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CLAS12	First	Physics	Run:		Jan	11-May	7		2018

• 0.3%	of	data	analyzed.
• Calibrations	in	continuous	
progress

• More	data	in	Fall	2018



CLAS12	AUL	projections	for	protons
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Hall	A	DVCS,	Deep	𝜋0

• Data
2014	– 2016

• 6.4	– 11	GeV
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W<2	
GeV

Previous,	present,	+	approved



CLAS	12	Time-Like	
Compton	Scattering

𝛾𝑝 → 𝑝𝑒;𝑒<

18	June	2018 GPDs:	JLab->EIC,	C.Hyde 46

• Two	bins	in	s
• Lowest	bin	in	Q’2

• t-dependence	of	
Interference	
observable

• Illustrative	GPD	
models

• Ratio	of	e+e– à Hadrons	/	di-muons
versus	e+e– mass



QCD	Factorization	of	Deep	Virtual	Meson	Production	
(DVMP):		GPDs	⊗Meson	Distribution	Amplitudes	(DA)

P-Δ/2

DA(z)

Gluon	and	quark	GPDs	enter	to	same	
order	in	aS.	

SCHC: sL~	[Q2]-3 sT~	[Q2]-4

Spin/Flavor	selectivity	

+

+
[Gluon GPDs in 
Diffractive channels only]

DA(z)z

x+ξ x-ξ

Dµ
x+ξ x-ξ

P +Δ/2 GPD(x,ξ,t=D2)

zg*

x+ξ x-ξ

DA(z)z

18	June	2018 GPDs:	JLab->EIC,	C.Hyde 47



Pseudo-Scalars
• JLab	Hall	A:	Cross	section	separation:

• Longitudinally	(Coulomb)	and	transversely	polarized	virtual	
photons		H(e,e’	𝜋0)p	and	D(e,e’	𝜋0)pn

• σT >>	σL (naïve	factorization	predicted	σL >>	σT )

• JLab	CLAS:				σT +	𝜖 σL for	H(e,e’	p	𝜋0),	H(e,e’	p	η)
• σT +	𝜖 σL >>	σL [naïve	collinear	factorization].

• Helicity	flip	meson	DA	enhanced	by	𝜒SB		è coupling	to	
nucleon	transversity	GPD:	

• S.	Goloskokov,	P.	Kroll,	Eur.	Phys.	J.	A	47,	112	(2011).
• S.	Ahmad,	G.	R.	Goldstein,	and	S.	Liuti,	Phys.	Rev.	D	79,		054014	(2009).
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DVMP:		𝜋0,	η @	6	GeV
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I. BEDLINSKIY et al. PHYSICAL REVIEW C 95, 035202 (2017)
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FIG. 16. The extracted structure functions vs t for the π0 (left column) [20] and η (right column). The top row presents data for the
kinematic point (Q2 = 1.38 GeV2, x B = 0.17) and bottom row for the kinematic point (Q2 = 2.21 GeV2, x B = 0.28). The data for the η is
identical to that shown in Fig. 13, with the vertical axis rescaled to highlight the difference in the magnitude of the cross sections for π0 and
η electroproduction. The data and curves are as follows: black circles, dσU/dt = dσT /dt + ϵdσL/dt ; blue triangles, dσT T /dt ; red squares,
dσLT /dt . The error bars are statistical only. The gray bands are our estimates of the absolute normalization systematic uncertainties on dσU/dt .
The curves are theoretical predictions produced with the models of Ref. [8].
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APPENDIX: STRUCTURE FUNCTIONS

The structure functions are presented in Table V. The first
error is statistical uncertainty and the second is the systematic
uncertainty.
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Hall	A:		Deep	𝜋0,	Ee =	7.4	GeV

18	June	2018 GPDs:	JLab->EIC,	C.Hyde 50

Preliminary	results:
Mongi Dlamini (Ohio	U.)

• H(e,e’𝜸𝜸)X

M𝜸𝜸

MX
2

,			xB =	0.36



[Flavor	⊗ Spin]-Structure	Separation
• Hall	A:	D(e,e’𝜋0)pn–H(e,e’𝜋0)p

• M.Mazouz et	al PRL	118	(2017)

• CLAS:	H(e,e’𝜋0)p ± H(e,e’η)p
• I.	Bedlinskiy PRC	95 (2017)
• V.	Kubarovsky SPIN2014

18	June	2018 GPDs:	JLab->EIC,	C.Hyde 51

cross sections are dominated by dσnT=dt and dσnTT=dt,
while the terms involving a longitudinal response are
compatible with zero within uncertainties and are in good
agreement with previous results off a proton target at the
same kinematics [18]. The neutron measurements are
compared to a calculation based on both quark helicity-
conserving GPDs and quark helicity-flip (transversity)
GPDs [14], and show good agreement for all structure
functions, with a slight overestimation of jdσnTT=dtj. The
experimental dσnL=dt term is also compatible with the VGG
model [29] based on chiral-even GPDs, which predicts
dσnL=dt < 4 nb=GeV2 for all t0 bins. Together with pre-
vious measurements of dσT=dt and dσTT=dt on the proton
[18] and extensive unseparated measurements before
[15–17], these new results provide strong support to the
exciting idea that transversity GPDs can be accessed via
neutral pion electroproduction in the high Q2 regime.
Within the modified factorization approach of [14],

dσT=dt and dσTT=dt are functions of hHTi and hĒTi, which
are convolutions of the elementary γ!q → q0π0 amplitude
with the transversity GPDs HT and ĒT ¼ 2 ~HT þ ET :

dσT
dt

¼ Λ
h
ð1 − ξ2ÞjhHTij2 −

t0

8M2
jhĒTij2

i
; ð7Þ

dσTT
dt

¼ Λ
t0

8M2
jhĒTij2: ð8Þ

In these equations ΛðQ2; xBÞ is a phase space factor [17]
and ξ≃ xB=ð2 − xBÞ is the skewness variable. For a proton
and a neutron target, the quark-flavor structures of jhHTij2
(neglecting strange quarks) are

jhHp;n
T ij2 ¼ 1

2

!!!!
2

3
hHu;d

T iþ 1

3
hHd;u

T i
!!!!
2

; ð9Þ

with similar equations for jhĒTij2. The different flavor
weights of the proton and neutron targets allow us to
separately determine jhHu

Tij and jhHd
Tij (similarly jhĒu

Tij
and jhĒd

Tij) by combining the data we report herein and π0

electroproduction cross sections on the proton measured at
the same kinematics as in Ref. [18]. The unknown relative
phase between the u and d convolutions is treated as a
systematic uncertainty in the separation. The flavor-
separated results assuming no relative phase between the
u and d convolutions are presented in Fig. 6, with the bands
indicating their variation when the phase takes all possible
values between 0 and π. This phase could be resolved with
exclusive pðγ!; ηpÞ data in the same kinematics [30].
Figure 6 shows that the magnitudes of the u-quark con-
volutions are larger than the d-quark convolutions for all t
bins. The results in Fig. 6 also demonstrate that the u-quark
nucleon helicity nonflip term jhĒu

Tij is larger than the
nucleon helicity flip term jhHu

Tij. The comparison to the
Goloskokov-Kroll model [14] shows good agreement for
jhHTij for both quark flavors but an underestimation for
jhĒu

Tij. The GPD HT parametrization is constrained in the
forward limit by the transversity parton distributions.
However, no similar experimental constraint is available
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FIG. 4. The ϕ-independent photoproduction cross sections
extracted from the fit, as functions of t0, and separated into
quasifree neutron and coherent deuteron contributions:
dσnT=dtþ ϵðdσnL=dtÞ and dσdT=dtþ ϵðdσdL=dtÞ. The data in the
left and right panels were obtained at E ¼ 4.45 and
E ¼ 5.55 GeV, respectively. The error bars show the statistical
uncertainty from the fit. The blue and magenta bands represent
the systematic errors. The solid lines are theoretical calculations
for the neutron from Ref. [14].
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FIG. 5. Structure functions dσT=dt, dσL=dt, dσTL=dt, and
dσTT=dt as a function of t0 ¼ tmin − t for the neutron (blue)
and the deuteron (red). The filled bands around the points show
systematic uncertainties. The solid lines are theoretical calcu-
lations for the neutron from Ref. [14].
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cross sections are dominated by dσnT=dt and dσnTT=dt,
while the terms involving a longitudinal response are
compatible with zero within uncertainties and are in good
agreement with previous results off a proton target at the
same kinematics [18]. The neutron measurements are
compared to a calculation based on both quark helicity-
conserving GPDs and quark helicity-flip (transversity)
GPDs [14], and show good agreement for all structure
functions, with a slight overestimation of jdσnTT=dtj. The
experimental dσnL=dt term is also compatible with the VGG
model [29] based on chiral-even GPDs, which predicts
dσnL=dt < 4 nb=GeV2 for all t0 bins. Together with pre-
vious measurements of dσT=dt and dσTT=dt on the proton
[18] and extensive unseparated measurements before
[15–17], these new results provide strong support to the
exciting idea that transversity GPDs can be accessed via
neutral pion electroproduction in the high Q2 regime.
Within the modified factorization approach of [14],

dσT=dt and dσTT=dt are functions of hHTi and hĒTi, which
are convolutions of the elementary γ!q → q0π0 amplitude
with the transversity GPDs HT and ĒT ¼ 2 ~HT þ ET :

dσT
dt

¼ Λ
h
ð1 − ξ2ÞjhHTij2 −

t0

8M2
jhĒTij2
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dσTT
dt

¼ Λ
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8M2
jhĒTij2: ð8Þ

In these equations ΛðQ2; xBÞ is a phase space factor [17]
and ξ≃ xB=ð2 − xBÞ is the skewness variable. For a proton
and a neutron target, the quark-flavor structures of jhHTij2
(neglecting strange quarks) are

jhHp;n
T ij2 ¼ 1
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with similar equations for jhĒTij2. The different flavor
weights of the proton and neutron targets allow us to
separately determine jhHu

Tij and jhHd
Tij (similarly jhĒu

Tij
and jhĒd

Tij) by combining the data we report herein and π0

electroproduction cross sections on the proton measured at
the same kinematics as in Ref. [18]. The unknown relative
phase between the u and d convolutions is treated as a
systematic uncertainty in the separation. The flavor-
separated results assuming no relative phase between the
u and d convolutions are presented in Fig. 6, with the bands
indicating their variation when the phase takes all possible
values between 0 and π. This phase could be resolved with
exclusive pðγ!; ηpÞ data in the same kinematics [30].
Figure 6 shows that the magnitudes of the u-quark con-
volutions are larger than the d-quark convolutions for all t
bins. The results in Fig. 6 also demonstrate that the u-quark
nucleon helicity nonflip term jhĒu

Tij is larger than the
nucleon helicity flip term jhHu

Tij. The comparison to the
Goloskokov-Kroll model [14] shows good agreement for
jhHTij for both quark flavors but an underestimation for
jhĒu

Tij. The GPD HT parametrization is constrained in the
forward limit by the transversity parton distributions.
However, no similar experimental constraint is available
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left and right panels were obtained at E ¼ 4.45 and
E ¼ 5.55 GeV, respectively. The error bars show the statistical
uncertainty from the fit. The blue and magenta bands represent
the systematic errors. The solid lines are theoretical calculations
for the neutron from Ref. [14].
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dσTT=dt as a function of t0 ¼ tmin − t for the neutron (blue)
and the deuteron (red). The filled bands around the points show
systematic uncertainties. The solid lines are theoretical calcu-
lations for the neutron from Ref. [14].
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cross sections are dominated by dσnT=dt and dσnTT=dt,
while the terms involving a longitudinal response are
compatible with zero within uncertainties and are in good
agreement with previous results off a proton target at the
same kinematics [18]. The neutron measurements are
compared to a calculation based on both quark helicity-
conserving GPDs and quark helicity-flip (transversity)
GPDs [14], and show good agreement for all structure
functions, with a slight overestimation of jdσnTT=dtj. The
experimental dσnL=dt term is also compatible with the VGG
model [29] based on chiral-even GPDs, which predicts
dσnL=dt < 4 nb=GeV2 for all t0 bins. Together with pre-
vious measurements of dσT=dt and dσTT=dt on the proton
[18] and extensive unseparated measurements before
[15–17], these new results provide strong support to the
exciting idea that transversity GPDs can be accessed via
neutral pion electroproduction in the high Q2 regime.
Within the modified factorization approach of [14],

dσT=dt and dσTT=dt are functions of hHTi and hĒTi, which
are convolutions of the elementary γ!q → q0π0 amplitude
with the transversity GPDs HT and ĒT ¼ 2 ~HT þ ET :

dσT
dt

¼ Λ
h
ð1 − ξ2ÞjhHTij2 −

t0

8M2
jhĒTij2
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In these equations ΛðQ2; xBÞ is a phase space factor [17]
and ξ≃ xB=ð2 − xBÞ is the skewness variable. For a proton
and a neutron target, the quark-flavor structures of jhHTij2
(neglecting strange quarks) are
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T ij2 ¼ 1
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with similar equations for jhĒTij2. The different flavor
weights of the proton and neutron targets allow us to
separately determine jhHu

Tij and jhHd
Tij (similarly jhĒu

Tij
and jhĒd

Tij) by combining the data we report herein and π0

electroproduction cross sections on the proton measured at
the same kinematics as in Ref. [18]. The unknown relative
phase between the u and d convolutions is treated as a
systematic uncertainty in the separation. The flavor-
separated results assuming no relative phase between the
u and d convolutions are presented in Fig. 6, with the bands
indicating their variation when the phase takes all possible
values between 0 and π. This phase could be resolved with
exclusive pðγ!; ηpÞ data in the same kinematics [30].
Figure 6 shows that the magnitudes of the u-quark con-
volutions are larger than the d-quark convolutions for all t
bins. The results in Fig. 6 also demonstrate that the u-quark
nucleon helicity nonflip term jhĒu

Tij is larger than the
nucleon helicity flip term jhHu

Tij. The comparison to the
Goloskokov-Kroll model [14] shows good agreement for
jhHTij for both quark flavors but an underestimation for
jhĒu

Tij. The GPD HT parametrization is constrained in the
forward limit by the transversity parton distributions.
However, no similar experimental constraint is available
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for ĒT. The constraints on ĒT are mainly taken from lattice
QCD calculations [31].
In conclusion, we have separated the four unpolarized

structure functions of π0 electroproduction off the neutron at
Q 2¼1.75GeV2 and xB¼0.36 in the t0 range½0; 0.2#GeV2.
Similar measurements are obtained for coherent π0 electro-
production off the deuteron at xB ¼ 0.18. The latter are
found to be very small and according to theoretical expect-
ations. Neutron results show a dominance of the transverse
response confirming the transversity GPD approach for the
description of this process. By combining neutron and
proton results, we have performed the first flavor decom-
position of the u and d quark contributions to the cross
section. Additional information from η meson electropro-
duction will soon help constraint the relative phase between
the u and d quark contributions.
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Deeply Virtual Meson Production and Transversity GPDs

and f1 = 1.17fπ. The overall factor for the η meson is kη = 0.863. Using eu = 2
3

and ed = − 1
3 we will end up with equations

Fπ
i =

1
3
√

2
[2Fu

i + F d
i ]

kηF η
i =

1
3
√

6
[2Fu

i − F d
i ].

(8)

Experimentally we have access only to the |⟨Fπ
i ⟩|2 and |⟨F η

i ⟩|
2 (see Eq. 5). The final

equation for the ⟨HT⟩convolution reads
⎧
⎪⎪⎨

⎪⎪⎩

1
18

∣∣2⟨HT⟩u + ⟨HT⟩d
∣∣2 = |⟨HT⟩π |2

1
54

∣∣2⟨HT⟩u −⟨HT⟩d
∣∣2 = k2

η |⟨HT⟩η|2
(9)

and simular equations for ⟨̄ET⟩.
The solution of these equations will lead to the flavor decomposition of the transver-
sity GPDs ⟨HT⟩u and ⟨HT⟩d as well as ⟨̄ET⟩u and ⟨̄ET⟩d. However the convolution
integrals have real and imaginary parts. So it is impossible to solve these equa-
tions unambiguously with only two equations in hands. As a guidance we can esti-
mate the form factors if we suppose that the relative phase ∆φ between ⟨HT⟩u
and ⟨HT⟩d equals 0 or 180 degrees. Ignoring an overall phase, the form factors
are then real and we arbitrarily choose the solution with ⟨HT⟩u and ⟨̄ET⟩u pos-
itive. Fig. 3 presents ⟨HT⟩u, ⟨HT⟩d, ⟨̄ET⟩u and ⟨̄ET⟩d for one kinematic point
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Vector	mesons
• 𝜙:		JLab12	kinematics,	predictions:

• Gluon	GPDs	+	≤20%	gluon⊗strange

• J/Psi:		seen	in	Hall	D.	
• Threshold	production	à large	–tmin.		
• CLAS12	search	for	LHCb J/𝝍⊗p states

• ρ,	𝜙
• Slow	approach	to	longitudinal	
dominance	in	HERA	ρ data

• Unexplained	enhancement	in	ρ-
production	at	low	W2	in	CLAS	data.

• Helicity	violating	amplitudes	è
Transversity	GPDs	à la pseudo-scalars?

• 𝜔:		strong	violation	of	SCHC	@	CLAS
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Deep	ρ,														Deep	𝜙
S.	Goloskokov,	P.	Kroll	EPJC	50 (2007)	829
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ρ0 and φ cross sections
Fit to all σL(T ) data Q2 ≃ 3 . . . 100GeV2, W ≃ 5 . . . 180GeV (parameters aV j)

BL,T
1 = BL

2 = 0, BT
2 = 0.1, fT /fL = 0.8 (Goloskokov-K (06)(07))
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at � � � � �Q2�=�4�GeV2 E665 ( ), HERMES (•), CORNELL ( )

ZEUS ( ), H1 ( ), CLAS (◦)
double distribution model too simple for valence quarks for large ξ?

breakdown of handbag physics? Lacking nucleon resonances?
PK 8

838 S.V. Goloskokov, P. Kroll: The longitudinal cross section of vector meson electroproduction

Fig. 7. The longitudinal cross section for
φ production at W = 75 GeV. Data are
taken from [17] (open triangles), [46] (solid
squares) and [47] (open squares). Left: full
(dashed, dash-dotted, dotted) line represents
the handbag predictions for the cross sec-
tion (gluon, gluon–sea interference, sea con-
tribution). Right: predictions for the cross
section with error bands resulting from the
Hessian errors of the CTEQ parton distribu-
tions (full line) and predictions compared to
the leading-twist result (dashed line)

Fig. 8. The longitudinal cross section for ρ
production at W = 75 GeV. Data are taken
from [15, 48] (solid squares) and [16] (open
squares). For further notation, cf. Fig. 7

most cases (an exception is set for instance by the PDFs de-
termined in [37, 38]), provided that these PDFs are treated
in analogy to the CTEQ6M set, i.e. that they are fitted to
the expansion (25) by forcing them to behave Regge-like
with powers δi as described above, if necessary readjust-
ing the transverse size parameters. Straightforward evalu-
ation of the GPDs from the various sets of PDFs and fixed
transverse size parameters lead to cross sections which dif-
fer markedly stronger than the error bands indicate. For
examples, see [7, 8]. The results obtained with the modi-
fied perturbative approach are in remarkable agreement
with the HERA data, while the leading-twist results are
clearly in excess to experiment, with a tendency, however,
of approaching the data and the predictions from the modi-
fied perturbative approach at Q2 ≃ 40 GeV2. This in turn
tells us that the effect of the transverse quark degrees of
freedom in combination with the Sudakov suppression be-
comes small for such values of Q2, while being very im-
portant at lower Q2. Similar observations have also been
made by Ivanov et al. [49]. In their next-to-leading order

Fig. 9. The longitudinal cross section for
φ (left) and ρ (right) production versus Q2

at W = 5 (solid line) and 10 GeV (dashed
line). Data at W = 5 GeV, shown as solid
circles, are taken from HERMES [50] (for φ,
preliminary) and [51] (for ρ). The open tri-
angle presents the E665 [52] data point at
W = 10 GeV. For further notation, cf. Fig. 7

leading-twist calculation of vector meson electroproduc-
tion, large perturbative logs occur, which partly cancel the
leading-order term, bringing the leading-twist result closer
to experiment.

In Fig. 9 we show the results for σL at W = 5 and
10 GeV and compare them to the data from
HERMES [50, 51] and the FERMILAB experiment
E665 [52]. Again we observe good agreement with ex-
periment. The slopes of the differential cross section are
somewhat smaller at lower energies than those at the
HERA energy shown in Fig. 5. For instance at W = 5 GeV
and Q2 = 4 GeV2, we obtain 5.0 GeV−2 for ρ produc-
tion and 4.8 GeV−2 for the case of the φ. As of yet, the
HERMES collaboration has only provided preliminary re-
sults for these slopes: 6.32±0.72GeV−2 at Q2 = 3.7 GeV2

for ρ [53] and 4.6± 1.2 GeV−2 averaged over the range
0.7 ≤ Q2 ≤ 5 GeV2 for φ production [54]. A slope for ρ
production that is considerably larger than that for φ
production is difficult to get in the handbag approach. Al-
though it seems tempting to assign such an effect to the

e	p	à e	p	ρ e	p	à e	p	𝜙 e	p	à e	p	𝜙
Leading	

Order

Sudakov
suppression

• Vector	and	pseudo-scalar	mesons	show	evidence	for	Hard/Soft	separation	➜
[nucleon	structure]	⊗ [finite	transverse	size	𝜸*àmeson	amplitude].

• Strong	corrections,	new	amplitudes	for	Q2 ≤	10	GeV2.
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Figure 6: Projections for measuring the xB dependence of the t-slope parameter B(xB)
of the DVCS cross section, calculated for 1 < Q

2
< 8 GeV2. For comparison some Hera

results with similar hQ
2
i are shown [18, 53, 54], for which the horizontal dashed lines

indicate their xB range. The left vertical bar on each data point indicates the statistical
error only while the right one includes also the quadratically added systematic uncertainty,
using only ECAL1 and ECAL2 (first row) and also ECAL0 (second row). Two di↵erent
parametrisations are shown using ↵

0 = 0.125 GeV�2 and 0.26 GeV�2.

For this purpose, only those bins indicated by an asterisk in Table 1 are used for which
NDV CS � 0.1⇥NBH is satisfied.

The dominant systematic uncertainty of the resulting DVCS contribution arises
from the subtraction of the BH contribution. The BH contribution dominates the one
of DVCS over a wide range in xB and Q

2. In this region, the BH yield is obtained
from the calculated BH cross section, taking into account radiative corrections, lumi-
nosity and detection e�ciencies. Up to now, we assume that this BH yield will be known
within 3%. It turns out that in such a case the resulting systematic uncertainty, which
is 0.03 ⇥ NBH/NDV CS, is of relevance only for the first selected point in xB for each Q

2

domain where the BH contribution is more than twice as large as the DVCS contribution.
When extrapolating the BH yield into the kinematic region where it has to be used for
subtraction, an additional uncertainty can originate from possible kinematic-dependent
detector e�ciencies.

As the DVCS cross section dominates the one of the BH process at larger values
of xB (Fig. 5), the accuracy of the t-slope measurement profits considerably from the
additional acceptance of a possible new large-angle calorimeter ECAL0. This becomes
evident when comparing the two sets of points in Fig. 6 which describe the projected
total uncertainties without and with ECAL0.

21

Proton	rms size	vs xB

• 200	GeV	µ+↑, µ–↓
• L = 1032 /cm2/s
• 2016+
After	Drell-Yan	run



What	about	the	Ji	Sum-Rule?

• limt→0 ∫xdx[Hf(x,ξ,t)+Ef(x,ξ,t)] =	2	Jf
• Skewing	effects,	Extracting E	?
• u,d flavor	separations	from	proton,	neutron
• E(n) dominates	unpolarized n(e,e’𝜸)nèCLAS12	RG-B
• E(p)	requires	transversely	polarized	targets

• HDice for	CLAS12
• NH3,	3He	with	SOLiD	or	TCS?

• Glue	from	Deep	𝜙 at	JLab12		and	Deep	𝜙 &	J/𝝍 at	EIC
• ~50%	of	momentum	sum	rule	comes	from	gluons
• ~50%	of	gluon	momentum	is	at	xg >0.1
• Important	role	for	JLab12!
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Constraints	on	Ji	Sum	Rule
• Hf(x,0,t) valence essentially	known	from	fits	to	
F1f(–t)⊗ qf(x)							….			Diehl	(2013),	Ahmad	(2007)

• Measure	Hf(x,x,t)	à Determines	DD	Profile	function	
• Calibrate	“skewing	effect”

• Ef(x,0,t) constrained	from	F2f(–t) and	assumption ef(x)
does	not	change	sign.

• Test	this	assumption
• x≈0.1	COMPASS	⊕ x≈0.4	JLab12 ⊕ Lattice	QCD	⊕ …

• Transverse	polarization	data	+	Theory	+	Models	è
Tight	constraint	on	𝑞 − 𝑞/ contribution	to	Ji	Sum	Rule	
from	JLab	12	GeV	era.

• Need	the	EIC	to	constrain	the	sea	&	gluons
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Conclusions
• Spatial	Imaging	is possible	(in	1+2	dimensions)
• New	experimental	and	theoretical	tools	are	helping	us	
to	understand	how	QCD	generates	

• The	mass	of	ordinary	matter	(98%)
• The	spin	of	the	hadrons:	proton,	neutron,	vector	mesons…

• proton	spin	~25%	from	spin	of	quarks
• How	much	is	gluons?		How	much	is	Orbital	Angular	Momentum.

• Spatial	distribution	of	charge	and	matter	in	hadrons.
(non-trivial	flavor,	momentum-fraction	dependence)

• Nuclear	Binding		(Lecture	3)	
• Why	is	the	deuteron	(np)	bound	but	nn not?
• Why	are	4He,	6He(b– 1sec),	8He(b– 0.1sec) bound,	but	not	5He	?
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DVCS, GPDs, Compton Form Factors(CFF), and Lattice QCD
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difference,  and Double-spin (ReT)
integrate GPDs with 1/(x±x) weight
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contain only ImT,

therefore GPDs at x = x and -x 

(at leading order:)

D.R.
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Lattice Moments

= xnH(x,ξ,t)dx∫



GPDs	at	JLab:	Future	
Upgrades	
(Mostly	motivated		by	non-GPD	topics)

• RICH	Detector	(partial)	in	CLAS	12:	
p/K id

• INFN	participation
• Solenoidal Large	Intensity	Detector
(SoLID)	in	Hall	A	(CLEO	Solenoid)

• TCS,	J/Y
• Chinese	participation

• Super	BigBite Spectrometer
• Dipole	from	BNL
• Funded,	under	construction
• GEM	trackers	for	high	rates
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DVCS-Deuteron,	Hall	A

• E03-106:
• D(e,e’g)X ≈

d(e,e’g)d+n(e,e’g)n+p(e,e’g)p
• Sensitivity	to	 En(x,x,t)	in	
Im[DVCS*BH]

• E08-025	(5.5	GeV- 2010)
• Reduce	the	systematic	errors

• Expanded	PbF2 calorimeter	for	p0

subtraction
• Separate	the	 Re[DVCS*BH] and	

|DVCS|2 terms	on	the	neutron	via	two	
beam	energies.

Q2=2.3 GeV2, xB=0.36

neutron
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HERMES-Transversely	Polarized	
H(e,e’g)X,	SSA• Azimuthal	moments

• Differential	in	
xBj,	Q2,	or t,	integrated	over	
other	2	variables.

• sinf moments
• Sensitive	to	E(x,x,t)

• sin2f  moments	≈	0
• ≈	Twist	3

• sin3f  moments
• ≈Gluon	Transversity

C.	Hyde	— Lecture	1APCTP-2018 63

A
U

T,
 l

si
n(
f-
f s)

-1

0

1

A
U

T,
 l

si
n(
f+
f s)

-1

0

1

A
U

T,
 l

si
nf

s

-1

0

1

A
U

T,
 l

si
n(

2f
-f

s)
-1

0

1

A
U

T,
 l

si
n(

3f
-f

s)

-1

0

1
A

U
T,

 l
si

n(
2f
+f

s)

-1

0

1

0 0.5
-t´ [GeV2]

0 0.2
xB

0 5
Q2 [GeV2]



Form	Factors	and	Charge	Distributions,	revisited
• Dirac	Form	Factor	F1(Q2):

• 2-D Fourier	transform	of	the	charge	distribution	of	the	nucleon	(proton	or	
neutron)

• Integrate	over	the	momentum	axis	(M.	Burkardt)
• Flavor	Separations
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Qattan,	Arrington
PRC	86 (2012)
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nàpp–

• Charge	Distribution	in	the	Neutron
(G.Miller)
– Negative	charge	hole	at	the	center
– GPD	explanation:		

greater	than	2x	more	fast	d-quarks	in	neutron	
than	fast	u-quarks
uproton =	dneutron dneutron =	uproton
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bρn (b)db = 0
0

∞

∫

Inverting	the	Fourier-Transform

bρ(b)  e / fm!" #$
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