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Generalized Parton Distribu:ons
3-dimensional quark structure of nucleon

Deep inelastic scattering 
Longitudinal quark 

distributions in momentum 
space 

Elastic Scattering 
Transverse quark 
 distributions in  

coordinate space Deeply exclusive scattering 
GPDs 

Fully-correlated quark distribution in  
both coordinate and  momentum space - 
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Large Q2, t<<Q2 and fixed xB : 
• factorization 
• soft part: 4 chiral even 

GPDs at LO
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Deeply Virtual Compton Scattering and GPDs 
• x longitudinal quark 

momentum fraction 
• 2ξ longitudinal 

momentum transfer 
to the struck quark 

• t momentum transfer 
to the nucleon

⇠ = xB

1 + t
Q2

2� xB + xB
t

Q2

t = (p� p0)2

                                                
          
4 GPDs for each quark flavor

F (x, ⇠, t)
GPDs “F” : H, H̃, E, Ẽ

eN → eγN
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Deeply Virtual Compton Scattering and GPDs
Deeply Virtual Compton Scattering and GPDs 

Vector: H (x,ξ,t) 

Tensor: E (x,ξ,t) 

Axial-Vector: H (x,ξ,t) 

Pseudoscalar: E (x,ξ,t) 

~ 

~ 
conserve nucleon spin 

flip nucleon spin 

At leading order QCD, twist 2, chiral-even (quark helicity is conserved), quark sector 
→ 4 GPDs for each quark flavor 

Average over quark helicity 
unpolarized GPDs

Difference of quark helicity 
polarized GPDs

Hs conserve nucleon spin Es flip nucleon spin

Chiral even: Quark helicity is conserved
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Accessing GPDs via DVCSAccessing GPDs through DVCS 
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's = s+ - s - v I(DVCS·BH) 

s~ |TDVCS +TBH|2 

I(DVCS·BH) 
 A =              v  

2s  
's  

   |BH|2+|DVCS|2+I  

s, DSA 

's 

Only x and t 
are accessible 

experimentally 

Real and imaginary parts of  
Compton Form Factors 

A =
�+ � ��

�+ + �� / I

|TDVCS|2 + |TBH|2 + I

d4�

dQ2dxBdtd�
/ |TDVCS + TBH|2 = |TDVCS|2|+ |TBH|2 + I

 Cross section measurement                                
 Polarization measurements: asymmetries and cross-section 
differences ⇒

Bethe Heitler experimentally indistinguishable from DVCS

TDVCS / P
Z 1

�1
dx


1

x� ⇠
⌥ 1

x+ ⇠

�
F (x, ⇠, t)� i⇡[F (⇠, ⇠, t)⌥ F (�⇠, ⇠, t)]

�+ � �� / I = TDVCST
⇤
BH

+ T ⇤
DVCS

TBH
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Accessing GPDs experimentally

Spin Asymmetries, Im, x=ξ 
HERMES, CLAS, CLAS12, Hall A,COMPASS

Cross section, |Re|2 
CLAS, CLAS12, Hall A,COMPASS, H1

BCA, Re 
HERMES,COMPASS

PDF q(x), q̄(x), ξ=0

DDVCS, Im, x≉ξ 
TCS, Im

TCS, Re
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Observable Proton Neutron
Beam Spin Asymmetry ALU

Target Spin Asymmetry AUL

Double Spin Asymmetry ALL

Transverse Target Spin Asymmetry AUT

7

ALL(�) / <e[F1
eH+ ⇠(F1 + F2)(H+

xB

2
E)� ⇠(

xB

2
F1 +

t

4M2
F2)eE ](A+B cos�)

ALU(�) / =m[F1H+ ⇠(F1 + F2) eH�
t

4M2
F2E ]sin�

AUL(�) / =m[F1
eH+ ⇠(F1 + F2)(H+

xB

2
E)� ⇠(

xB

2
F1 +

t

4M2
F2)eE ]sin�

GPDs sensitivity of DVCS spin observables

<eF = P
Z 1

�1
dx


1

x� ⇠
⌥ 1

x+ ⇠

�
F (x, ⇠, t)

=mF = ⇡ [F (⇠, ⇠, t)⌥ F (�⇠, ⇠, t)]

Compton Form Factors: 8 GPD-related quantities

AUT(�) / =m[k(F2H� F1E) + ...]sin�
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=m{Hp, fHp, Ep}

=m{Hp,gHp}

<e{Hp,gHp}

=m{Hp,Ep}
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Compton Form Factors: 8 GPD-related quantities

AUT(�) / =m[k(F2H� F1E) + ...]sin�

=m{Hp, fHp, Ep} =m{Hn, fHn,En}

=m{Hp,gHp} =m{Hn, fHn, En}

<e{Hp,gHp} <e{Hn, fHn, En}
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DVCS on the neutron

• with Hq,Eq can extract the quark angular momentum (Ji’s sum rule)  

(H,E)u(⇠, ⇠, t) = 9/15[4(H,E)p(⇠, ⇠, t)� (H,E)n(⇠, ⇠, t)]

(H,E)d(⇠, ⇠, t) = 9/15[4(H,E)n(⇠, ⇠, t)� (H,E)p(⇠, ⇠, t)]

• We can extract GPDs for proton or neutron but we want GPDs for quark flavors

• H,E for both proton and neutron are needed 
• En BSA on neutron 
• Ep TTSA on proton

• Hn TSA on neutron 
• Hp BSA on proton

nDVCS important for flavor separation

1

2
⌃

�g

Lq

Lg

J
q =

1

2
� J

g =
1

2

Z +1

�1
xdx[Hq(x, ⇠, 0) + E

q(x, ⇠, 0)]

information on quark orbital angular momentum 

JN =
1

2
= Jq + Jg =

1

2
⌃+ Lq +�g + Lg
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Hall A: DVCS neutron E03-106 (2004) 
M. Mazouz et al., PRL 99,242501 (2007)

<Q2>=1.9 GeV2 
<xB>=0.36 
-t=0.1-0.5 GeV2

reconstructed from the invariant mass of !! events in the
calorimeter provide independent tests of the previous cal-
ibrations. "!HRS and "0

Calo: data have been taken simulta-
neously with DVCS data, ensuring a continuous moni-
toring of the calibration and the resolution of the calorime-
ter. A 1% uncertainty on the calorimeter calibration was
estimated from the differences between "! and "0 cali-
brations. The final state of the D"~e; e0!#X reaction was se-
lected via the squared missing mass M2

X $ "q% p! q0#2
reconstructed from the virtual and real photons.

The three-momentum transfer j ~!j to the target varies
within 0:4– 0:8 GeV=c in our acceptance. In this range, the
impulse approximation (IA) is expected to accurately de-
scribe the inclusive yield. Within the IA, the cross section
for electroproduction of photons on a deuterium target may
be decomposed into elastic (d-DVCS) and quasielastic
(p-DVCS and n-DVCS) contributions following

 D"~e;e0!#X$d"~e;e0!#d%n"~e;e0!#n%p"~e;e0!#p% . . . ;

(3)

where meson production channels are also contributing as
background. Cross sections are obtained from D"~e; e0!#X
events after subtraction of the proton quasielastic contri-
bution deduced from measurements on a liquid H2 target:
the Fermi motion of bound protons is statistically added to
the squared missing mass M2

Xj0 of free proton data follow-
ing M2

X $ M2
Xj0 ! 2 ~pi & "~q! ~q0#where ~pi is the initial

proton momentum in the deuteron from [29]; this leads
to a 3% relative increase of the M2

X spectrum resolution.
The helicity signal (Sh) is defined according to

 Sh $
Z "

0
"N% ! N!#d5"!

Z 2"

"
"N% ! N!#d5"; (4)

where d5" $ dQ2dxBdtd#ed#!! is the detection hyper-
volume; the integration boundaries in Eq. (4) define the
limits in the azimuthal angle #!! [30]; N' are the number
of counts for ' beam helicity, corrected for random coin-
cidences, and integrated over a particular bin in M2

X. The
helicity signal for D2 and H2 targets from ( ~e, e0!) co-
incident detection is displayed in Fig. 2 (top) as a function
of the squared missing mass. For our purposes, M2

X is
calculated with a target corresponding to a nucleon at
rest, leading to the kinematic !M2

X ’ t=2 separation be-
tween deuteron elastic and nucleon quasielastic contri-
butions. Pion production channels (eA! eA!", eA!
eA"0" . . . ) are strongly suppressed by the kinematical
constraint M2

X <"M%m"#2 $ M2
Xjcut. Their contribution

to the helicity signal of p-DVCS, induced via resolution
effects below M2

Xjcut, was found to be negligible on the
proton as illustrated by the comparison between H2 data
and scaled simulations (Fig. 2 top). Figure 2 (bottom)
shows the subtraction (D! H data) of the two spectra of
Fig. 2 (top). The residual helicity signal forM2

X <M2
Xjcut is

compatible with zero. It corresponds to the sum of the
coherent d-DVCS and incoherent n-DVCS processes
[Eq. (3)]. Asymmetric decays of "0 (in eA! eA"0),
where only one photon is detected in the calorimeter,
mimic DVCS events. The contamination due to this back-
ground was treated as a systematic error estimated from the
number of detected "0 events, corresponding to primarily
symmetric decays [25].

The H2 results [25] show that the handbag mechanism
(Fig. 1) dominates the p-DVCS helicity-dependent cross-
section difference at our kinematics. As a consequence,
only twist-2 contributions are considered in this analysis.
The exp superscript in Eq. (5) reflects this restriction. In the
impulse approximation, we write the experimental
helicity-dependent cross-section difference as the sum of
the (incoherent) neutron and the (coherent) deuteron con-
tributions, within the formalism of Refs. [17,31]

 

d5#D!H

d5"
$ 1

2

!
d5$%

d5"
! d

5$!

d5"

"

$ "$=d=m(CId)exp% $=n=m(CIn)exp#sin"#!!#:
(5)

$=n;d are kinematical factors with a #!! dependence that
arises from the electron propagators of the BH ampli-
tude; in the t range of interest, the averaged $=n =$=d ratio
varies from 0.4 to 0.9 with increasing jtj. =m(CIn)depends
on the interference of the BH amplitude with the set F $
fH ; E; fHgof twist-2 Compton form factors (CFFs):
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XM
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h
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d-DVCS
n-DVCS d-DVCS simulation

n-DVCS simulation

n-DVCS + d-DVCS

FIG. 2 (color online). (top) Helicity signal [Eq. (4)] for
D"e; e0!#X and H"e; e0!#X events; H2 data are folded with a
momentum distribution of the proton in deuterium, and scaled to
the D2 data luminosity; the simulation curve is for the Fermi
broadened H"e; e0!#p reaction. (bottom) Residual helicity signal
after H2 subtraction; the arrows indicate the M2

X average position
of n-DVCS and d-DVCS events for hti$ !0:3 GeV2; the
simulation curves, integrated over the complete experimental
acceptance and obtained for the arbitrary values =m(CIn)exp$
!=m(CId)exp$ !1 [Eq. (5)] illustrate the sensitivity of the data
to the neutron and deuteron signals.

PRL 99, 242501 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
14 DECEMBER 2007

242501-3

D(~e, e0, �)X  &   LD2 LH2
Impulse approximation:

H(~e, e0, �)X
<latexit sha1_base64="XDOReHkjUvuiXnYMFWsgU2XBP7U=">AAAB9HicbVDLSgMxFM34rPU1Kq7cBItYoZSZKuiy6KbLCvYBnVIy6Z02NJkZkkyhDP0TNyJuFPwOf8G/MW1n09YDgcM5J9x7jx9zprTj/Fobm1vbO7u5vfz+weHRsX1y2lRRIik0aMQj2faJAs5CaGimObRjCUT4HFr+6Gnmt8YgFYvCFz2JoSvIIGQBo0QbqWef14reGGgK0xJcl7wBEYLctHt2wSk7c+B14makgDLUe/aP149oIiDUlBOlOq4T625KpGaUwzTvJQpiQkdkAOl86Sm+MlIfB5E0L9R4ri7liFBqInyTFEQP1ao3E//zOokOHropC+NEQ0gXg4KEYx3hWQO4zyRQzSeGECqZ2RDTIZGEatNT3pzurh66TpqVsntbrjzfFaqPWQk5dIEuURG56B5VUQ3VUQNRlKI39Im+rLH1ar1bH4vohpX9OUNLsL7/AGN3kFc=</latexit>

D(~e, e0, �)X �H(~e, e0, �)X =d(~e, e0, �)d+ n(~e, e0, �)n+ p(~e, e0, �)p

� p(~e, e0, �)p+ ...
<latexit sha1_base64="EdwfOw77/aVK3XchvM6mZ/rtPXM=">AAACbHicbZHLSsNAFIYn8VbjLV42UoRgsSrVkFRBN4Koiy4V7AVMKZPJaR2cTMLMRCihj+B7+Qq+hBtfwOllU82BgZ/vP8OZ80+YMiqV530Z5sLi0vJKadVaW9/Y3LK3d1oyyQSBJklYIjohlsAoh6aiikEnFYDjkEE7fLsf++13EJIm/FkNU+jGeMBpnxKsNOrZHw8nwTuQHEZncHwWDHAc49POeaOI3lStqIBHNV5AeS0toGkQWNXzQqfmum7PrniuNynnv/BnooJm9dizP4MoIVkMXBGGpXzxvVR1cywUJQxGVpBJSDF5wwPIJ2GNnCONIqefCH24ciZ0rg/HUg7jUHfGWL3Kv94YFnkvmepfd3PK00wBJ9NB/Yw5KnHGyTsRFUAUG2qBiaD6hQ55xQITpf/H0qv7fxf9L1p1179w60+Xldu7WQglVEaH6AT56ArdogZ6RE1E0I+xbxwaFePb3DPL5sG01TRmd3bRXJnVX/NitX8=</latexit>

Helicity signal 

 
Sh = ∫

π

0
(N+ −N−)d5Φ

−∫
2π

π
(N+ −N−)d5Φ

d5Φ = dQ2dxBdtdϕedϕγγ

Cross sections diff 
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Hall A: DVCS neutron E03-106 (2004) 
M. Mazouz et al., PRL 99,242501 (2007)

 !CIn"exp’ !CIn"#F1H $!%F1$F2&fH ' t
4M2F2E; (6)

where F1%F2& is the Dirac(Pauli) form factor entering into
the BH amplitude. Similarly, =m!CId" depends on the dif-
ferent set of spin-1 CFFs of the deuteron [31]. The imagi-
nary part of twist-2 CFFs is determined by the x # (!
points of the GPDs, with for example:

 =m!E" # "
X
q
e2
q!Eq%!;!; t& ' Eq%'!;!; t&": (7)

where eq is the quark charge in units of the elementary
charge. While Eq. (6) for a proton is dominated by H and
fH , it becomes essentially sensitive to E in the neutron case
following the small value of F1 and the cancellation be-

tween u and d polarized parton distributions in fH [32].
=m!CIn"exp and =m!CId"exp are simultaneously extracted

in each t-bin from a global analysis involving 7) 12) 30
bins in t *#$$ *M2

X 2 !'0:5;'0:1" GeV2 * !0; 2"" *
!0:; 1:15" GeV2. A Monte Carlo simulation with the kine-
matic weights of Eq. (5) as a function of (t, #$$, M2

X) is
fitted to the experimental distribution !N$%t;#$$;M2

X& '
N'%t;#$$;M2

X&" obtained after the D' H subtraction. The
two coefficients =m!CIn%ti&"exp and =m!CId%ti&"exp are the
free parameters of the fit in each bin ti. The binning in #$$

allows the determination of the sin%#$$&moments whereas
the binning inM2

X allows the separation of thed-DVCS and
n-DVCS signals. The simulation includes both external
and real internal radiative effects. It takes also into account
detector resolution and acceptance. Finally, virtual and soft
real radiative corrections are applied with a global correc-
tion factor of 0:91( 0:02 to the experimental yields [33].

Figure 3 displays the experimental values (Table I) of
=m!CIn;d%ti&"exp. At low jtj, the small kinematic separation
between d-DVCS and n-DVCS leads to a strong anticor-
relation between deuteron and neutron moments (Table I).
The larger statistical errors on the extraction at low jtj, in
spite of higher absolute statistics, reflect this feature. The
systematical errors come essentially from the t-dependent
uncertainties on the relative calibration between D2 and H2
data, and estimates of the bound on "0 contamination;
other contributions originate from DVCS detectors accep-
tance and luminosity (3%), beam polarization (2%) and
radiative corrections (2%). As expected from Fig. 2, the
moments are globally compatible with zero. Experimental
results are compared to model calculations for deuteron
[34,35] and neutron [36,37] GPDs. The deuteron calcula-
tions exhibit a rapid decrease of the deuteron form factors
with jtj. The n-DVCS results are compared to two different
models: one where the GPDs parametrization is con-
strained by lattice calculation of GPDs moments [36],
and another where Eq is parametrized by the unknown
contribution of valence quarks to the nucleon angular
momentum [32]. Both approaches reproduce the rather
flat t dependence of the data. Three examples of calcula-
tions corresponding to different values of the u (Ju) and d

(Jd) quark contributions are shown. This comparison in-
dicates that the present data provide constraints of the GPD
models, particularly on Eq.

A correlated constraint on Ju and Jd can be extracted
from a fit of the VGG model [32,37] to the neutron data
(Fig. 3), relying on the %2 quantity

 %2 #
X7

i#1

%=m!CIn%ti&"exp' =m!CIn%ti&"VGG
Ju;Jd&2

%&exp
stat&2 $ %&exp

sys &2
: (8)

The condition %2 + %2
min $ 1 (%2

min=DoF # 6:6=5) defines
the band Jd$ %Ju=5:0& # 0:18( 0:14 of Fig. 4. The model
dependence of this analysis should be stressed: n-DVCS
data involve GPDs at one point x # (! and t ! 0 while
the Ji sum rule (Eq. (1)) is an integral over x extrapolated to
t # 0. A similar constraint obtained from HERMES pre-
liminary ~p-DVCS data on a transversely polarized target

)2t (GeV

-0.5 -0.45 -0.4 -0.35 -0.3 -0.25 -0.2 -0.15 -0.1

ex
p

) dI
Im

(C

-4

-2

0

2

4

6
This experiment

Cano & Pire calculation [34]

)2t (GeV

-0.5 -0.45 -0.4 -0.35 -0.3 -0.25 -0.2 -0.15 -0.1

ex
p

) nI
Im

(C

-4

-3

-2

-1

0

1

2

3

=-0.4uJ
=-0.6dJ

=0.3uJ
=0.2dJ

=0.6uJ
=0.8dJ

This experiment

AHLT calculation [36]

VGG calculation [37]

FIG. 3 (color online). The t dependence of the extracted
sin%#$$& moments for coherent d-DVCS (top panel) and inco-
herent n-DVCS (bottom panel). Error bars show statistical un-
certainties; systematical uncertainties are indicated by the
shaded bands.

TABLE I. Experimental values of the sin%#$$& moments as a
function of t (in GeV2). The first error is statistical and the
second is the total systematic one resulting from the quadratic
sum of each contribution; 'nd is the correlation coefficient
between the two extracted moments.

hti =m!CIn%ti&"exp =m!CId%ti&"exp 'nd

'0:473 0:22( 0:17( 0:24 0:07( 0:23( 0:08 '0:72
'0:423 0:03( 0:38( 0:41 '0:60( 0:54( 0:19 '0:77
'0:373 '0:13( 0:35( 0:46 0:18( 0:51( 0:17 '0:80
'0:323 '0:10( 0:35( 0:42 0:18( 0:52( 0:24 '0:84
'0:274 '0:69( 0:38( 0:24 0:98( 0:57( 0:33 '0:88
'0:225 0:67( 0:48( 0:39 '1:22( 0:69( 0:40 '0:91
'0:166 '1:54( 0:80( 0:52 2:32( 1:04( 0:61 '0:95

PRL 99, 242501 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
14 DECEMBER 2007

242501-4

Sensitivity to Im{E}

d5⌃D�H

d5�
=

1

2
(
d5�+

d5�
� d5��

d5�
) = (�I

d
Im[CI

d
]exp + �I

n
Im[CI

n
]exp) sin(���)

Fit of 2520 bins in Mx, t and φγγ  to extract CFFs

Sensitivity to quark 
angular momentum Ju Jd
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Hall A: DVCS neutron E08-025 (2010) 

D(~e, e0, �)X

  &   LD2 LH2

H(~e, e0, �)X
<latexit sha1_base64="XDOReHkjUvuiXnYMFWsgU2XBP7U=">AAAB9HicbVDLSgMxFM34rPU1Kq7cBItYoZSZKuiy6KbLCvYBnVIy6Z02NJkZkkyhDP0TNyJuFPwOf8G/MW1n09YDgcM5J9x7jx9zprTj/Fobm1vbO7u5vfz+weHRsX1y2lRRIik0aMQj2faJAs5CaGimObRjCUT4HFr+6Gnmt8YgFYvCFz2JoSvIIGQBo0QbqWef14reGGgK0xJcl7wBEYLctHt2wSk7c+B14makgDLUe/aP149oIiDUlBOlOq4T625KpGaUwzTvJQpiQkdkAOl86Sm+MlIfB5E0L9R4ri7liFBqInyTFEQP1ao3E//zOokOHropC+NEQ0gXg4KEYx3hWQO4zyRQzSeGECqZ2RDTIZGEatNT3pzurh66TpqVsntbrjzfFaqPWQk5dIEuURG56B5VUQ3VUQNRlKI39Im+rLH1ar1bH4vohpX9OUNLsL7/AGN3kFc=</latexit>

• Frequent swaps LH2, LD2 
• Better proton subtraction 

• New calorimeter  
• Better  subtractionπ0

• Cross sections 
• Different beam energies 

• Rosenbluth separation

M. Benali et al., Nature Physics (2020), in press
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Hall A: DVCS neutron E08-025 (2010) 
Eb=4.5 GeV Eb=5.6 GeV

-tn = 0.40 GeV2

-td = 0.26 GeV2

-td = 0.20 GeV2

-td = 0.15 GeV2
-tn = 0.18 GeV2

-tn = 0.32 GeV2

-tn = 0.25 GeV2

-td = 0.33 GeV2

9

Eb=4.5 GeV Eb=5.6 GeV

-tn = 0.40 GeV2

-tn = 0.18 GeV2

-tn = 0.32 GeV2

-tn = 0.25 GeV2

Cross sections DVCS2 & Int

o Higher twist (HT) fit
o Next-to-leading (NLO) fit
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CHL-2 

New hall 

12 GeV 

 12GeV @ Jefferson Lab 
Beam energies: 
2.2, 4.4, 6.6,  8.8, 11 
Polarization >80%

Beam Power: 1MW 
Beam Current: 90 µA 
Max Energy/pass: 2.2 GeV 
Max Energy Hall A-B-C: 11 GeV 
Max Energy Hall D: 12 GeV

Upgrade of the 
instrumentation in 
the three  Halls

New experimental hall, Hall D 
with beam energy up to 12GeV

Upgrade of the accelerator 
completed in 2014
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CLAS12 DVCS experiments

CLAS12 

H1, ZEUS 

sea quarks, 
gluons region

valence 
quarks region

CLAS12,FT,CND,NH3,HDIce 
• Large kinematic coverage  
• BSA, TSA, DSA, tTSA 
• cross-section 
• CFF extraction

Central  
Detector 

Forward  
Detector 

PCAL 

Forward Tagger 
2.5-5 deg photons

CLAS exper. physics

E12-06-112 pDVCS BSA TSA

E12-11-003 nDVCS BSA

E12-06-119 pol target nDVCS

E12-12-010 pDVCS transverse TSA

E12-12-001 Timelike DVCS

E12-16-113A nDVCS with tagged p
14
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CLAS12 DVCS experiments

CLAS12 

H1, ZEUS 

sea quarks, 
gluons region

valence 
quarks region

CLAS12,FT,CND,NH3,HDIce 
• Large kinematic coverage  
• BSA, TSA, DSA, tTSA 
• cross-section 
• CFF extraction

Study of the high XB region to 
study the valence-quark regime

Central  
Detector 

Forward  
Detector 

PCAL 

Forward Tagger 
2.5-5 deg photons

CLAS exper. physics

E12-06-112 pDVCS BSA TSA

E12-11-003 nDVCS BSA

E12-06-119 pol target nDVCS

E12-12-010 pDVCS transverse TSA

E12-12-001 Timelike DVCS

E12-16-113A nDVCS with tagged p
14
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a.k.a. Run Group B
• Approved for 90 PAC days 
• CLAS12+CND+FT+BAND+RICH 
• Ran in Feb 8, 2019 to March 19 2019 (45 PAC days) 
• Currently running Nov 2019-Jan 2020 

• deuteron target: ρ = 0.163 g/cm^3 
(23.6 K, 1200 mbar), unpolarized 
LD2 L = 5 cm, d = 2 cm  

• Polarized beam - beam pol 85-87% 
• Beam energy 10.6 and 10.2 GeV 
• L=1035 cm-2s-1/nucleon

Electron scattering off unpolarized deuteron

Spring 2019 run 
237 production runs (35 nA, 
50 nA) 
• low-current runs, empty-
target runs 
• 9.7 B events at 10.6 GeV, 
11.7 B events at 10.2 GeV

Winter 2019-2020 run 
• 35-45nA current 
• 10.4 GeV energy 
• On-going
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nDVCS with RGB data first look
Work done by Kitty Price

Analysis strategy 
• Fully exclusive: detect n in the final state 
• Leverage exclusivity by looking at  and  

kinematic variables 
eD → enγ en → enγ

  Mx ed → enγX   Mx en → enγX

Momentum of the 
spectator proton

Co-planarity 

Angle between 
measure  and 
missing 

γ
γ

Diff -t calc using 
 or quasi free 

target n and 
detected n

γ*γ
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nDVCS with RGB data first look

Very preliminary nDVCS BSA 
• No  background subtraction 
• Consistent with  sin expectation 
• 10% of the Spring 2019 data

π0

Extraction of pDVCS BSA using RGB 
data to check the analysis 
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Figure 41: Projected BSAs for n-DVCS/BH, as a function of φ, for each Q2, xB bin and
for 0. < −t < 0.2 GeV2 (top) and 0.2 < −t < 0.5 GeV2 (bottom).
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Projected results for RGB
• BSA 
• ~90 PAC days

Sensitivity to: 
• ImE

BSA for DVCS on the neutron with CLAS12 

ed→ e(p)ng 
 CLAS12 + 

Forward Calorimeter + 
Neutron Detector 

-t 0 1.2 

B
S

A 
-0

.2
 

0.
2 

Ju=.3, Jd=.1 
Ju=.1, Jd=.1 

Ju=.3, Jd=.3 
Ju=.3, Jd=-.1 

Model predictions (VGG) 
for different values of  

quarks’ angular momentum 

f 

80 days of data taking 
L = 1035 cm−2s−1/nucleon 

� ) � )[ ]
� ) � )[ ]),,(,),,(,415

9),,(),(

),,(,),,(,415
9),,(),(

tEHtEHtEH

tEHtEHtEH

pnd

npu

xxxxxx

xxxxxx

-=

-=

First-time measurement 

'sLU ~ sinf Im{F1H + x(F1+F2)H -kF2E}df ~ 
The most sensitive observable to the GPD E 
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Experiment E12-06-119 TSA DSA nDVCS 
a.k.a Run Group C

• ND3 
• beam pol 85% 
• target pol 40% 
• e d -> e(p) n g 
• L=1035 cm-2s-1/nucleon 
• 1<Q2<10 GeV2   0.1<xB<0.7      
• -tmin<-t<1.2 GeV2

• TSA and DSA 
• ~65 PAC days (together with DIS) 
• CLAS12+CND+pol target+(FT?)

The APOLLO target 
(Ammonia POlarized LOngitudinally)

Planning to run in 2021-2022 
First part of the run no FT
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Figure 31: Projected target-spin asymmetry. The y-scale range, common to all bins, is -0.6-0.6. The black and red points
are obtained, respectively, without and with the Forward Tagger.
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Figure 32: Projected double-spin asymmetry, compared with the BH (green lines), calculated at the average kinematics of
each bin. The y-scale range, common to all bins, is -0.6-1.2. The black and red points are obtained, respectively, without
and with the Forward Tagger.
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TSA

DSA

Experiment E12-15-004 polarized nDVCS



Experiment E12-15-004 polarized nDVCS
• Combining results of neutron experiments 
• Fit of BSA, TSA, DSA to extract CFF for the 

neutron 
• Assumption Ẽ purely real: ẼIm(n)=0 
• 7 CFF to be fitted  
• limit +/- 5VGG prediction
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Figure 34: HIm(n) as a function of �t, for each bin in Q
2 and xB . The y scale,

common to all bins, is [�1, 6.5]. The dashed line marks y = 0.
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Figure 35: EIm(n) as a function of �t, for each bin in Q
2 and xB . The y scale,

common to all bins, is [�3, 5]. The dashed line marks y = 0.
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EIm(n)

EIm(n),  HIm(n) best constrained 
ẼRe(n), good sensitivity   
Hy Im(n), HRe(n) constrained low Q2-xB 
HyRe(n) very limited 
ERe(n) not constrained



Exploring QCD with light nuclei at EIC, Stony Brook University, January 21 2020
22

Flavor separation with CLAS12
• Flavor separation by combining 

results pDVCS and nDVCS 
experiments

(H,E)u(⇠, ⇠, t) = 9/15[4(H,E)p(⇠, ⇠, t)� (H,E)n(⇠, ⇠, t)]

(H,E)d(⇠, ⇠, t) = 9/15[4(H,E)n(⇠, ⇠, t)� (H,E)p(⇠, ⇠, t)]
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Figure 41: Top: HIm(p) (black), extracted from the projection for the approved and
conditionally-approved proton-DVCS CLAS12 experiments, and HIm(n) (red), ob-
tained from the projections of the proposed experiment, as a function of �t. Bottom:
Quark-flavor separated HIm, black for u and red for d. Two different bins in Q

2-xB ,
indicated in the legends, are shown in the left and right columns.
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Figure 42: Top: EIm(p) (black), extracted from the projection for the approved and
conditionally-approved proton-DVCS CLAS12 experiments, and EIm(n) (red), ob-
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Experiment E12-06-119 nDVCS BSA 
a.k.a Bonus12

Extension of E12-06-113 : Bonus12 + polarized beam 
Bonus Radial TPC Tagged proton spectator  
Scheduled to run Spring 2020 (soon) 
Two ways of measuring the asymmetry :

→

1.3. Measuring the neutron DVCS 13
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Figure 1.3: Fully exclusive neutron DVCS diagram in deuterium.
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Figure 1.4: Neutron Tagged-DVCS diagram in deuterium.

the equivalency of both methods. Moreover, we will be able to perform the fully exclusive
measurement, but with rather limited statistics. We intend to use this over-constrained last
measurement to study the systematic e�ects linked to the nuclear target and the uncertainties
in detection.

1.3.2 Tagged neutron DVCS with BONuS12

The tagged neutron detection scheme is described in Fig. 1.4, where we see that a detector
for low energy proton spectators is necessary. Here, we propose to use the Bonus radial
TPC, which is designed to make a similar type of measurement for inclusive deeply inelastic
scattering. The first goal of the present proposed experiment is simply to provide more data
in the field of neutron GPD. Indeed, the measurement of neutron DVCS is very challenging
and very little published data is available at this point.

Second, we observe that the systematics from this measurement are going to be mostly
independent of the ones from E-12-11-003. Indeed, while this measurement will be missing
one of the high energy product of the reaction leading to more uncertainty in exclusivity
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the equivalency of both methods. Moreover, we will be able to perform the fully exclusive
measurement, but with rather limited statistics. We intend to use this over-constrained last
measurement to study the systematic e�ects linked to the nuclear target and the uncertainties
in detection.

1.3.2 Tagged neutron DVCS with BONuS12

The tagged neutron detection scheme is described in Fig. 1.4, where we see that a detector
for low energy proton spectators is necessary. Here, we propose to use the Bonus radial
TPC, which is designed to make a similar type of measurement for inclusive deeply inelastic
scattering. The first goal of the present proposed experiment is simply to provide more data
in the field of neutron GPD. Indeed, the measurement of neutron DVCS is very challenging
and very little published data is available at this point.

Second, we observe that the systematics from this measurement are going to be mostly
independent of the ones from E-12-11-003. Indeed, while this measurement will be missing
one of the high energy product of the reaction leading to more uncertainty in exclusivity

Fully exclusive Neutron tagged

• Very limited statistics 
• Can be used for cross checks 

and systematics studies

2.3. BONuS12 RTPC 19

Figure 2.2: (Left) Schematic layout showing BONuS12 RTPC showing the readout padboard
and few adaptor boards in addition to the gas lines. (Right) Schematic drawing of the
CLAS RTPC in a plane perpendicular to the beam direction. See text for description of the
elements.

• The 7 atm Deuterium gas target extends along the beamline forming the detector
central axis. It is a 6 mm diameter Kapton straw with a 50 µm wall of 492 mm length
such that its entrance and exit 15 µm aluminum windows are placed outside of the
detector volume. The detector and the target are placed in the center of the solenoid.

• The first gas gap covers the radial range from 3 mm to 20 mm. It is filled with 4He
gas at 1 atm to minimize secondary interactions from Møller electrons scattered by the
beam. This region is surrounded by a 4 µm thick window made of grounded aluminized
Mylar.

• The second gas gap region extends between 20 mm and 30 mm and is filled with the
gas mixture of 80% 4He and 20% CO2. This region is surrounded by a 4 µm thick
window made of aluminized Mylar set at ≠4260 V to serve as the cathode.

• The drift region is filled with the same 4He-CO2 gas mixture and extends from the
cathode to the first GEM, 70 mm away from the beam axis. The electric field in this
region is perpendicular to the beam and averages around 550 V/cm.

• The electron amplification system is composed of three GEMs located at radii of 70, 73
and 76 mm. The first GEM layer is set to �V = ≠1620 V relative to the ground and
then each subsequent layer is set to a lower voltage relative to the previous to obtain
a strong (≥1600 V/cm) electric field between the GEM foils. A 275 V bias is applied
across each GEM for amplification.

BONuS12 RTPC 
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Figure 1.5: Ratio of cross sections for the FSI model from [33] to PWIA calculation as a
function of the spectator momentum (left) and spectator angle (right).

sample, that can only be obtained using a recoil detector, to study the e�ects of Fermi mo-
tion, final state interactions and incomplete detection of the final state described above. This
will confirm assumptions made in other neutron DVCS measurements and help understand
better their systematic errors.

Possible sensitivity to the initial state and break of the deuterium 

nDVCS BSA BoNUS12

3.4. Projections 28
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Figure 3.6: The distributions of the tagged neutron DVCS events in terms of Q
2 versus x

ú

(left) and x
ú versus ≠t (right). On the right we show the binning we propose in x

ú versus
≠t space.

measured tagged neutron DVCS beam-spin asymmetry, that is d(e, e
Õ
ps“)X, to the measured

full exclusive neutron DVCS channel, that is d(e, e
Õ
nps“). The selection of the tagged DVCS

events have been presented in the previous subsection, although a di�erent way of binning
the data will be used here, as will be shown in this section.

Regarding the fully exclusive neutron DVCS events selection, events with the four final
state particles will be identified after applying all the geometry and physics cuts on the
individual final state particle. After identifying these events, the exclusivity of the DVCS
events is ensured by imposing a set of constraints based on the four-momentum conservation
in the reaction ed æ e

Õ
psn“. The distributions for the exclusive variables are shown in

figure 3.8.
As mentioned previously, a total of 850K fully exclusive events will be collected within

the approved running luminosity and experimental setup of Run Group F. Similarly to the
tagged DVCS events, we use the kinematics of the detected spectator proton to define the
modified Lorentz invariant, x

ú, and we define the transferred momentum squared, t, using
the photons to investigate the initial Fermi motion e�ect on our DVCS observable of interest,
ALU . Figure 3.9 shows the distributions of Q

2 as a function of x
ú and x

ú as a function of ≠t for
the identified fully exclusive events. Before binning our data in the space of the momentum
and the polar angle of the detected spectator momentum, we apply an initial cut on x

ú vs.
≠t, as can be seen in Figure 3.9 which stands for the fully exclusive detected n-DVCS events.
Similar cut is applied on the x

ú vs. ≠t space of the tagged n-DVCS events. After that, both
data sets are binned into 6 bins in the momentum of the spectator proton and its polar angle
as shown in Figure 3.10. Finally, the data of each bin in ps versus ◊s is binned into 9 „ bins
for the fully exclusive events and 12 „ bins for the tagged n-DVCS events. The reconstructed
ALU is presented in Figure 3.11 as a function of the hadronic angle „ for the tagged n-
DVCS events in black points and for the fully exclusive n-DVCS events in blue points. The
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Figure 3.11: Projected beam-spin asymmetries as a function of the hadronic angle „h in the
binning of ps vs ◊s space for the tagged n-DVCS events in black points and for the fully
exclusive n-DVCS events in blue points. The error bars include both the statistical and the
systematic uncertainties added quadratically.

Ratio FSI model to PWIA
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Figure 3.6: The distributions of the tagged neutron DVCS events in terms of Q
2 versus x

ú

(left) and x
ú versus ≠t (right). On the right we show the binning we propose in x

ú versus
≠t space.

measured tagged neutron DVCS beam-spin asymmetry, that is d(e, e
Õ
ps“)X, to the measured

full exclusive neutron DVCS channel, that is d(e, e
Õ
nps“). The selection of the tagged DVCS

events have been presented in the previous subsection, although a di�erent way of binning
the data will be used here, as will be shown in this section.

Regarding the fully exclusive neutron DVCS events selection, events with the four final
state particles will be identified after applying all the geometry and physics cuts on the
individual final state particle. After identifying these events, the exclusivity of the DVCS
events is ensured by imposing a set of constraints based on the four-momentum conservation
in the reaction ed æ e

Õ
psn“. The distributions for the exclusive variables are shown in

figure 3.8.
As mentioned previously, a total of 850K fully exclusive events will be collected within

the approved running luminosity and experimental setup of Run Group F. Similarly to the
tagged DVCS events, we use the kinematics of the detected spectator proton to define the
modified Lorentz invariant, x

ú, and we define the transferred momentum squared, t, using
the photons to investigate the initial Fermi motion e�ect on our DVCS observable of interest,
ALU . Figure 3.9 shows the distributions of Q

2 as a function of x
ú and x

ú as a function of ≠t for
the identified fully exclusive events. Before binning our data in the space of the momentum
and the polar angle of the detected spectator momentum, we apply an initial cut on x

ú vs.
≠t, as can be seen in Figure 3.9 which stands for the fully exclusive detected n-DVCS events.
Similar cut is applied on the x

ú vs. ≠t space of the tagged n-DVCS events. After that, both
data sets are binned into 6 bins in the momentum of the spectator proton and its polar angle
as shown in Figure 3.10. Finally, the data of each bin in ps versus ◊s is binned into 9 „ bins
for the fully exclusive events and 12 „ bins for the tagged n-DVCS events. The reconstructed
ALU is presented in Figure 3.11 as a function of the hadronic angle „ for the tagged n-
DVCS events in black points and for the fully exclusive n-DVCS events in blue points. The

 vs -tx*  vs Q2 x*
Tagged nDVCS 
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More opportunities with deuteron target

Deeply Virtual Compton on nuclei



2019 Fall Meeting of the APS Division of Nuclear Physics, October 14-17, 2019 Crystal City, VA

Deeply Virtual Compton on nuclei

• Different spins: additional structure functions 
• Three dimensional picture of nuclei 
• Study of the modification of quark and gluon distributions 

in nuclei

Measure of coherent DVCS
~eA ! e0A0�

Helium measurement - clas6

eg6 run  
CLAS+IC+RTCP 
4He target 
Beam: 6GeV 
M. Hattawy 

4He spin 0, only one GPD at twist-2 in DVCS BSA
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Deeply Virtual Compton on Deuteron
Spin 1       9 GPDs at LO 
5 vector (unpolarized) 
                       
4 axial (polarized)

H
i
1, H

i
2, H

i
3, H

i
4, H

i
5
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H̃
i
1, H̃

i
2, H̃

i
3, H̃

i
4
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Z 1

�1
Hi(x, ⇠, t)dx = Gi(t) i = 1, 2, 3
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Z 1

�1
H̃i(x, ⇠, t)dx = G̃i(t) i = 1, 2
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G1(t) =GC(t)�
2

3
⌘GQ(t)

G2(t) =GM (t)

(1 + ⌘)G3(t) =GM (t)�GC(t) + (1 +
2

3
⌘)GQ(t)

<latexit sha1_base64="ZUXmHlYN2MQH5mgrf4rwktEeir0="></latexit>

GC(0) = 1, GM (0) = µd = 1.74, GQ(0) = Qd = 25.83
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Related to the form factors Sum rule 

Jq,g =
1

2

Z
dxxH

q,g
2 (x, 0, 0)
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Deuteron BSA 

Here Hs are the Compton form factor and they are related to GPDs by  

<eF = P
Z 1

�1
dx


1

x� ⇠
⌥ 1

x+ ⇠

�
F (x, ⇠, t)

=mF = ⇡ [F (⇠, ⇠, t)⌥ F (�⇠, ⇠, t)]

ALU (�) =
xA(2� y)

q
��2(1�y)

Q2

2� 2y + y2

⇥=m
2G1H1 + (G1 � 2⌧G3)(H1 � 2⌧H3) +

2
3⌧G3H5

2G2
1 + (G1 � 2⌧G3)2

⇥sin(�)
<latexit sha1_base64="r7djb4Zffm8wkGL7Er9t87mhLps="></latexit>
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Coherent deuteron DVCS selection
Select events with: 
• at least 1 electron, 1 deuteron and 1 gamma 
• Electron: FD, Deuteron CD, gamma FT 
• Deuterons: beta>0.16, minimum energy CTOF dE/dx>5

DVCS events:
• Q2>2 GeV2     
• W>1 GeV

• Eg>2GeV  
• pD<2 GeV

Deuterons

β

p [GeV] Q2 [GeV2]    

x b

W [GeV]    

Q
2  [

Ge
V2

]  
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Coherent deuteron DVCS selection
Use the full exclusive channel to apply tight kinematic cuts to select coherent 
DVCS  

Coherent DVCS 
Candidates

Cone angle

M
2  e

DX
 [G

eV
2 ]

M2 eDγX [GeV2]Δφ [deg]
All particles are 
co-planar

M eγX [GeV]
No other particles 
missing

Cone angle: 
angle between 
detected photon 
and missing eDX 
vectors 
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• GPD are a powerful and unique tool explore the structure of the 
nucleon 

• GPDs are fully-correlated quark distributions in both coordinate and 
momentum space -> 3D imaging 

• Complex extraction from data 
• 4 GPD for each quark flavor 
• GPDs depend on 3 variables but only two are experimentally 

accessible. Need models to map the x dependence 
• Cross sections depend on integrals of GPDs 

• Neutron data essential for flavor separation 
• Successful analyses of 6 GeV data in Hall A 
• Preliminary results from RGB data 
• Several upcoming experiments on neutron targets

Conclusions

nDVCS at EIC? 



Thank you for the invitation. 
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DVCS summary
Observable Sensitivity to CFFs Completed 

Experiments 12GeV experiments

Δσbeam(p) Im Hp Hall A, CLAS Hall A, CLAS12, Hall  C

ALU (p) Im Hp HERMES CLAS CLAS12

AUL (p) Im H̃p,Im Hp HERMES CLAS CLAS12

ALL (p) Re H̃p,Re Hp HERMES, CLAS CLAS12

AUT (p) Im Hp,Im Ep HERMES CLAS12

Δσbeam(n) Im En Hall A

ALU (n) Im En CLAS12

AUL (n) Im Hn CLAS12

ALL (n) Re Hn CLAS12 

TCS Re Hn Im Hn CLAS (no published) CLAS12
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CLAS12 schedule
Run	Group Days 2015 2016 2017 2018 2019 2020 2021 Remai

n
All	Run	Groups 936 CND FT									RICH

MM
Trans. PT 525 411

HPS 180* 2-3							 7	?

PRad 15* 10 ? ---

CLAS12 KPP 15

RG-A	(proton) 139* 20				50 69*

RG-F	(BoNuS) 42* 40 2

RG-B	(deut.) 90* 45 45*

RG-C	(NH3) 120 15 45 60

RG-C-b (ND3) 65 35 30

RG-E	(Hadr.) 60 20 15 25

RG-G	(TT) 110* 55	 55

RG-D	(CT) 60 30 30

RG-K	(LiD) 55 55 ---

pDVCS BSA

pDVCS TSA DSA

nDVCS TSA DSA

nDVCS BSA

pDVCS tTSA
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CLAS: DVCS neutron 

PRELIM
IN

ARY !!!
 

eg1-dvcs run  
CLAS+IC 
• NH3 95 days 
• ND3 33 days 
Analysis underway

e+ ~d ! e0 + � + n+ (ps)

Eb=6 GeV 
beam pol=80% 
neutron pol 30%

Use NH3 to subtract nuclear background

NH3

ND3

Non-zero BSA

Work by D. Sokhan


