
Opportuni)es	for		CLAS12	
experiments	on	exclusive	p0,h	and	

f	electroproduc)on.		



 

Chiral even GPDs.   

Quark  tomagraphic density distributions

⎧
⎨
⎩

                                                        

Chiral odd GPDs. 

Quark transverse  spin distributions.

⎧
⎨
⎩

    

Gluon GPDs.    
Gluon  ditributions

⎧
⎨
⎩  

γ ∗+p→ p+γ  

γ ∗+p→ p+π
γ ∗+p→ p+η
  
γ ∗+p→ p+φ
γ ∗+p→ p+ψ

 

Two  approaches to exclusive mesonelectroproduction: 

Regge:  Jean-Marc Laget             GPD:  
Gary Goldstein, Simoneta Liuti
Sergey Goloskokov, Peter Kroll

⎧
⎨
⎪

⎩⎪

• Scheduled Jlab CLAS 12 program “deep” exclusive reactions 
• Variety of spin, parity, quark flavors    
• Different aspects of the intrinsic parton structure of the nucleon. 



Generalized	Form	Factors	

   

 HRe ≡HRe =P dx H+
0

1

∫  K          K =
1

x −ξ
+

1
x+ξ

HIm ≡HIm = H+(ξ ,ξ ,t) = Hq(x,ξ ,  t)−Hq(x,ξ ,  t)

    

〈F〉 = dx
−1
1
∫

λ
∑  H

ʹµ ʹλµλ
F     =   dx KF

−1

1
∫   

 

F =H ,  E,  !H ,  !E,  HT , ET

DVCS:	measure	Compton	form	factors	-	CFF:	

Meson:	Measure	generalized	form	factors-GFF:	
(Nota)on	of	Goloskokov	and	Kroll	(GK))	



 DVMP: two convolutions involving strong processes:  meson structure and nucleon structure.  

Q2

5.34 ,689

   

Analogy of  H in DVMP for mesons with K for DVCS. 

DVCS:  K =
1

x −ξ
+

1
x+ξ

  elementary DVCS process weighted by nucleon structure..

   

Projectile size: r⊥ ∼
1
Q

          Target size: r⊥ ∼
1
Δ⊥

  

                                          t-slope: σ ∝ eBt    r⊥
2 =∼1/ B

   
H = dxpd 2b  ψV (τ ,−b,µF )F (b,τ ,x,ξ ,µR )∫∫  αS (µR ) e−S(τ ,ξ ,b,Q2,µR ,µF )

    

dσ L

dt
∝ MV

2
          MV

g = eaCV
a∑  dx  HV

g
0
1
∫ (x ,ξ ,Q2 , ʹt = 0) Hg (x ,ξ ,t)        Cφ

s =1



     

dσ
dt

∝ M
ʹµ ʹλ , µλ

2
       Gluon helicity: λ   ʹλ          Photon/Meson helicities: µ  and ʹµ

Proton helicity non-flip:

 M ʹµ ,µ =
e
2
CV

a  
dx

(x +ξ )(x −ξ + iε)
 0

1
∫  H ʹµ +, µ+ +H ʹµ −, µ−( ) Hg (x ,ξ ,t)  + !Hg (x ,ξ ,t)( )  { }

Proton helicity flip:

 M ʹµ , µ =−
e
2
CV

aκ
−t

2m
 

dx
(x +ξ )(x −ξ + iε)

 0
1
∫  H ʹµ +, µ+ +H ʹµ −, µ−( ) Eg (x ,ξ ,t)  + ξ !Eg (x ,ξ ,t)( ){ }

    

dσ L

dt
∝ MV

2
          MV

g = eaCV
a∑  dx  HV

g
0
1
∫ (x ,ξ ,Q2 , ʹt = 0) Hg (x ,ξ ,t)        Cφ

s =1

Vector	meson	produc)on:	

Helicity	amplitudes:	



We	never	will	directly	measure	a	GPD.	Therefore…	

DVMP	much	more	complicated	than	DVCS,	Therefore…	



Recent	interes)ng	examples	of	each	genre		
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Figure 4: x-dependence of hb2?i for quarks in the proton. The
band shows the empirical result using the logarithmic ansatz
for B0(x) of Eqs. (17, 18). The data points correspond with
the results obtained in this work for B(x), as displayed in
Fig. 3. They have been multiplied by the correction factor
B0/B ' 0.925±0.025 in the x-range of the data. The resulting
(small) model uncertainty is shown by the outer error bars.

both the data for A and B, yield: 0.90 < B0/B < 0.95.
As a result, we can convert the data for B(x) to data
for hb2?i(x) using Eq. (15), as shown in Fig. 4. They are
compared with the result using the logarithmic ansatz for
B0(x) of Eq. (17), with parameter a

B

determined from
the proton Dirac radius. One sees that within errors both
determinations are perfectly compatible. We have here
extracted the x-dependence of the squared radius of the
quark distributions in the transverse plane, demonstrat-
ing an increase of this radius with decreasing value of the
longitudinal quark momentum fraction x. Fig. 5 shows
a three-dimensional view of the numerical function that
we obtained by the fit of the data of Fig. 4.

In summary, we have analyzed in a GPD QCD leading-
twist and leading-order framework the latest ep ! ep�
unpolarized cross sections, di↵erence of beam-polarized
cross sections, longitudinally polarized target single spin,
and beam-longitudinally polarized target double spin
asymmetries recently measured at JLab. We have ex-
tracted constraints on the H

Im

CFF over a large range
in ⇠. From the amplitude and the t-slope ofH

Im

, we have
been able to derive a functional mapping of the density
and transverse size of the proton charge as a function of
the quark’s longitudinal momentum.
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from Hall A, where there is overlap with the CLAS data.
There is in general a good agreement between the H

Im

values extracted from both experiments. For reference,
we show in Fig. 2 the predictions of the VGG model. The
comparison shows that the version of the VGG model
that has been taken for the reference CFF (corresponding
with b

v

= b
s

= 1) tends to overestimate the data at small
values of t by around 30 %.

We observe the general trend that H
Im

decreases with
t and that these t-slopes tend to become steeper as
⇠ decreases. We have quantified this and extracted a
general (⇠, t)-dependence of the CFFs, by fitting the t-
dependence with an exponential function as given by:

H
Im

(⇠, t) = A(⇠)eB(⇠)t. (3)

The solid lines in Fig. 2 show the results of these expo-
nential fits of the empty squares.

In Fig. 3, we plot the dependence of both the ampli-
tude A and the exponential t-slope B on ⇠. In spite of the
large size of the errors, which are not statistical we recall,
one can observe that, systematically, both A and B tend
to increase as ⇠ decreases. Physically, at small ⇠, one
expects A to to rise steeply as 1/⇠ due to the sea-quark
contribution. Furthermore, A is expected to vanish in
the limit ⇠ ! 1, when one valence quark takes all lon-
gitudinal momentum. Therefore, we fit A by the simple
one-parameter form which embodies both features:

A(⇠) = a
A

(1� ⇠)/⇠, (4)

and will extract the parameter a
A

from a fit to the data.
For the slope B, we expect it to sharply decrease from a
Regge type behavior when ⇠ ! 0 to a flat t-dependence
in the limit ⇠ ! 1, reflecting the pointlike coupling to a
valence quark carrying all longitudinal momentum. To
encompass both limits, we fit the slope B by the following
one-parameter ansatz in ⇠:

B(⇠) = a
B

ln(1/⇠). (5)

The rise of B at small ⇠ corresponds to the increase of
the transverse size of the proton as smaller longitudinal
momentum fractions are probed. A fit to the data with
the functional forms of Eqs. (4, 5) yields the values:

a
A

= 0.36± 0.06, a
B

= 1.07± 0.26 GeV�2. (6)

The resulting fits are shown by the bands in Fig. 3.
We can confront the experimentally extracted values

of A and B with the expectations from GPD models,
as shown in Fig. 3. We compare two GPD models: the
dual model [22] and the VGG double distribution (DD)
model [5, 19–21]. For the latter, we use three choices of
the valence (sea) profile parameters b

v

(b
s

) respectively.
For large values of these profile parameters (b ! 1), the
GPD H(x, ⇠, t) tends to the GPD H(x, 0, t), where the
e↵ect of the skewness (⇠-dependence) disappears. For the

DD: bv = bs = 5

DD: bv = bs = 1
DD: bv = 1,  bs = 5

DUAL

ξA
(ξ
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ξ
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Figure 3: Upper: Amplitude A of HIm, multiplied by ⇠, as
a function of ⇠. Lower: t-slope B of HIm as a function of
⇠. Data points: 8 CFFs fit of data corresponding with 4
observables from JLab/CLAS (circles), and from HERMES
(square) the latter as extracted in Refs. [9, 12]. For the JLab
points, we kept only the 8 lowest ⇠ bins of Fig. 2 which provide
the lowest uncertainty results. The one-parameter fits to these
data points according to Eqs. (4, 5) are shown by the bands,
corresponding with a 1� variation of aA and aB , given by
Eq. (6). The theory curves correspond with the dual model
and the double distribution (DD) model for three choices of
the valence (sea) profile parameters bv (bs), as indicated.

dual model, we have used the lowest forward-like func-
tion. For both models, we use the same empirical for-
ward parton distributions as input and use in both cases
a Regge parameterization for the t-dependence with slope
parameter 1.05 GeV�2, see Ref. [9] for details.

Comparing the extracted data for A with theory, we
notice from Fig. 3 that in the region 0.05 . ⇠ . 0.2 the
data tend to lie systematically below the result of the
dual model (with lowest forward-like function), as well as
the DD models where sea quarks have strong skewness
(b

s

= 1). The DD models with small skewness e↵ects of
sea-quarks (b

s

= 5) are in good agreement with the data.
To distinguish for the valence quarks between the cases
of strong skewness (b

v

= 1) and weak skewness (b
v

= 5)
will require data in the region ⇠ & 0.3. We also notice

Charge	density	of	nucleon	from	CFF:	
Dupre,	Guidal,	Vanderhaeghen	(hep-ph:1606.07821v1)		

   
Cross sections data →  HIm  ≡ HIm    

    Expand:=HIm = A(ξ )eB(ξ )t      A(ξ ) = aA(1−ξ ) / ξ   

    fit  B(ξ ) = aBln(1/ ξ ).



π0   and		η	electroproduc)on	experiment	

Spokespersons:	
V.	Kubarovsky,	K.	Joo,	M.Ungaro,	C.	Weiss	and	P.S.		



Generalized	form	factors		(GFF)	

   
HT = dxH0 ʹλ µλ−1

1
∫ HT            ET = dxH0 ʹλ µλ−1

1
∫ ET

Transversity	spin	distribu)ons:		π0  and	  η produc)on			

  

HT   and  ET  - transversity GPDs.  Quark helicity-flip.

HT   nucleon helicity flip.    ET   nucleon helicity non-flip

  

ET :  distribution of guark spins 

         transverse to probe in 
         unpolarized nucleon.

Sea	quarks

Constituent	quarks: ,
Sea	quarks	

Cons)tuent	



π0			and	η	Electroproduc/on	
(Bedlinskiy	et	al)	

  
Fit  t → r⊥     ET = A e-Bt     B = b / lnξ      and     r⊥(xB ) = B hc  vs. xB         
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π0			and	η	Electroproduc/on	
(Bedlinskiy	et	al)	

  
Fit  t → r⊥     ET = A e-Bt     B = b / lnξ      and     r⊥(xB ) = B hc  vs. xB         
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               π 0                                             η
HT
π 0
≈ (eu HT

u − ed HT
d ) / 2,               HT

η ≈ (eu HT
u + ed HT

d ) / 6,

ET
π 0
≈ (eu ET

u − ed ET
d ) / 2                   ET

η ≈ (eu ET
u + ed ET

d ) / 6

Deconvolute		π0	and	η	to	get	contribu)ons	from	quark	flavors	
with	various	approxima)ons.		 (V. Kubarovsky, ArXiv: 1601.04367v2 ) 

π0	and	η	are	members	of	the	same	meson	mul)plet.		

Extrac)ng	GPDs	for	individual	quark	flavors.	



Deconvolu)on	of	u	and	d	quarks	
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φ  electroproduc)on	experiment	

Spokespersons:		
F.-X.	Girod,	M.	Guidal,	K.	Joo,	V.	Kubarovsky,	C.	Weiss,	P.S.	

Disclaimer	2:			I	have	never	done	a	phi	experiment		



 x

Gluons at large x

Large glue density at x > 0.1

PDF from global fits
(F2 evolution, ⌫DIS, jets)

Gluons carry more than 30%
of the momentum for 0.1 < x

3D imaging of the nucleon

spatial distribution of valence quarks :
elastic scattering, DVCS, . . .

Nucleon gluonic radius ?
exclusive �
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x fg (x)

PDF		-	CTEQ6M			

J.	Pumplin,	et	al.	
arXiv:hep-ph/0201195v3		
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FIG. 3: The strange parton distribution xS(x) from the
measured Hermes multiplicity for charged kaons evolved to
Q2

0 = 2.5 GeV2 assuming
R

DK
S (z)dz = 1.27± 0.13. The solid

curve is a 3-parameter fit for S(x) = x−0.924e−x/0.0404(1−x),
the dashed curve gives xS(x) from Cteq6l, and the dot-dash
curve is the sum of light antiquarks from Cteq6l.

The result for the product together with a fit of the form
x−a1e−x/a2(1 − x) is shown in Fig. 2, and leads to the
continuous curve in Fig. 1.

The improved fit (continuous curve in Fig. 1) to the
multiplicity is an indication that the actual distribution
of S(x) is substantially different from the average of those
of the nonstrange antiquarks. To explore this point, the
Hermes result for S(x)

∫

DK
S (z)dz has been evolved to

Q2
0 = 2.5 GeV2. The Q2 evolution factors were taken

from Cteq6l and the fragmentation function compila-
tion given in [30]. Consideration of corrections to the
evolution due to higher twist contributions is not nec-
essary, since higher twist effects are expected to be sig-
nificant [31] only for larger values of x where the ex-
tracted distribution of xS(x) vanishes. The distribution
of xS(x) was obtained from S(x)

∫

DK
S (z)dz by dividing

by
∫

DK
S (z)dz = 1.27±0.13, the value at Q2 = 2.5 GeV2

given in [30]. The results are presented in Fig. 3. The
normalization of the Hermes points is determined by the
value of

∫

DK
S (z)dz assumed. However, whatever the nor-

malization, the shape of xS(x) implied by the Hermes

data is incompatible with xS(x) from Cteq6l as well as
the assumption of an average of an isoscalar nonstrange
sea. The absence of strength above x ≈ 0.1 is clearly dis-
crepant with Cteq6l, while deviations from the Cteq6l

prediction at low x could be, in part, a manifestation of
higher order processes.

In the isoscalar extraction of the helicity distribution
∆S(x) = ∆s(x)+∆s(x), only the double-spin asymmetry
AK

∥,d(x, Q2) for all charged kaons, irrespective of charge,

and the inclusive asymmetry A∥,d(x, Q2) are used. In
LO, the inclusive and the charged kaon double-spin(LL)
asymmetries are determined by the relations

A∥,d(x)
d2NDIS(x)

dxdQ2

= KLL(x, Q2) [5∆Q(x) + 2∆S(x)] , (4)

0

0.1
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A||,d(x)
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A
||,d
K±(x)
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FIG. 4: Lepton-nucleon polarized cross section asymmetries
A∥,d for inclusive DIS and AK

∥,d for semi-inclusive DIS by
a deuteron target as a function of Bjorken x, for identified
charged kaons. The error bars are statistical, and the bands
at the bottom represent the systematic uncertainties.

where KLL is a kinematic factor, and

AK±

∥,d (x)
d2NK(x)

dxdQ2
= KLL(x, Q2)×

[

∆Q(x)

∫

D
K
Q (z)dz + ∆S(x)

∫

D
K
S (z)dz

]

. (5)

Eqs. (4,5) permit the simultaneous extraction of the he-
licity distribution ∆Q(x) = ∆u(x) + ∆u(x) + ∆d(x) +
∆d(x) and the strange helicity distribution ∆S(x) =
∆s(x) + ∆s(x). The nonstrange integrated fragmenta-
tion function needed for a LO extraction of ∆S(x) was
extracted from the multiplicity analysis of the same data.

The semi-inclusive asymmetries AK
∥,d were derived from

the kaon spectra measured for each target polarization.
The target polarization was corrected for the D-wave ad-
mixture in the deuteron wave function by applying the
correction term (1 − 1.5ωD) where ω = 0.05 ± 0.01 [32].
The corrected asymmetries are shown in Fig. 4. The in-
clusive asymmetries A∥,d(x) were corrected for effects of
QED radiation and instrumental smearing with the same
procedures described above for the spin dependent kaon
multiplicities. Contributions to the systematic uncertain-
ties in the asymmetries include those from the beam and
target polarizations, and the neglect of the transverse
spin structure function g2(x) ≈ 0 [33], and for AK

∥,d from
those of RICH kaon identification.

The quark helicity distributions were extracted from
the measured spin asymmetries A∥,d(x) and AK

∥,d(x) in an

analysis based on Eqs. (4,5). The value of
∫

DK
S (z)dz =

1.27 ± 0.13 was used to extract ∆S(x). The results are
presented in Fig. 5. The strange helicity distribution also
agrees well with the less precise results of [20], and is
consistent with zero over the measured range.

The first moments of the helicity densities in the
measured region are presented in Tab. I. The result
for ∆Q over the measured range is consistent with the
value 0.381 ± 0.010(stat.) ± 0.027(sys.) for the full mo-
ment previously extracted from Hermes g1,d data [19].
The value of ∆S measured here is not in serious dis-
agreement with −0.0435 ± 0.010(stat.) ± 0.004(sys.) ex-

	Hermes	data:	A.	Airape)an	et	al	
Phys.	Lef.	B	666	(2008)	

Intrinsic strangeness

Possible contribution near
threshold

ss̄ pair knockout
strange quark GPD in the ERBL
region

HERMES data hints
s + s̄ 6= 0 at large x ?
A. Airapetian et al.,
Phys. Lett. B 666 (2008) 446

Very interesting if found !
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  High x:  intrinsic s-s  knockout

Hermes	data:	A.	Airape)an	et	al	
Phys.	Lef.	B	666	(2008)	

BHPS:	S.	J.	Brodsky,	P.	Hoyer,	C.	Peterson	
	and	N.	Sakai,	Phys.	Lef.	B	93,	451	(1980)		
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Projectile size: r⊥ ∼
1
Q

Target size: r⊥ ∼
1
Δ⊥

  (Δ⊥
2 ~ t   for large θe)

  
Coherence time:  Δτ = 2ν

Q2 + MV
2       Coherence length:  l = cΔτ
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Gluon GPD:   Hg (x,ξ ,t)

   

              
dσ L

dt
=
αem

Q2

xB
2

 1− xB

(1−ξ 2 ) | gH
2
+  terms in Eg

Hg = dx Hg
−1

1

∫  H →  Generalized Form Factor (GPP)

H= convolution of elementary process γ L + g →ϕ L + g  by the 

nucleon distribution of gluons Hg

     ( Following  G-K )



  

 Relate  fg (x)  to  fg (x,b)  and GPDs  

x fg (x,b) =
d 2 ∆T

(2π )2
eib∆Hg (x,0,−∆T

2 )∫

x fg (x)= d 2b x fg (x,b)∫ = Hq (x,0,  0)  



  

 Relate  fg (x)  to  fg (x,b)  and GPDs  

x fg (x,b) =
d 2 ∆T

(2π )2
eib∆Hg (x,0,−∆T

2 )∫

x fg (x)= d 2b x fg (x,b)∫ = Hq (x,0,  0)  

  

ρg (x,b) ≡
fg (x,b)

fg (x)
 = normalized distribution.  

d 2b ρg (x,b) =1∫



GPD description of � production

Goloskokov-Kroll 2008 model

includes finite size of qq̄ pairs
(Sudakov suppression)

Describes well available cross-section data

Gluonic radius at 4 and 6 GeV
from CLAS data consistent with
extrapolation from higher energy

dipole mass m

2

g ⇠ 1 GeV2
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Experience	at	Jlab	CLAS:	

J.P.	Santoro,	et	al.	Phys.Rev.C78:025210,2008	

K.	Lukashin	et	al.	Phys.	Rev.	C63.065205,2001	

(J-M.	Laget,	Phys.	Rev.	D	70,	054023	(2004)).	

Theory,	in	terms	of	Regge	trajectories	with	dressed	
Gluons	produce	data	successfully.	



Santoro	et	al.	
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FIG. 15: (Color online) Total cross sections as a function of
Q2 for our data (red full circles), previous JLab data (open
circles) [22], Cornell data (stars) for W between 2 and 3.7
GeV [21], HERMES data (triangles) for W between 4 and
6 GeV [23], and HERA data (squares) at high W [26]. The
curves show the predictions of the JML model at W=2.9, 2.45
and 2.1 GeV (top to bottom).

[20, 21, 22, 23, 26] in Fig. 15. The one overlap point at
Q2 = 1.5 GeV 2 is in good agreement with the previous
CLAS measurement [22]. The data sets span the range
from threshold at W=2 GeV up to HERA energies.

The data sets have a similar trend as a function of
Q2 and increase monotonically as a function of W . The
three curves using the JML model at W = 2.1, 2.45 and
2.9 GeV are also plotted for Q2 greater than 1.5 GeV2.
The calculation for W=2.45 GeV, which is close to the
average of our data, seems to overestimate our data by
about a factor of two, although it does reproduce the
existing Cornell data from Ref. [21]. The Cornell data
has a much wider acceptance range in W between 2.0
and 3.7 GeV, so in fact it could be representative of the
cross section at higher W . The new data from CLAS,
together with the existing world data, in particular the
data from HERA, indicate that the qualitative behavior
as a function of Q2 does not change between threshold
and a W of about 100 GeV.

Of interest is the applicability of factorization and the
formalism of GPDs to meson production in general, and
φ production in particular. QCD factorization makes
certain asymptotic predictions about the cross section,
namely that the longitudinal part of the cross section,
σL, becomes dominant as Q2 increases, and that the dif-
ferential cross section will scale as 1/(Q2)3 at fixed t and
xB . For a slow variation of the cross section over the
range of xB of the data (0.2–0.5), this prediction can be
compared to the Q2 dependence integrated over W and
t, although quantitative estimates are modified by power
corrections as well as kinematics near threshold. On the
other hand, the VDM model predicts the cross section to
scale as 1/(Q2 + M2

φ)n with n = 2. The Q2 range of our

)2(GeV2Q
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30  n)2
φ+M21/(Q

0.33 ±n = 2.49

FIG. 16: (Color online) Fit to the cross section as a function
of Q2 distribution to determine scaling using data from the
present experiment and CLAS data from Ref. [22].

data is limited, but in combination with previous CLAS
data at lower Q2 [22] (see Fig. 16) we can determine the
scaling exponent of 1/(Q2 + M2

φ)n to be n = 2.49± 0.33.
Present theoretical calculations of the φ production

cross section based on GPD models suffer from consid-
erable quantitative uncertainties when applied to fixed–
target energies. At HERA energies the approach taken
in Ref. [40], which relies on the equivalence of leading-
order QCD factorization with the dipole picture of high–
energy scattering, gives a good description of the abso-
lute cross section, as well as of subtle features such as the
change of the W– and t–dependence with Q2. Essential
for the success of this approach is the fact that the effec-
tive scale of the gluon GPD, Q2

eff, is considerably smaller
than the external photon virtuality, Q2, as has been con-
firmed by detailed quantitative studies [41]. The same
is expected in vector meson production at fixed–target
energies; however, implementing it in a consistent man-
ner in these kinematics has so far proven to be difficult.
Leading-twist, leading-order QCD calculations of the φ
production cross section at JLab and HERMES energies
done with the assumption that Q2

eff = Q2 [7] overestimate
the measured cross section by a factor 5–10 and predict
too steep an energy dependence. A satisfactory solution
to this problem likely requires a comprehensive approach
that combines contributions from small–size (∼ 1/Q)
and hadronic–size configurations in the virtual photon
at moderate coherence lengths (cτ ! 1 fm), and possi-
bly higher–order (NLO) QCD corrections. We note that
a modified perturbative approach [8] which includes the
intrinsic transverse momentum in the meson wave func-
tion has been fairly successful in reproducing the mea-
sured cross sections down to relatively low Q2 and W .

The four-momentum transfer distribution probes the
size of the interaction volume. At high energies, the
exponential slope (see Fig.11) is directly related to the
transverse size bφ ∼ 1

3
R2

int in analogy to the classical
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FIG. 17: (Color online) Exponential slope bφ plotted as a
function of the fluctuation parameters c∆τ for the world data.
The data at high W measure an asymptotic slope correspond-
ing to long fluctuation times. At low W and relatively large
Q2, the fluctuation times becomes small and constrain the
size of the interaction volume.

scattering of light through an aperture of radius Rint ∼
0.38 fm. At energies close to threshold, as in the present
experiment, this interpretation requires some modifica-
tion. When the coherence length becomes comparable to
the size of the target, longitudinal shrinkage occurs and
this also causes a decrease of the exponential slope. The
longitudinal size is related to the fluctuation time ∆τ of
the virtual meson, which can be estimated through un-
certainty principle arguments, and is given by Eq. 1. The
nature of the interaction becomes more point-like as Q2

increases and the fluctuation time decreases. This tran-
sition should be observed as a decrease in the measured
slope parameter. Since the differential cross section in t′

was extracted for all Q2, the value for bφ corresponds to
the average value of c∆τ=0.46 fm. The slope parame-
ters for various experiments are shown in Fig. 17 for the
world data on φ electroproduction. The measured slower
fall-off of the t-distribution, corresponding to the small
slope parameter, is consistent with the expectation that
short interaction time probe small ss dipoles.

The differential cross section in −t is compared to the
JML model in Fig. 18. The data covers 1.4 ≤ Q2 ≤ 3.8
GeV2 and the JML model predictions [42] are plotted for
fixed values of Q2 from 1.6 to 5 GeV2. The data tend to
have a shallower slope than the calculation, but there is
general agreement. This agreement is highly non-trivial
since the few parameters of the model have been fixed
at the real photon point and kept frozen in the virtual
photon sector. Our data confirm both the Q2 and −t
dependence of the cross section that are built into the
dynamics of the ss loop and the 2-gluon loop.

The angular decay distributions provide information
on the longitudinal part of the production cross section.
We have extracted values of σTT and σLT from the cross

)2-t (GeV
0 1 2 3

)2
/d

t (
nb
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FIG. 18: (Color online) dσ/dt vs −t for the entire Q2 range
and the JML predictions for W=2.5 GeV at five values of
Q2= 1.6, 2.1, 2.6, 3.8 and 5 GeV2, top to bottom.

section dependence on the angle Φ between the electron
and hadron scattering planes. The value of the σLT is
consistent with zero and the assumption that SCHC is
valid for φ production in this kinematic regime. How-
ever, small deviations are still possible as shown by more
accurate measurements of these parameters at HERA en-
ergies [25].

The ratio R = σL/σT has been determined from two
projections of the angular decay distribution of the K+

in the φ-meson rest frame and under the hypothesis of
SCHC. The measurement of r04

00 gives R = 1.05±0.38 and
the measurement of r1

1−1 gives a value of R = 0.72±0.30,
the weighted average being R = 0.85 ± 0.24. This mea-
surement can be compared to the value of R=1.25 pre-
dicted by the JML 2-gluon exchange model. We note that
these extractions, at least from r04

00 , are relatively insen-
sitive to the assumption of SCHC as shown in Ref. [25].

The measurements of R from this analysis and other
world data are plotted as a function of Q2 in Fig. 19 3.
The data show that the ratio R is increasing as a func-
tion of Q2, but σL is still not dominant at these kine-
matics. Using our measurement of R, we can compute
the average longitudinal cross section for our data. The
average cross section is given by σ(Q2 = 2.21GeV 2) =
6.9 ± 1.7 nb, which yields a longitudinal cross section
σL = 4.5 ± 1.1 nb.

XI. SUMMARY

φ-meson electroproduction was examined in the kine-
matical regime 1.4 ≤ Q2 ≤ 3.8 GeV2, 0.0 ≤ t′ ≤ 3.6

3 The W -dependence of R has been studied at HERA [26], which
covers a very large range in W .

JML-Q2=1.6,	5	GeV2	
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JLab, and ρ electroproduction data from HERMES [18].
One of the leading motivations for the present work is

the sparse amount of existing φ electroproduction data.
The body of φ-meson electroprodution data at similar
kinematics consists of early data from Cornell [19, 20, 21],
and some data from CLAS at lower energy [22]. Re-
cent data on φ electroproduction comes from HERMES
[18, 23] and HERA [24, 25, 26, 27] at much higher center-
of-mass energy (W ). A summary of the world data in-
dicating their kinematic range is given in Table I. The
data from this experiment are complementary to mea-
surements at collider energies which cover a higher W
and higher Q2 range where diffraction mechanisms are
probed.

TABLE I: Summary of φ electroproduction data and kine-
matic range.

Experiment Q2 (GeV2) W (GeV)
Cornell Dixon [19, 20] 0.23 - 0.97 2.9
Cornell Cassel [21] 0.80 - 4.00 2.0 - 3.7
HERMES [18, 23] 0.70 - 5.00 4.0 - 6.0
CLAS[22] 0.70 - 2.20 2.0 - 2.6
H1 [24] > 7.0 ∼ 75.0
H1 [25] 1.00 - 15.0 40.0 - 130.0
H1 [27] 3.00 - 20.0 4.0 - 120.0
ZEUS [26] 7.00 - 25.0 42.0 - 134.0
ZEUS [26] 2.00 - 70.0 35-145

We have measured φ-meson electroproduction at the
highest possible Q2 accessible at CEBAF energies in the
valence quark regime. The data set covers the kinemat-
ical regime 1.4 ≤ Q2 ≤ 3.8 GeV2, 0.0 ≤ t′ ≤ 3.6 GeV2,
and 2.0 ≤ W ≤ 3.0 GeV. We will present cross sec-
tions as a function of the momentum transfer −t, the
azimuthal angle Φ between the electron and hadron scat-
tering planes, as well as the angular decay distributions
in the rest frame of the φ-meson. Although limitations of
the statistical sample will preclude determining correla-
tions between different kinematic variables, the distribu-
tions will provide insights into the distance scale of the
interaction and explore kinematics that begin to probe
partonic degrees of freedom.

II. KINEMATICS AND NOTATION

The kinematic variables in exclusive φ production (see
Fig. 1) described by

e(k) p(P ) → e(k′)φ(υ) p(P ′), (2)

are k, k′, P , P ′ and υ which are, respectively, the four-
momenta of the incident electron, scattered electron, tar-
get proton, scattered proton and the φ-meson:

e

*
γ

’e

p
p’

φ

LABZ

Φ

+KHELY HELZ

Electron Scattering Plane (Lab)

Hadron Production Plane (c.m.)

φ

HELX
H
φ

Hθ

Decay Plane (Helicity Frame)

φ

FIG. 1: (Color online) Graphical representation of φ-meson
electroproduction. Shown from left to right then above are
the electron scattering plane, the hadron production plane
and helicity rest frame of the φ respectively.

• Q2 = −q2 = −(k − k′)2, the negative four-
momentum squared of the virtual photon;

• W 2 = (q + P )2, the squared invariant mass of the
photon-proton system;

• xB = Q2/(2P · q), the Bjorken scaling variable;

• ν = P · q/Mp, energy of the virtual photon;

• t = (P −P ′)2, the squared four-momentum transfer
at the proton vertex, is given by

t = t0 − 4pγ∗

cmpφ
cm sin2(θcm/2) , where

t0 = (Eγ∗

cm − Eφ
cm)2 − (pγ∗

cm − pφ
cm)2

and the above formulas are calculated using the
energy and momenta of the virtual photon and φ
in the γ∗p center-of-mass;

• t′ = |t − t0|, momentum transfer relative to the
kinematic limit −t0, which increases with Q2 and
decreases with increasing W;

• The coordinate system in the γ∗p center-of-mass
is defined with the z-axis along the direction of
the virtual photon, and the y-axis normal to the
hadronic production plane along p⃗ γ∗

cm × p⃗ φ
cm;

• Φ, the angle between the hadron production (γ∗φp)
plane and the electron scattering (ee′γ∗) plane fol-
lowing the convention in Ref. [28]2;

2 The azimuthal angle Φ used here is −φ from the “Trento con-
vention” [29].

  
W (cosθ ) = 3

4
1− r00

04( )+ 3r00
04 −1( )cos2θH

⎡
⎣

⎤
⎦

  

dσ
dΦ

=  1
2π

 σ +εσ TT cos2Φ + 2ε(1 +ε)σ LT  cos Φ( )         
Helicity conservation: σ TT ,σ LT = 0    →   dσ =  1

2π
σ

To	find	gluon	density,	need	σL	

Extrac)on	of	L/T	requires	either	do		
Rosenbluth	plot		or	working	in		
helicity	frame	

  
 r00

04 =
εR

1+εR
    were  R = σ L

σ T

Helicity	matrix	element:	
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FIG. 6: (Color online) Sketch of exclusive φ(1020) production
via Pomeron exchange and of excited hyperon production, of
which Λ(1520) is an example. This is the primary physics
background for φ(1020) production.

the same final state. The majority of these backgrounds
come from the production and subsequent decay of high-
mass hyperons produced via ep → e

′

K+Λ∗(Σ∗) as illus-
trated in Fig. 6. The Dalitz plot in Fig. 7 clearly shows
the dominant Λ(1520) background contribution (horizon-
tal strip), as well as the φ(1020) (vertical strip). There
are additional contributions from the higher-mass states
such as Λ∗(1600), Λ∗(1800), Λ∗(1820), Σ∗(1660), and
Σ∗(1750) but they cannot be separately identified. In or-
der to avoid the introduction of holes in the acceptance,
no cuts are made to remove these hyperon backgrounds.
Instead they are taken into account during the fitting
procedure by assuming they contribute to the smooth
background under the φ-meson peak. Nevertheless, many
different fits were performed removing events in the peak
of the Λ∗(1520) to study this systematic with no indica-
tion that they changed the results significantly. These
studies focused on the t-distributions, since the effective
momentum transfer in Λ∗ reactions is very flat compared
to that expected from φ-meson production.

V. ACCEPTANCE CORRECTIONS

Particle interactions and event reconstruction in the
detector were simulated using a GEANT-based Monte
Carlo called GSIM [34]. The events were generated ac-
cording to a VDM-inspired cross section [10] with the
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FIG. 7: Dalitz plot of M2
pK versus M2

KK . The well-defined
horizontal strip is the Λ(1520) band. The vertical strip is the
φ(1020) band.

following form:

σV DM
φ (Q2, W ) =

σφ(0, W ) [1 + Rϵ]

(1 + Q2/M2
φ)3

×
(W 2 − M2

p ) exp(−bt′)
√

(W 2 − Mp
2 − Q2)2 + 4W 2Q2

(4)

ϵ =
4Ee(Ee − ν) − Q2

4Ee(Ee − ν) + 2ν2 + Q2
, (5)

where σφ(0, W ) is the (transverse) photoproduction cross
section, Ee is the incident electron beam energy, ϵ is the
virtual photon polarization parameter and R is the ra-
tio of the longitudinal to transverse cross section. The
parameters of the model were tuned during preliminary
analysis and found to reproduce the general features of
the data. The main variation from the conventional
VDM model was in the propagator, where preliminary
data seemed to indicate a stronger dependence on Q2

and an exponent of 3 was used instead of 2.
The acceptance function is a combination of the geo-

metrical acceptance of CLAS, the detector efficiencies of
the scintillators and drift chambers, the track reconstruc-
tion efficiency, and the event selection efficiency. The
Cerenkov detector [30] is not well modeled in GSIM, and
its efficiency was determined separately using the data.

The acceptance was defined in each bin of a 6-
dimensional table as the ratio of reconstructed to gener-
ated Monte Carlo events. In order to account for corre-
lations between all kinematic variables, a total of 33,600
acceptance bins are defined in the kinematic variables
Q2, −t, W , Φ, cos θH and ψ. The binning selection is
given in Table II for the first three variables and uniform
binning was used for Φ (6 bins), cos θH (5 bins) and ψ (8
bins). The projected 2-D acceptance surface in Q2 and
−t and the 1-D projections in Q2, t, and W are shown in
Fig. 8 . The projected 2-D acceptance surface in cos θH

and ψ is shown in Fig. 9, as well as the 1-D projections
in cos θH , ψ, and Φ. The variation of the acceptance is
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FIG. 6: (Color online) Sketch of exclusive φ(1020) production
via Pomeron exchange and of excited hyperon production, of
which Λ(1520) is an example. This is the primary physics
background for φ(1020) production.

the same final state. The majority of these backgrounds
come from the production and subsequent decay of high-
mass hyperons produced via ep → e

′

K+Λ∗(Σ∗) as illus-
trated in Fig. 6. The Dalitz plot in Fig. 7 clearly shows
the dominant Λ(1520) background contribution (horizon-
tal strip), as well as the φ(1020) (vertical strip). There
are additional contributions from the higher-mass states
such as Λ∗(1600), Λ∗(1800), Λ∗(1820), Σ∗(1660), and
Σ∗(1750) but they cannot be separately identified. In or-
der to avoid the introduction of holes in the acceptance,
no cuts are made to remove these hyperon backgrounds.
Instead they are taken into account during the fitting
procedure by assuming they contribute to the smooth
background under the φ-meson peak. Nevertheless, many
different fits were performed removing events in the peak
of the Λ∗(1520) to study this systematic with no indica-
tion that they changed the results significantly. These
studies focused on the t-distributions, since the effective
momentum transfer in Λ∗ reactions is very flat compared
to that expected from φ-meson production.

V. ACCEPTANCE CORRECTIONS

Particle interactions and event reconstruction in the
detector were simulated using a GEANT-based Monte
Carlo called GSIM [34]. The events were generated ac-
cording to a VDM-inspired cross section [10] with the
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following form:

σV DM
φ (Q2, W ) =

σφ(0, W ) [1 + Rϵ]

(1 + Q2/M2
φ)3

×
(W 2 − M2

p ) exp(−bt′)
√

(W 2 − Mp
2 − Q2)2 + 4W 2Q2

(4)

ϵ =
4Ee(Ee − ν) − Q2

4Ee(Ee − ν) + 2ν2 + Q2
, (5)

where σφ(0, W ) is the (transverse) photoproduction cross
section, Ee is the incident electron beam energy, ϵ is the
virtual photon polarization parameter and R is the ra-
tio of the longitudinal to transverse cross section. The
parameters of the model were tuned during preliminary
analysis and found to reproduce the general features of
the data. The main variation from the conventional
VDM model was in the propagator, where preliminary
data seemed to indicate a stronger dependence on Q2

and an exponent of 3 was used instead of 2.
The acceptance function is a combination of the geo-

metrical acceptance of CLAS, the detector efficiencies of
the scintillators and drift chambers, the track reconstruc-
tion efficiency, and the event selection efficiency. The
Cerenkov detector [30] is not well modeled in GSIM, and
its efficiency was determined separately using the data.

The acceptance was defined in each bin of a 6-
dimensional table as the ratio of reconstructed to gener-
ated Monte Carlo events. In order to account for corre-
lations between all kinematic variables, a total of 33,600
acceptance bins are defined in the kinematic variables
Q2, −t, W , Φ, cos θH and ψ. The binning selection is
given in Table II for the first three variables and uniform
binning was used for Φ (6 bins), cos θH (5 bins) and ψ (8
bins). The projected 2-D acceptance surface in Q2 and
−t and the 1-D projections in Q2, t, and W are shown in
Fig. 8 . The projected 2-D acceptance surface in cos θH

and ψ is shown in Fig. 9, as well as the 1-D projections
in cos θH , ψ, and Φ. The variation of the acceptance is
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  CLAS12 Experiment:  fill gap in  r⊥   in range x>   0.1

Nucleon gluonic radius at 11 GeV

Exclusive � electroproduction
as the best probe of gluon GPD
at 11 GeV

Dominance of small-size configurations
at Q

2 ⇠ few GeV2

GPD = Universal gluon form factor

Gluonic radius as a function of x

Small x : radius grows through parton
diffusion

x < 0.01 measured: J/ and � at HERA
H1/ZEUS and Fermilab

x > 0.1 unknown range : � with CLAS12
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