed, in the CPVCS
term, there are no neutron form factors weighting the GPDs (Eq. 15), as in the interference
terms (Egs. 10- 12). Therefore there is no reason to expect a small value for the CPV9
term. Figure 5 shows also that roughly 30% of the CPV¢? value comes from the GPD E
contribution. This means our future neutron measurements will contribute to constrain
the parametrization of the unknown GPD E. Figure 6 shows the expected cross section of
photon electroproduction off the neutron (Eq. 17 integrated over ¢.) for the two requested
beam energies, as well as the different contributions to the cross section. According to the
VGG model, the BH? and DVCS? terms together dominate the cross sections. If we subtract
the known BH? from the cross section we will measure essentially the DVCS? contribution.

The beam energy dependence of the DVCS?/BH? ratio is again the key for the separation

of the DVCS? and interference terms.
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FIG. 5: VGG calculation of the neutron observables to be extracted from the data at our kinematics
and as function of t. The GPD FE is parametrized by the quark angular momenta J, and Jg; the
bands illustrate the possible values of the observables within the J, and J; range determined in
E03-106 [18]. Solid lines correspond to .J,, = 0.3 and J;=0.2. The dashed curve in the fourth plot
represents the CPVCS values calculated without the GPD E contribution.
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FIG. 6: VGG estimate of the n-DVCS cross sections at 4.82 GeV (top) and 6.0 GeV (bottom) as
a function of ¢, for different ¢ values. The different contributions to the cross sections are shown

by the colored curves.
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III. DEEP PHOTON ELECTROPRODUCTION ON THE DEUTERON
A. What can be Learned from DVCS on the Deuteron?

The deep photon electroproduction on deuteron in the impulse approximation gives either
two nucleons in the final state (that is p-DVCS or n-DVCS) or an intact deuteron. The latter
process corresponds to coherent DVCS on the deuteron (d-DVCS) which accesses deuteron
GPDs. Since DVCS combines features of both elastic and deep inelastic scattering (DIS),
d-DVCS allows for the first time to investigate the partonic structure of deuteron as of
a single hadron. From a theoretical point of view, the deuteron is the simplest and best
known nuclear system and represents the most appropriate starting point to investigate
hard exclusive processes off nuclei. On the other hand, d-DVCS could offer a new source
of information about the partonic degrees of freedom in deuteron and access novel nuclear
effects not present in DIS on nuclear targets.

The factorization formulas are the same as for nucleon targets [14] and at the leading
order in 1/Q?, the d-DVCS amplitude is described in terms of nine GPDs : the unpolarized
H; (i=1 to 5) and polarized H; (i=1 to 4). At the forward limit, the GPDs H, 5 and H, are
related to deuteron parton distributions, and sum rules analogous to the nucleon ones allow
to link the first moment of the GPDs H; 5 3 and H 12 to deuteron form factors [15]. The first
moment of the GPDs H, 5 and fI374 are equal to zero which makes it difficult to estimate

their t-dependence.

B. Expressions of d-DVCS Polarized Cross Sections

The polarized cross section of d-DVCS have the same harmonic structure as for DVCS on
the nucleon, with the same hard scattering kernel but with the appropriate replacement of
the hadronic matrix element (deuteron GPDs and FF's instead of nucleon GPDs and FFs).
If we assume that the factorization theorem applies for d-DVCS at Q?=1.9 GeV?, then the
DVCS helicity-independent (do) and helicity-dependent (dX) cross sections read at leading
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twist [16]

5 5 BH2
d’o _ d>o (] |)‘|‘FDVC’S CoVes(F, 7

d>P d>P
* Py (¢w)17)2(¢w) <{FO§R ~ cos(o)I i) Re [Cé(f)} i Fge’AgRe [CCIl " AC[ﬂ (f>) (24
P = AR (e ). )

where I'™% are kinematical factors with no ¢,, dependence [16]. Sm [C]], Re[Cl],
Re [CL+ AC]] and CPVCS represent a combination of deuteron CFFs convoluted with

DVCS
Cd

deuteron FFs (except which is a bilinear combination of CFFs) and are the coef-

ficients to be extracted from the data. For example, C: is given by

Gy
cl = (Hl...H5ﬂ1...ﬂ4) M| @, (26)
G

where G1, G5 and G3 are the deuteron elastic FFs and M is a 9 x 3 real matrix depending
only on ¢ and t. H; and H; are the twist-2 Compton form factors of the deuteron depending
on the GPDs H; and H;. It should be noticed that the imaginary part of Eq. 26 has been
already measured, within the twist-2 approximation, in the previous neutron experiment [18].
The full expressions of the linear combinations of deuteron GPDs AC! and the bilinear

combination CPVES are given in reference [16].

C. Separation of the Interference and the DVCS? Terms

As in the neutron case, the separation of the interference and the DVCS? terms is im-
possible with a single beam energy. The I' factors in Eq. 24 have the same beam energy
dependence as those in Eq. 17 since they differ only by the target mass. Therefore, running
at the two proposed beam energies will allow to perform a clean separation of the inter-
ference and the DVCS? terms, within the twist-2 approximation. CPV¢S is kinematically
suppressed by at least a factor 50 in our kinematics relatively to the interference terms
Re [C1] and Re [C] + ACL]. However, its contribution to the cross section might be impor-
tant due to a large value of this term according to a model estimate of deuteron GPD [15, 17]

(see next section).
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D. Deuteron GPD Model Estimates

FIG. 7: Coherent DVCS on the deuteron in the impulse approximation. The virtual photon
interacts with a parton inside the nucleon, the other nucleon being spectator. Both nucleons
recombine to re-form the deuteron in the final state.

Most of the models for the nucleon GPDs exploit the GPD relationship with form factors
and parton distributions, supplemented with some assumptions about the £ dependence. In
the deuteron case, little is known experimentally about axial form factors or one of the parton
distributions (b;) which makes their parametrization difficult. In addition, four GPDs have
vanishing first moments and then no information can be inferred about their ¢t-dependence.
To ride out these difficulties, the easiest way consists to use an impulse approximation where
only one nucleon is active and participates in the absorption and emission of the photon
(see Fig. 7). The deuteron GPDs are then a convolution of the nucleon GPDs with the
two-nucleon light-cone wave function of the deuteron [15, 17]. In the model by F. Cano and
B. Pire, only the nucleon GPDs H and H are considered since E and E go with suppressing
kinematical prefactors [17]. Figure 8 shows an estimate of the deuteron GPD combinations
at our kinematics. According to this model, the CPV®® term is, here also, at least 100
times bigger than the interference terms Re [CI } and Jte [CI + AC! } The rapid decrease as
a function of |¢| is expected from the behavior of the deuteron form factors.

Figure 9 shows the expected coherent DVCS cross sections off the deuteron for the two
requested beam energies, as well as the different contributions to the cross section. As
expected from Fig. 8, the DVCS? has a significant contribution to the cross section. Notice

that at ¢,,=180°, even the BH contribution becomes negligible and we measure mainly the
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FIG. 8: Calculation of the deuteron observables to be extracted from the data at our kinematics [17].

DVCS? contribution.
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sections are shown by the colored curves.
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IV. DEEP 7' ELECTROPRODUCTION OFF THE NEUTRON

The 7° electroproduction longitudinal cross section provides an extremely interesting
access to GPDs. Indeed, if the twist-2 contribution dominates the cross section, it provides
a promising way to perform a flavor separation of GPDs. Moreover, 7 production probes
only the “polarized” GPDs of the nucleon (H and E), which contain information about the
spatial distribution of the quark spin. This complements DVCS measurements, where all
GPDs participate.

At leading twist

do 1 do 1
_L:_r S IME O Ny hav)|? o x50 d—tTOC@ (27)

A b

ME [/Oldz¢ﬂz(z)} /_11 da:[xif + xig] {rlﬁwo +F2E7ro}(x,§,t) (28)

The I' factors in Eq. (27) and Eq. (28) are kinematics factors and ¢, is the pion distribution

with

amplitude. The flavor combination of GPDs entering in Eq. (28) is different from that in
DVCS on the nucleon. Indeed,

O_Luﬂ—7 ~OILQ“ld
) = Jsllun) ~lad)) f{ At H} (20)

whereas in DVCS on the proton and neutron:

4 1

p) = |uud), HT) o= SH"+ 9Hd
" 1 ., 4
[n) = ludd),  Hpyes=H"+ gH. (30)

In the neutron case, we have applied isospin symmetry, and defined the flavor GPDs H™¢
in terms of the proton flavor contributions.

As in the case of the DVCS unpolarized cross section, with these measurements we access
a GPD integral over z. Note that at twist-2 level, the pion distribution amplitude ¢, (2)
enters only as a normalization integral. Note also that the amplitude of Eq. (28) enters
squared in the cross section. Therefore, a bilinear combination of these GPD integrals are
measured.

The differential 7 electroproduction cross section reads:

congb—l—)\\/Qe (1—¢)

dO' LT
dt

do  dor dor,

E—W‘F dt + 26(1+€)

cosgb—l—e

T sin ¢ (31)
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where A is the electron helicity and where the virtual photon polarization is given by:
€= (1 + 2'5—'22 tan® g) 1. (32)
Along with DVCS cross sections, E00-110 also measured the exclusive 7 electroproduc-
tion cross section off the proton in the deep inelastic regime. Figure 10 shows preliminary
results. Similar results on the neutron could not be extracted from E03-106 due to a high
photon threshold caused by radiation damage of the calorimeter. Only an upper limit of
o(n)/a(p) < 0.5 for exclusive 7° electroproduction could be set in E03-106 [18]. Also, since
only one beam energy was used, we could not perform a Rosenbluth separation to extract

the longitudinal cross section that is related to GPDs in leading twist.
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FIG. 10: Cross sections of 7° electroproduction off the proton at Q?=2.3 GeV?: preliminary results

from E00-110. Green bands represent systematic errors.
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This new experiment not only will provide a measurement of the 7 cross section off
the neutron, but also will separate the longitudinal and transverse cross sections using the
Rosenbluth technique and two different beam energies. A scaling test of the longitudinal
component on the proton will be performed during E07-007. The cross section on the neutron
is expected small. Figure 11 shows an estimate by Eides, Frankfurt and Strikman [23] of
the ratio of longitudinal cross sections off the proton and off the neutron in the deep virtual

limit.

Ratio

st
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cL(e+ n %e+7t0+n)lGL(e+p %e+1t0+p)
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X

FIG. 11: The x dependence of the ratio o (v, +n — 7° +n)/or(yL +p — 7° + p) from [23] for
the proton and neutron targets. At xp = 0.36 the cross section off the neutron is predicted ~ 13
times smaller than off the proton.



26
V. EXPERIMENTAL SETUP

The experimental apparatus is mainly the same as in the previous DVCS experiments in
Hall A. However, a few experimental upgrades are necessary to reduce the large systematic
errors of E03-106. These modifications are common to both the future proton
experiment (E07-007) and the proposed one, and are already planned for the
former. Therefore, the proposed experiment, planned to run simultaneously
with the proton experiment, does not require any additional apparatus. This
section briefly summarizes the experimental setup and mainly concentrates on the upgrades.

Further details can be found in reference [19].

A. Targets

We will use the standard 15 cm liquid deuterium target (LD2). During the data taking of
E07-007 at the proposed kinematics, we will perform frequent swaps between LD2 and LH2,
approximately a swap every 4 hours. In E03-106, almost one month separated the LD2 and
LH2 data taking and the calorimeter calibration had changed during that period because of
the radiation damage of the calorimeter blocks. In spite of the offline (re)calibration of data
with two independent methods (cf. section VI A), we noticed a 1% systematic uncertainty on
the calibration between Hy and D, data. This 1% uncertainty led to a very large systematic
error on the neutron results because our analysis method is based on an accurate subtraction
of Hy data from D, data. This systematic affected significantly our previous measurement
of the unpolarized cross sections. However, the measured helicity dependent cross sections
were compatible with zero, so even with a large relative systematic, the results were still
relevant and accurate enough to constrain GPD models. In the proposed experiment, the
frequent swap between LH2 and LD2 will reduce by a factor 25 the systematic error due
to the relative calibration between Hy and D, data. Indeed, we have learned from E03-106
and E00-110 that the calibration of the most radiation-exposed calorimeter blocks will not

vary by more of 0.04% in 4 hours.
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FIG. 12: Schematic of the DVCS setup for the proposed experiment. The scattered electron is
detected in the HRS and the photon is detected in the expanded calorimeter.

B. DVCS Detectors

We will detect the scattered electrons at 6,=18.13° in the left HRS. The DVCS photons
will be detected in an electromagnetic calorimeter, placed at 1.10 m from the target, centered
around the direction of the virtual photon at 6,-=—18.45°, and covering the ¢ acceptance
—0.5 GeV? < t.

We will use the calorimeter of the previous DVCS experiments with a 50% expansion :
76 PbF, blocks (3x3 ecm?x20Xg) will be added to reach a structure of 13x16 elements
instead of the 11x12 elements previously (see Fig. 12). The main goal of this expansion is
to detect enough photons from 7° symmetric decays at high —t in order to match the DVCS
acceptance and subtract properly the 7 contamination.

In E03-106, we used two recoil detectors in order to detect and tag the recoil nucleon
charge. However, we found that a double coincidence analysis (calorimeter + HRS) can
successfully identify the DVCS events with the missing mass technique [13]. In addition,

the recoil detector limited the experimental acceptance. We will therefore not use a recoil
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detector in this new experiment, as it will also be the case in E07-007. The coherent
deuterium and quasi free nucleon events overlap kinematically, but are separated on average

by a missing mass offset of £/2.

C. Neutral Pion Detection and Background Subtraction

Neutral pion eD — €'7°X events will generate both double D(e, ¢’y)yX and triple
D(e, €yy)X events. The latter events will be used to determine the 7° electroproduction
cross sections. The former are an irreducible background to DVCS, and must be estimated
from the latter. The 7% — ~v decay is isotropic in the pion rest frame. Therefore, with a
high statistics sample of D(e, ¢'yy) X events, it is possible, within a Monte Carlo simulation,
to compute an accurate estimate of the background D(e, ¢/v)yX events. For exclusive 7
production, there is a strong forward boost of the decay toward the calorimeter. For 50% of
all ¥ decays, the two photons both have lab energy greater than E, /4 and lie within a cone
of half-angle v/3m,/E,. The calorimeter expansion and the modification to the trigger en-

sure a large double-photon acceptance for all exclusive or near exclusive 7° events (typically

> 50%) within the projected t-range.

D. Trigger and Electronics

The acquisition system is roughly the same as in the previous DVCS experiments. It
is based on the 1 GHz Analog Ring Sampler (ARS) which digitizes the PMT signals with
an analog memory chip in 128 samples (one sample per nanosecond). Figure 13 shows an
example of ARS output representing two different pulses which can be separated offline with
a wave form analysis. The pile-up rate in the ARS affects directly the calorimeter resolution
and represents the limiting factor for the beam current. In the proposed experiment we will
run at the maximal beam current of E03-106: 4 uA, leading to a luminosity of 4-1037 cm=2s~ 1,

In E00-110 and E03-106, a specific trigger was used to minimize the number of ARS chan-
nels for readout at each event, and hence the acquisition deadtime. It starts by computing
all overlapping ADC sums of 4 adjacent blocks in the calorimeter, then looks for at least one

sum over a programmable threshold set to 1.2 GeV equivalent in E03-106. In our kinematics,

the energy of a DVCS photon or an exclusive 7° (from N(e, ¢'7?)N) is around 2.7 GeV. As
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FIG. 13: ARS output signal showing a two-pulse pile-up event.

mentioned before, one needs to detect photons coming from symmetric 7° decays in order to
remove the 7° contamination. These photons have roughly half of the 7% energy (1.35 GeV)
and could be recorded, in principle, with the 1.2 GeV trigger threshold. Unfortunately, the
radiation damage of some calorimeter blocks led to a higher effective trigger threshold that
prevented the recording of enough 7° events. The 7% contamination in E03-106 was treated
consequently as a systematic error.

In the proposed experiment (and E07-007) we are planning to modify the trigger logic
in order to properly record 7° events. The new trigger will compute the ADC sum of
all the calorimeter blocks then record all the ARS channels if the sum is higher than a
programmable threshold, typically 2 GeV threshold. This new method has the advantage to
record all the calorimeter blocks regardless of the number of clusters (DVCS or 7¥ photons)
and their corresponding energies. Note that a 2 GeV threshold will decrease the data record
rate and thus will not increase the experimental deadtime in spite of the large number of
readout channels. In addition, faster electronics will be used to improve the data record
and transfer. However, one must pay attention to the radiation damage in order to avoid
the E03-106 scenario. In fact, we are planning to cure the calorimeter periodically with
blue light in order to keep a good optical transmission in all blocks and hence a stable
gain [19]. We expect with these modifications less than 2% accuracy on the determination

of 7% contamination.
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VI. ANALYSIS TECHNIQUE

The data analysis will be similar to the one performed in E03-106 [18]. However, the
method for extracting the DVCS observables will be slightly modified to take into account

the two beam energies. Let us describe briefly the main features of this analysis.

A. Calorimeter Calibration

We will calibrate the electromagnetic calorimeter via the elastic H(e, e'p) reaction where
the proton is detected in the HRS and the scattered electron in the calorimeter. This cali-
bration serves also to check the geometrical surveys of the calorimeter and the spectrometer
and will be performed periodically during the experiment. Two calibration methods based
on two independent reactions, recorded simultaneously with the DVCS data, will then be

used to continuously monitor the elastic calibration :

e The first method is based on the reconstructed 7% mass with two detected photons
in the calorimeter. The comparison between the pion mass and the position of the
invariant mass peak (Fig. 14 left) for different regions in the calorimeter allows us to

identify mis-calibrated blocks.

e The second method is based on the identification of n(e,e’7™)p events through the
missing mass of D(e, e¢'77)X where the 7~ is detected in the HRS and the scattered
electron in the calorimeter (Fig. 14 right). Here again, the position of the peak corre-
sponding to n(e, ¢'7~)p events allows us to monitor and correct the calibration of the

calorimeter blocks. Note that this calibration method can only be applied to D, data.

We expect 1%, or less, uncertainty on the calorimeter (absolute) calibration. However, the
difference between the calibration of Hy and D, data is expected to be less than 0.04% as
mentioned in section V A. This quantity is more relevant than the absolute calibration since

it affects strongly the systematic errors of the results.

B. The Impulse Approximation

Since the momentum transfer to the recoil DVCS nucleon is large compared the momen-

tum distribution of the nucleons inside the deuteron, we expect the DVCS reaction to be
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FIG. 14: Left : invariant mass of two detected photons in the calorimeter; the peak corresponds
to photons coming from symmetric 7° decays in the lab frame. Right : the missing mass squared
of D(e,e'm~)X events; the peak corresponds to n(e,e’n~)p events. The two spectra are obtained
from E03-106 data.

well described by the impulse approximation (IA), where the virtual photon scatters on a
quasi-free nucleon, the other one acting as a spectator. Figure 15 shows the Fermi momen-
tum distribution together with the momentum distribution of the DVCS recoil particle in
the proposed kinematics. The overlap between these distributions is less than 3%. This
means the plane wave description of the final state is orthogonal to the bound deuteron,
making final state interaction effects between a pn pair small. Thus, the inclusive yield on

a deuterium target can be expressed as:

D(e,e'y)X = d(€ ey)d+n(€ ev)n+p(e ey)p+ ...
= d-DVCS + n-DVCS + p-DVCS + ... (33)

where the ”...” denotes meson production channels.

C. Selection of DVCS Events

The selection of DVCS events will be performed with the missing mass of D,H(e, ¢/v)X
events with coincident electron-photon detection. Figure 16 shows the missing mass squared
M?% of D(e, €'y)X events, from E03-106 data, after subtraction of an accidental coincidence
sample. Since the missing mass is calculated with a target mass equal to the nucleon mass

(My), n-DVCS and p-DVCS events are around M% in Fig. 16 while d-DVCS events are
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FIG. 15: Normalized momentum distributions of the spectator proton (blue) in the deuteron (Fermi
momentum distribution) and the n-DVCS recoil neutron (red) in the proposed kinematics. The
overlap between these distributions is less than 3%.

around M3 + ¢/2. Indeed,

M} = (p+q—¢q)°
= M} +t+2p(qg—¢)
= MR +t+2My (g0 — qp) (34)

where qp (q)) is the real (virtual) photon energy. On the other hand, the momentum transfer

t for a d-DVCS reaction is given as a function of the deuteron mass M, by :
t=(p—p)?=-2My(q —q)) since py=Mg+q —q,. (35)
Using Eq. 34 and Eq. 35, we find :

M
M§<:M}‘V+t—VNmM}‘V+t/2. (36)
d

We find also in the missing mass spectrum of D(e,e’y)y X events, coming from 7Y
decays, starting at M3, and which was not subtracted in the spectrum of Fig. 16. Finally,
the meson production channels starts at the pion production threshold (My + M,0)? and
will be strongly suppressed by the cut M% < (My + M,o)?. Therefore, under the missing
mass cut and after the subtraction of 7% contamination as proposed in this experiment, we
will find only the p-DVCS, n-DVCS and d-DVCS events. A similar analysis with H(e, e’y)X

events from Fermi-broadened H, data allows to subtract the p-DVCS contribution to have

finally only n-DVCS and d-DVCS events under the missing mass cut.
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FIG. 16: The missing mass squared of D(e,e’y)X events after accidentals subtraction. The red
arrows show the average position of n-DVCS, p-DVCS and d-DVCS events : N-DVCS events are
around M% while d-DVCS events are around M3, + t/2. The colored lines show the "range” of
meson production and 7° contamination events. The dashed line shows the missing mass cut.

D. Extraction of DVCS Observables

The extraction of the DVCS observables is based on the Belitsky-Kirchner-Mueller for-
malism of the cross sections [16, 20]. After the selection of n + d-DVCS events for the
two data sets (4.82 GeV and 6.0 GeV) as described above, we write the experimental cross

section as the sum of Eq. 17 and Eq. 24:

dSgewp dPog  dfy d’o, df,

FOAMZ | PO dME | BD dME

(37)

where the factors dfy,, are the resolution, radiative, and kinematic smeared missing mass dis-
tributions for coherent deuterium and quasi-free neutron DVCS events, respectively. Keeping

only twist-2 terms, the neutron and deuteron cross sections are
d’o, d°c(|BH|?
o _ do(|BH]) 59
d>P d>P
1

+ FDVCS CDV’CS+
n n /P1/P2

({P%‘fn — c08(g,) T, JRe [C1] + T e [C + Ac,ﬂ)
d’oy _ d’c(|BH|?)
$e PO

1

n Fﬁ)vcs CfVCS + PP <{F§d - cos(qﬁw)f‘?d}%e [C(ﬂ + FﬁA,d%e [Ci + ACﬂ) )
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Six observables will be fit for each ¢ bin (highlighted in red in Eq. 38). We minimize:

= [(Yﬁ"p —YZ-F“)Q/U?] : (39)

)

The Y;EXP are the experimental yields, after accidental and 7° subtractions, in bin 4, with
statistical errors o;. The fit yields, V" = Y . CrKr(i), depend linearly on the fitting

(2

harmonics Cr and the Monte-Carlo integrated kinematic weights:

EZA?’@ A28 (5)

et ) (40)

L is the integrated experimental luminosity and N*™ is the total number of events in the sim-
ulation. The phase-space factors are A®, = AQ*Azp;A¢e and AP, = 27 [tin(Q?, 75;) —
tmax)- The indicator function (i, j) = 1 if simulation event j lands in experimental bin 4,
otherwise, n(i,j) = 0.

The simulation takes into account the detectors acceptance and resolution and it includes
both external and real internal radiative effects. Virtual radiative corrections will be applied
as a correction factor to each experimental bin (depending on ¢.. and t), following recent
work by Guichon, based on [24] using a GPD model [21] for the VCS amplitude. These
corrections differ at most 2% bin-to-bin relative to the global radiative corrections previously
applied.

The binning is performed on 4 experimental variables :
e The ¢, angle, in order to separate the cos(¢,) contributions in Eq. 38.

e The M?% variable, in order to separate the neutron (2"? line of Eq. 38) from the

deuteron contribution (4 line of Eq. 38).
e The transfer ¢, in order to study the t-dependence of the extracted coefficients.

e The beam energy, in order to separate the BH-DVCS interference term from the pure

DVCS? contribution



35
VII. PROPOSED KINEMATICS AND BEAM TIME REQUEST

Table I summarizes our proposed kinematics and beam time request. Among the three
kinematics of E07-007, we propose the one at Q?=1.9 GeV? (2"? kinematics of E07-007)
which is also the same kinematics of the previous neutron experiment.

We request approximately three times more integrated luminosity for LD2 target than
LH2 target because the n-DVCS cross section is expected to be, at least from the BH
behavior, three times smaller than the p-DVCS cross section. We have learnt from E03-
106 that the beam current affects strongly the experimental resolution. Consequently, the
proposed beam current will be 4uA, the maximal value in E03-106 and E07-007, leading
to 400 hours of requested beam time (200 hours for each beam energy). 144 hours for
the experimental calibration (72 hours) and the calorimeter curing (72 hours) are already

planned for E07-007.

LH» target LD- target
E07-007
Q?* (GeV?) 1.9 1.9
B 0.36 0.36
W2 (GeV?) 4.26 4.26
q (GeV) 2.73 2.73
k (GeV) 6.00 | 4.82 | 6.00 4.82
k' (GeV) 3.19 | 2.01 | 3.19 2.01
0 (deg) 18.1325.60 | 18.13 25.60
0,y (deg) -18.45(-16.07|-18.45 -16.07
Ocalo (deg) -18.45(-16.23|-18.45 -16.23
Beam time (h) || 30 90 | 200 200
Total beam time requested : 200h + 200h = 400 h

TABLE I: Proposed kinematics and beam time request. k (k') is the incident (scattered) electron
energy; ¢ is the virtual photon energy; 6. (6,) is the scattered electron (photon) angle respectively

to the beam.
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VIII. PROJECTED RESULTS

In order to compute the projected results of n-DVCS and d-DVCS, we used the model
estimates described in sections IIID and IID and the requested luminosity of Tab I. Fig-
ure 17 shows the expected sum of n-DVCS and d-DVCS cross sections as a function of ¢.,
and for different values of the transfer ¢. According to models, the difference between the
expected cross sections and the known BH contribution of the neutron and the deuteron
(also shown in Fig. 17) is mainly due to the DVCS? contribution. We expect a 5% relative
systematic error on the results which is at least a factor 2 smaller than the statistical error

bars (see Fig. 17). The different contributions of systematic uncertainties are summarized

in Tab. II.

Type Relative errors (%)

E03-106| proposed
Luminosity target length and beam charge 1 1
HRS-Calorimeter |Drift chamber multi-tracks 1.5 1.5
Acceptance 2 2
Trigger dead-time 0.1 0.1
Hy and D9 relative calibration| ~ 40 2
DVCS selection |7¥ subtraction ~ 30 2
e(p,e’y)™N contamination 2 2
radiative corrections 2 2
Total cross section sum ~ 50 )

TABLE II: Relative systematic error budget for E03-106 and for the proposed experiment.

Using the procedure described in section VID, one can extract from the unpolarized cross
sections the six n-DVCS and d-DVCS observables : Re [C] ], Re [C] ;+ AC! ;] and CPY5.
The expected results for these coefficients and the expected improvement of the correspond-
ing systematic errors are shown in Fig. 18. Error bars of Fig. 18 are not purely statistics (i.e
depending on the total number of counts) but depend strongly on the correlation between
the n-DVCS and d-DVCS contributions. At small || for example, the kinematical separa-

tion of ¢/2 on the missing mass variable between n-DVCS and d-DVCS leads to a larger
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error bar in spite of a higher absolute statistics. This correlation, and hence error bars,
depends on the experimental resolution. The results of Fig. 18 are obtained assuming the
same experimental resolution of K03-106. The following precautions will be taken in order

to keep (and probably improve) this resolution level :
e The beam current will never exceed 4uA : the maximal beam current of E03-106.

e The calorimeter blocks will be periodically cured from radiation damage which was not
done in E03-106. That will keep a good light transmission in the blocks and therefore

a large number of collected photo-electrons in PMTs.

e The calorimeter calibration will be performed by elastic H(e, ¢'p) data taken several
times during the experiment. This calibration will be continuously monitored with

H,D(e, e'n%) and D(e, /7 )p reactions.

A measurement of the helicity-dependent cross section will also be done in the proposed
experiment. The expected statistics will approximately be the same as in E03-106 but the
systematics will be reduced by at least a factor 10. That will lead to a factor 2 improvement

of this measurement with respect to E03-106.
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FIG. 17: Projected results and statistical errors of the unpolarized cross sections sum of the
photon electroproduction on the neutron (incoherent) and the deuteron (coherent). Shaded bands
represent the expected 5% systematic error. The projected results are displayed as a function of
¢~ and t for the requested beam energies 6.0 GeV (top) and 4.82 GeV (bottom). Dashed-dotted
(blue) line shows the contribution of the BH on the deuteron; Dashed (red) line shows the BH on
the neutron; Solid line is the total BH contribution to the cross section.
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FIG. 18: Expected results and statistical errors of the extracted coefficients for n-DVCS (left) and
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IX. SUMMARY

We have learned from the previous neutron experiment that various exciting results are
close at hand. We have learned also how to access these results with a few upgrades of
the experimental setup and data analysis techniques. The proposed experiment offers the
possibility of a better knowledge of the partonic structure of the nucleon through three

different approaches :

e The determination of the different contributions of unpolarized cross sections of n-
DVCS. That will allow access to combinations of GPD integrals which are comple-

mentary to the ones provided by proton experiments.

e The determination of the different contributions of unpolarized cross sections of d-
DVCS. The study of d-DVCS process can reveal new nuclear effects and can be linked,

within particular models, to nucleon GPDs.

e The determination of deeply virtual 7¥ cross sections off the neutron and the evaluation
of the longitudinal contributions. This measurement may be linked to GPDs and is

complementary to proton measurements.

We request an additional 400 hours beam time to record data with a deuterium target during
the future E07-007 experiment. All required detectors and DAQ systems are already planned
for E07-007. Apart from the previous E03-106, no other approved DVCS experiments at
JLab are dedicated to the neutron or nuclear DVCS. This will be the first measurement of
unpolarized n- and d-DVCS cross sections. We believe that performing this experiment will
also help to plan and design the future and longer experiments for the upcoming 12 GeV

experimental program.
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