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Fig. 3.2. Mass function. Solid line: solution of the gap equation using Eqs. (3.1), (3.3); data: lattice
simulations,54 obtained with m = 0.036/a ∼ 60 MeV; dashed-line: gap equation solution using
Eqs. (3.1), (3.9). The DSE study used a renormalisation point ζ = 19GeV and a current-quark
mass 0.6 m1 GeV

s [Eq. (3.4)]. (Adapted from Ref. [49].)

3.3. Pion’s valence-quark distribution function

The momentum-dependent dressing of quark and gluon propagators is a fact. It is
certainly the keystone of DCSB, materially influences hadron observables and quite
likely plays a central role in confinement. This was anticipated in the Global Colour
Model.62,63,64 As we shall subsequently illustrate, the rainbow-ladder kernel is
unique today in providing a direct description and unification of a wide range of me-
son phenomena in terms of a single parameter that characterises the long-range be-
haviour of the quark-antiquark interaction. Establishing this is a reward for substan-
tial effort. However, it is a recent development. Historically, algebraic parametri-
sations of the dressed-quark propagator and Bethe-Salpeter amplitudes, based on
the known behaviour of numerical solutions, were used to expedite a comparison be-
tween theory and experiment. Successes with that approach25,32,33,65,66,67,68,69,70,71,72,73,74,75

provided the impetus for refining the DSE method and its direct numerical appli-
cations.

The utility of an algebraic form for the dressed-quark propagator and Bethe-
Salpeter amplitudes is self-evident: calculating the simplest elastic form factor re-
quires the repeated evaluation of a multidimensional integral whose integrand is a
complex-valued function, and a functional of the propagator and amplitudes. The
expedient remains of use, notably in connection with baryons, and can be illus-
trated by reviewing a recent calculation of the pion’s valence-quark distribution
function.76

The cross section for deep inelastic lepton-hadron scattering can be interpreted
in terms of the momentum-fraction probability distributions of quarks and gluons

66%8)9%

:"*)%;#"*0%<%=$#(>%?$(#@%
1?"$A>=%

66%8)9%

W (GeV)!

B 
(G

eV
-2

)!

!!~eBt!

!"#!$%&$
'()*+,*$$
-.(/01$

)23$%&$
1*($$
-.(/01$

! * + p " p + #°

3
4
5
6
7
8
9

10
11
12
13

0 5 10 15 20 25 30 35 40

 ZEUS (prel.)
 ZEUS

 ZEUS (prel.)
 ZEUS

J/  ZEUS
J/  H1

 H1

Q2 (GeV2)

B 
(G

eV
-2

)

J/

!"#$%&&'Q !

!(

!
"#
$%
&&&'

B

Q2 (GeV2)!

B 
(G

eV
-2

)!

!"

t-‐slopes	  vs	  Q2	  and	  W	


The landscape 
vector mesons 

CLAS	  6	  	  	  	  	  	  CLAS12	   CLAS	  6	  	  	  	  	  	  CLAS12	  



RPI	   JLab	  Stoler	  Sea/le	  	  2/15/12	  

Physics Motivation: 
General Goals: 
Assess and constrain QCD based models of the nucleon by 
means of quark flavor selectivities and spin and  parity 
properties of mesons. 

Assess the applicability of factorization: GPD/hard kernal 
handbag mechanism. 

A specific goal: 
Determine the role of non-leading terms in factorization  
Exploit the unique sensitivity  to transversity GPDs     
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Modus	  Operandi	  

•  Measure structure functions and asymmetries over as wide a 
kinematic range in Q2,xB,t  as possible. 

•  Make continuous connection between low Q2 region where 
hadron based models are applicable to higher Q2 region where 
QCD based models appear to be applicable 

•  Guide the progress in theory with new data. 
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Recap	  P.	  Krolls,	  S.	  LuiE	  

    

σ  M
2

M ∈ F = dxH ′µ ′λ ′µ ′λ∫ F F = GPD( )

    
H ′µ ′λ ′µ ′λ = dbdτ Ψ̂(τ ,b) F ′µ ′λ ′µ ′λ∫  αSe−S (τ ,b,Q2 )

Dominant	  GPDs	  

    

Longitudinal  σ L    ML
2  H , E

Transverse   σT    MT
2  HT , ET

Interference  σTT   MTT
2  ET

  σ LT   MLT
2  HT , E

   ET = 2 HT + ET

Measurement of Exclusive π0
Electroproduction Structure Functions and their

Relationship to Quark Helicity-Flip

The CLAS Collaboration

Exclusive π0 electroproduction at beam energy of 5.75 GeV has been measured at Jefferson Lab
with the CLAS large acceptance spectrometer. Differential cross sections have obtained at more
than 1700 kinematic values in Q2, xB , t, and φπ, in the range Q2 from 1.0 to 4.6 GeV2/c2, −t up to
2 GeV2/c2, and xB from 0.1 to 0.58. Structure functions σT + �σL, σTT and σLT were extracted as
functions of t for each of 17 combinations of Q2 and xB . The data were compared directly with two
handbag based calculations including both quark helicity conserving and quark helicity-flip GPDs.
It is found that inclusion of only helicity conserving GPDs very strongly underestimates σT + �σL,
and fails to account for σTT and σLT , while additional inclusion of helicity-flip GPDs brings the
calculations into substantially better agreement with the data, although significant discrepancies
remain at small |t|. The results provide confirmation over a large body of data that exclusive π0

electroproduction can uniquely offer direct experimental access to the quark helicity-flip GPDs and
its connection with the nucleon transversity distributions. They also suggest kinematic regions
where improvements in theory are necessary.

Exclusive electron scattering reactions at large

momentum transfer provide a major tool for map-

ping the three dimensional structure of the nucleon

in terms of it’s quark and gluon constituents. Ex-

amples are electron elastic scattering, deeply virtual

Compton scattering (DVCS), and deeply virtual me-

son electroproduction (DVMP). The latter includes

pseudoscalar mesons with intrinsic spin and parity

J
P

= 0
−

, such as π
−

, π
0
, π

+
and η, and vector

mesons, which have the same spin and parity as

the photon, J
P

= 1
−

, such as ρ
−

, ρ
0
, ρ

+
, ω and

φ. The handbag mechanism has serves as a theoret-

ical framework for interpreting experimental exclu-

sive reaction data in terms of the nucleon’s structure.

This is shown schematically in Fig. 1 specifically for

π
0

production.
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FIG. 1: Schematic diagram of the handbag mechanism
for deeply virtual pion production. The helicities of the
initial and final nucleons are indicated by ν and ν�, the
incident photon and produced meson by µ and µ�, and
the active initial and final quark by λ and λ�. The black
arrows denote spin helicities, 0,±1 for the photon ±1/2
for the quarks and nucleon, and 0 for the π0.

In the handbag framework, following the notation of

Ref. [1] the reaction amplitudeMµ�ν�,µν can be writ-

ten as a linear sum of amplitudes �F � which factorize

into two parts:

�F � =

�

λλ�

�
dxHµ�λ�,µλF

Hµ�λ�,µλ is the matrix element for pion production

of a quark, and F is the generalized parton dis-
tribution(GPD) , which encodes the distribution of

quark and gluon linear and angular momentum dis-

tributions within the nucleon. There are 8 GPDs.

Four involve longitudinally polarized photons with

µ = 0, H,E, �H and �E, which are quark helicity

conserving mechanisms (λ
�

= λ). The other 4 in-

volve transversely polarized photons with µ = ±1/2,

HT , ET , �HT and �ET , which involve quark helicity-

flip (λ
�
= −λ) and orbital angular momentum mech-

anisms. The 4 longitudinal quark helicity conserving

GPDs are studied in several reactions, most notably

in DVCS. However, the 4 transversity GPDs, which

involve spin and orbital angular momentum, are are

difficult to access. It was pointed out in Ref. [2]

and then in Ref. [1] that pion electroproducion is

uniquely sensitive to these transversity GPDs , be-

cause of the pion’s negative parity and zero spin.

A disadvantage for meson electroproduction is that,

whereas for DVCS the kernel H can be expressed in

leading order twist−2 processes, for mesons H must

be expressed in terms of non-leading order twist− 3

processes.

Evidence of their possible contribution in π
+

elec-

troproduction in target spin asymmetry data was al-

ready noted in Ref. [1, 3]. Unlike for the π
0
, a com-

plication in interpretation of π
+

electroproduction

in terms of twist-3 subprocesses is the large interfer-

ing contribution of the pion-pole term. In addition,

for π
0

the structure of the matrix elements in terms

of up and down quarks further suppresses the quark

helicity non-flip amplitudes relative to their helicity-

flip amplitudes [1, 3].

Experimentally, π
0

measurements over a large

kinematic range are much more difficult than for π
+
:

the π
0

cross sections are much smaller than for π
+
,
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The	  Exclusive	  π	  and	  η	  Program	  (so-‐far)	  

   

CLAS6 Results:

π 0

σ u =σT + εσ L , σTT , σ LT
BSA   ABP  ′σ LT

π +  
σ u =σT + εσ L , σTT , σ LT
BSA   ABP  ′σ LT

η 
σ u =σT + εσ L , σTT , σ LT
BSA   ABP  ′σ LT    

CLAS12 Proposed:

π 0

σ u =σT + εσ L , σTT , σ LT

L/T σT ,σ L

BSA   ABP  ′σ LT

η  
σ u =σT + εσ L , σTT , σ LT

L/T σT ,σ L

BSA   ABP  ′σ LT

   

CLAS12 Pending:

π +  
σ u =σT + εσ L , σTT , σ LT

BSA   ABP  ′σ LT

η,π 0,π +

Trans TSA,  Long TSA

  Hall C Proposed: π 0,π + σT /σ L  

Hall A  Data: π 0 σ u =σT + εσ L , σTT , σ LT

Hermes  Data: π + Trans. Tgt. Asymm. 
 Hall C data:π +



RPI	   JLab	  Stoler	  Sea/le	  	  2/15/12	  

Run Number
46600 46800 47000 47200 47400

B
ea

m
 P

ol
ar

iz
at

io
n

-1

-0.5

0

0.5

1

−80 −60 −40 −20 0 20 40
zCLAS (cm)

0.10

1.00

B z (
T)

Cible

Cristaux IC

CLAS 6 Experiments                  - structure functions and BSA  π
0 ,η, π +



RPI	   JLab	  Stoler	  Sea/le	  	  2/15/12	   xB

Q
2   2.021    /     2

P1   5.712
P2 -0.7572

  3.409    /     4
P1   5.677
P2 -0.9643

  3.177    /     2
P1   5.947
P2 -0.9289

  11.76    /     4
P1   5.655
P2  -1.148

  10.53    /     4
P1   5.910
P2  -1.160

  1.674    /     2
P1   6.509
P2  -1.171

  22.15    /     4
P1   5.586
P2  -1.352

  10.64    /     4
P1   5.822
P2  -1.349

  9.972    /     4
P1   6.137
P2  -1.024

  2.232    /     4
P1   5.850
P2  -1.682

  5.005    /     4
P1   6.065
P2  -1.676

 0.8199    /     4
P1   6.276
P2  -1.392

  16.44    /     4
P1   6.621
P2  -1.245

  2.196    /     4
P1   6.083
P2  -1.876

  13.95    /     4
P1   6.208
P2  -1.922

  6.859    /     4
P1   6.455
P2  -1.793

  28.45    /     4
P1   6.564
P2  -1.615

  25.19    /     4
P1   5.908
P2  -1.803

  9.259    /     4
P1   6.211
P2  -1.915

 0.2420E-02/     3
P1   16.23
P2  -39.21

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.6

0.1 0.15 0.2 0.25 0.3 0.38 0.48 0.58

10 2

0.09 2

10 2

0.09 2

10 2

0.09 2

10 2

0.09 2

10 2

0.09 2

10 3

0.09 2

10 2

0.09 2

10 2

0.09 2

10 2

0.09 2

10 2

0.09 2

10 2

0.09 2

10 2

0.09 2

10 3

0.09 2

10 2

0.09 2

10 2

0.09 2

10 2

0.09 2

10 3

0.09 2

10 2

0.09 2

10 2

0.09 2

1

10 2

10 3

0.09 2

  

CLAS6 π 0 (Bedlinsky et al.)

Cross  section data dσ / dt



RPI	   JLab	  Stoler	  Sea/le	  	  2/15/12	  

Q2

B

0.125
0.175
0.225
0.275
0.34
0.43
0.53

xB

0.25

0.5

0.75

1

1.25

1.5

1.75

2

2.25

2.5

1 1.5 2 2.5 3 3.5 4 4.5

Structure functions

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.6

0.1 0.15 0.2 0.25 0.3 0.38 0.48 0.58
XB

Q
2 , G

eV
2

!T+"!L

!LT

!TT

-200

0

200

0 2

-200

0

200

0 2

-200

75

350

0 2
-200

75

350

0 2

0

250

0 2

-200

50

300

0 2
-200

125

450

0 2

-200

50

300

0 2
-200

125

450

0 2
-200

125

450

0 2
-200

125

450

0 2

-200

75

350

0 2
-200

100

400

0 2

0

500

0 2
-200

125

450

0 2

-200

125

450

0 2

-200

125

450

0 2

-200

0

200

400

0 1 2
-t

xB

B

1.25GeV2
1.75GeV2
2.25GeV2
2.75GeV2
3.25GeV2
3.75GeV2
4.3GeV2

Q2

0.25

0.5

0.75

1

1.25

1.5

1.75

2

2.25

2.5

0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.550

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 0.2 0.4 0.6 0.8 1 1.2 1.4
-t, GeV2

xB

Q
2   2.021    /     2

P1   5.712
P2 -0.7572

  3.409    /     4
P1   5.677
P2 -0.9643

  3.177    /     2
P1   5.947
P2 -0.9289

  11.76    /     4
P1   5.655
P2  -1.148

  10.53    /     4
P1   5.910
P2  -1.160

  1.674    /     2
P1   6.509
P2  -1.171

  22.15    /     4
P1   5.586
P2  -1.352

  10.64    /     4
P1   5.822
P2  -1.349

  9.972    /     4
P1   6.137
P2  -1.024

  2.232    /     4
P1   5.850
P2  -1.682

  5.005    /     4
P1   6.065
P2  -1.676

 0.8199    /     4
P1   6.276
P2  -1.392

  16.44    /     4
P1   6.621
P2  -1.245

  2.196    /     4
P1   6.083
P2  -1.876

  13.95    /     4
P1   6.208
P2  -1.922

  6.859    /     4
P1   6.455
P2  -1.793

  28.45    /     4
P1   6.564
P2  -1.615

  25.19    /     4
P1   5.908
P2  -1.803

  9.259    /     4
P1   6.211
P2  -1.915

 0.2420E-02/     3
P1   16.23
P2  -39.21

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.6

0.1 0.15 0.2 0.25 0.3 0.38 0.48 0.58

10 2

0.09 2

10 2

0.09 2

10 2

0.09 2

10 2

0.09 2

10 2

0.09 2

10 3

0.09 2

10 2

0.09 2

10 2

0.09 2

10 2

0.09 2

10 2

0.09 2

10 2

0.09 2

10 2

0.09 2

10 3

0.09 2

10 2

0.09 2

10 2

0.09 2

10 2

0.09 2

10 3

0.09 2

10 2

0.09 2

10 2

0.09 2

1

10 2

10 3

0.09 2

!"#$%"$#&'($)%*+),'

-./!01'23"3'
d!
dt
(" *p! ep# 0 )" ebt! *p! p" 0

! *p! p#

! /" 0 Ratio
"',4+5&'53#36&"&#'

! 

"T +#"L

! 

"LT

! 

"TT

5#&4767)3#8'

9&473:4&'&;"#3%*+)'+<'"=&',"#$%"$#&'<$)%*+),'<+#'
!>'3)2'"'?3,'2&6+),"#3"&2''?7"='-./!1'
&;5&#76&)"34',&"$5@'A=&,&'23"3'3)2'"=&')&?'
"=&+#&*%34'2&B&4+56&)",'63C&'"=&'-./!0DE'
&;5&#76&)"'&B&)'6+#&'%+65&447)F'

  t  - slope parameter B vs. Q2 and xB
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are indicative of strong interferences between transverse and longitudinal
structure, and thus indicative of large non-factorizeable contributions to the
reaction, so that the simple handbag approach cannot be applied in this low
range of Q2. (Comment for Valery: what about the phi distribution
in the Q2 4 to 5 region? Any smaller modulations which would be
indicative of smaller transverse interferences???)

t=0.3

0

2000

4000

6000

8000

10000

12000

0 50 100 150 200 250 300 350

P1   7969.
P2 -0.9958E-01
P3 -0.3514

dN/d !"

Fig. 4. The angular distribution for t = 0.3 and 0.6 GeV2 integrated over Q2 > 1 GeV2

and W > 2 GeV.

Separated Structure Functions.

Separated structure σT + �σL, σTT , and σLT as functions of −t were ob-
tained from fits to the differential cross section data for 15 intervals in Q2

and x, two of which are shown in Fig 5. Since the structure functions at
the present kinematics cannot be described by the leading order handbag
approach, we also display the results of a Regge type analysis.8 It appears
that the Regge approach can account for the main features of the structure
functions, both in their magnitude and their relationships to each other.

t-slopes and Transverse Spatial Structure.

In the Regge framework the cross sections can be expressed according to the
following form: dσ/dt ∝ exp

�
B(xB , Q2)t

�
with slope B(xB) = 2αln(1/xB),

  Cosφ dependence →  σ T + εσ L , σ TT , σ LT
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E. FUCHEY et al. PHYSICAL REVIEW C 83, 025201 (2011)
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FIG. 13. σT L (a), σT T (b), and σT L′ (c) H (e, e′π 0)p cross-section
components as a function of tmin − t for the two xBj values. KinX2 is
represented by the open circles and KinX3 by the solid circles. Error
bars represent statistical errors only. The bands (light for KinX2 and
dark for KinX3) show fits proportional to sin θ c.m.

π , sin2 θ c.m.
π , and

sin θ c.m.
π , respectively. Refer to Table VII for more detailed cross-

section values, with statistical and systematic errors.

(ii) The Q2 dependence of the cross section (Fig. 10
and Table XII) demonstrates that we are far from
the QCD leading twist prediction of dσL/dt , which
behaves as 1/Q6. On the other hand, it is similar
to the Q2 dependence of the transverse cross sec-
tion for charged pion electroproduction published by
Hall C [8].

Moreover, the π0 has no charge and no spin, so a
direct coupling with a virtual photon is suppressed, which
removes the pion-pole contribution to the longitudinal cross
section. This suggests that the transverse ep → epπ0 cross
section is likely to dominate, and transverse ep → enπ+

cross sections have already been described by quark frag-
mentation mechanisms usually used to describe semi-inclusive
processes.

Horn et al. measured the exclusive π+ electroproduction
cross section at Q2 = 1.60 and 2.45 GeV2, with σT and σL

separation [8]. The t-channel meson-exchange model by Laget
reproduces the σL component. However, the σT component
does not follow the TME model prediction. Kaskulov et al.

TABLE XI. $h-dependent hadronic tensor parametriza-
tion for constant Q2. The first error is the statistical error and
the second is the systematic error.

xBj dependence
KinX3 xBj = 0.335, Q2 = 2.155 (GeV2)
Wxx−Wyy

2 = [−770 ± 135 ± 63] × sin2 θ c.m.
h cos 2$h nb

Re(Wxz) = [121 ± 43 ± 17] × sin θ c.m.
h cos $h nb

Im(Wxz) = [−278 ± 69 ± 28] × sin θ c.m.
h sin $h nb

KinX2 xBj = 0.394, Q2 = 2.073 (GeV2)
Wxx−Wyy

2 = [−1003 ± 86 ± 153] × sin2 θ c.m.
h cos 2$h nb

Re(Wxz) = [163 ± 24 ± 72] × sin θ c.m.
h cos $h nb

Im(Wxz) = [−101 ± 58 ± 55] × sin θ c.m.
h sin $h nb

TABLE XII. Q2 and W dependences for the total cross section
and the longitudional cross section with Drechsel-Tiator conventions
and with VGG conventions. For σL, the dependences have been
evaluated neglecting σT . The Q2 and W dependences of σT alone
(i.e., assuming σL = 0) are the same as the Q2 and W dependences of
σT + εLσL.

Quantity Q2 dependence W dependence

σT + εLσL (Q2)−2.39±0.08 (W )−3.48±0.11

σL (Drechsel-Tiator) (Q2)−0.50±0.13 (W )−0.46±0.57

σL (VGG) (Q2)−1.50±0.08 (W )1.28±2.52

performed PYTHIA-JETSET calculations using the Lund model
applied to π+ transverse cross sections at Hall C kinematics
[15]. In this model, the virtual photon strikes a quark, with a
probability given by the structure functions. Due to this, the
hadronic system fragments into two jets. The jet engendered
by the single quark gives a pion, and the one engendered by
the remainder of the nucleon gives the final neutron. These
calculations applied to Hall C π+ transverse cross sections
are in excellent agreement with the data. This gives evidence
that the π+ transverse cross section at Q2 > 1 GeV2 above
the resonance region is described by a partonic process.
This suggests that the present π0 data could similarly be
described by incoherent scattering on the partonic structure
of the nucleon target.

For these reasons, we consider our data within the context
of semi-inclusive deep inelastic scattering (SIDIS). We can
try to fit our data with a SIDIS formalism written by
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W = 2.214 GeV
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FIG. 14. (Color online) New calculations at Kin2 (left panels)
and Kin3 (right panels) of the t-channel meson-exchange model,
including charge-pion rescattering with πN and π& intermedi-
ate states [6]. Dashed lines: pole contributions and Pomeron cut
alone. Dash-dotted lines: without ρ& cuts. Full lines: ρ& cuts
included.

025201-12

CalculaEons:	  
J.	  M.	  Laget,	  Phys.	  Le/.	  B	  695,	  199	  (2011)	  

Hall	  A	  experiment.	  
E.	  Fuchey	  et	  al.	  P.	  R.	  (2011)	  
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G-‐K	  	  Increase	  

Figure 6: Unseparated and partial cross sections for π0 production. The
solid (dashed, dash-dotted) line represents the unseparated (longitudinal-
transverse, transverse-transverse) cross section. The dash-dot-dotted line is
evaluated from the modified GPDs, see text. (Color online)

plying our approach in its present form at Jefferson Lab kinematics straight-
forwardly, one runs into difficulties with ρ0 production - the cross section is
at variance with experiment [44] by order of magnitude [2, 45]. For φ produc-
tion [46], on the other hand, our approach works quite well. The reason for
this failure of the handbag approach with ρ0 production is not understood
but it is likely be related to the valence quarks. Similar difficulties may hap-
pen for electroproduction of pions. With this admonition in mind one may
compare our approach with the preliminary CLAS data on π0 production
[47] (at W ! 2.5 GeV and Q2 ! 2.3 GeV2). It turns out that the magnitude
of the cross section is about right. Even a little forward dip is seen in the
CLAS data on the cross section. This effect has also been observed in a
Hall A experiment [48]. It is important to realize that the depth of the dip
is determined by the ratio of the amplitudes M0−,++ and M0+,++, i.e. it is
influenced by the relative strength of HT and ĒT . We remind the reader that
the normalization of the first GPD is fixed by the transversity PDF deter-
mined in [29] while the second one is constrained by lattice-QCD results [14].
A change of these GPDs may lead to a different shape of the cross section in
the forward region. An example of such a modification of the GPDs is also
shown in Fig. 6 and compared to the result evaluated from the standard pa-
rameterization of the GPDs presented in Sect. 3. For this variant we modify

18

  

G-K: Increase HT   by ~10%
         Dereade ET  by ~10%
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π0	  Beam Spin Asymmetry 
CLAS6 data (di Masi et al) 
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9! Beam Spin Asymmetry 

 

! *p" p#Beam Spin Asymmetry 

! Data CLAS 

! Blue – Regge model 

! Red – GPD predictions 

!  tensor charges   

    δu=0.48,  

    δd =-0.62 

!  transverse anomalous magnetic moments  

     κu
T = 0.6,  

     κd
T = 0.3. 

Ahmad, Goldstein, Luiti, 2009 

Fig. 7. Left: the angular distribution of the BSA for η electroproduction at several
values of Q2 = 2 GeV2 (Ref. 6). The curve is a fit to the function A = α sin φ. Right:
the extracted asymmetries for π0 electroproduction at several values of Q2 = 2 GeV2

(Ref.7) . The red curves are due to a GPD based model4 and the blue are due to the
Regge based model.8

describe the experimental data .

Conclusion.

Cross sections and asymmetries for the π0
and η exclusive electroproduction

in a very wide kinematic range of Q2
, t and xB have been measured and

initial analyses already are showing remarkable results. These data will help

us to better understand the transition from soft to hard mechanisms. Initial

results show that both transverse and longitudinal amplitudes participate

in the exclusive processes at currently accessible kinematics.

We view the work presented here as leading into the program of the

Jefferson Lab 12 GeV upgrade. The increased energy and luminosity will

allow us to make the analysis presented here at much higher Q2
and xB

as well as to perform Rosenbluth L/T separations. In parallel, we pose

the following theoretical questions. What does the t-slope B(Q2, xB) tell

us? What can we learn from the Q2
evolution of the cross sections? Can

the measurement of σL, σT ,σLT , σTT and R ≡ σL/σT constrain GPDs

within the approximations and corrections which have to be made due to

non-asymptotic kinematics? How big are the corrections?

We acknowledge the outstanding efforts of the staff of the Accel-

GPD	  

Regge	  	  

curves:G-‐L	  
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Ratio η/π0	  	  

η electroproduction – CLAS6 
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η	  and	  π0	  Beam	  Spin	  Asymmetry	  
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FIG. 3: The η invariant mass (Mγγ) distribution in a φ bin

(90
◦ ≤ φ < 120

◦
) of IC-IC configuration, fitted by a Gaussian

function (dashed curve) plus a linear function (dotted line).

tified using their decayed two photons invariant mass
that was reconstructed in four configurations: (IC,IC),
(IC,EC), (EC,IC) and (EC,EC), where the first photon
of the pair is the most energetic. The η candidates
were selected by applying these three cuts: a 3σ cut on
MM2(ep → eγγX), a 3σ cut on MM2(ep → epX) and a
cut on the cone angle θXη between the reconstructed η
and the missing particle X in ep → epX. FIG. 2 shows
an example cut on MM2(ep→ epX) for (IC,IC) configu-
ration.

III. ASYMMETRIES

After applying three cuts above, the invariant mass
Mγγ spectrum was plotted to determine η events in two
beam helicity states for each kinematic bin (Q2, xbj , t,φ).
FIG. 3 is an example of η invariant mass distribution of
(IC,IC) configuration in a φ bin (90◦ ≤ φ < 120◦). The
side-bands method was used to estimate the background.

The exclusive π0 production data had been analyzed
by CEA-Saclay group in a wide kinematic region: 13 bins
in (Q2, xbj) plane and 5 bins in t [11]. Considering the
statistics of η events and the corresponding kinematic
region, 4 bins in (Q2, xbj) plane was defined (see left plot
of FIG. 4) with 3 bins in t (0.1 - 0.4, 0.4 - 1.0, 1.0 - 1.8)
for each (Q2, xbj) bin. The BSA of each bin was fitted
by Eq. (2) (see right plots of FIG. 4 for examples of two
t bins).

The parameter α was plotted as a function of t in each
(Q2, xbj) bin in FIG. 5 and also listed in TABLE I.

Systematic uncertainties of α for η were studied and
estimated in the main sources. In event selection, the
choices of parameters of the cuts, such as those three
cuts described in section II, resulted in a systematic un-
certainty. The Eq.(2) was used to fit the φ-dependent
BSA in each kinematic bin. Due to the low statistics,
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FIG. 4: Left: the kinematic region and binning in (Q2, xbj)

plane (red line). Right: BSA(φ) for 2 of 12 (Q2, xbj , t) bins,

corresponding to < Q2 > = 1.80 GeV
2
, < xbj > = 0.21. The

solid curves correspond to the fits with Eq. (2)
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FIG. 5: The fit parameter α (BSA at φ = 90
◦
) for π0

and

η as a function of −t in (Q2, xbj) plane shown in left plot of

Fig. 4. Open circles for η; solid squares for π0
. The error

bar is from statistics only, while the gray areas indicate the

systematic uncertainties for η. The black curve represents

α(t) of η predicted by P. Kroll’s group.

the fit parameters β and γ were with large uncertainties,
which led to the abnormal fit curve. Applying limits to
β and γ was a good way to get the normal fit curve,
but it also induced another systematic uncertainty. The
sideband method was used to estimate the background
of the invariant mass Mγγ and this led to a systematic
uncertainty. The beam polarization was measured with
a Mo/ller polarimeter for this experiment, and had an av-
erage value of 0.794. Its overall uncertainty is 3.5% rel-
atively [11] and this led to an additional systematic un-
certainty. Summarizing all the studies above, an overall
systematic uncertainty was estimated for every kinematic
bin and shown in FIG. 5. The systematic uncertainty of
π0 was studied in CEA-Saclay; the overall systematic un-
certainty was estimated at 0.016 and was applied for all
the data points [11].

η (B. Zhao et al.) 
π0	  (R. Di Masi et al.)	  	  



RPI	   JLab	  Stoler	  Sea/le	  	  2/15/12	  

  

dσ
dtdsdQ2

 ep→ epη

decreases	  with	  
increasing	  	  W	  	  
(decreasing	  xB)	  

  

dσ
dQ2

	  	  η	  electroproducEon	  	  
CLAS	  6	  preliminary	  (analysis	  in	  progress)	  
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ep⟶epπ+	  	  
K.	  Park	  et	  al.	  (CLAS)	  

11

i.e. it has no energy dependence, and there is no extra73

t-dependence due to an electromagnetic form factor.1

Fig. 14 shows the results of the GK calculation for2

dσL/dt and dσ/dt = dσT /dt + εdσL/dt. We see that,3

as for the Laget Regge model, dσL/dt tends to domi-4

nate in the low | t | domain, i.e. for approximatively5

| t | <0.2 GeV2. As mentionned in the introduction, this6

feature was also observed in the comparison with the few7

existing JLab Hall C data as well as high energy HER-8

MES data. However, when one explores a larger (Q2, xB)9

phase space, as in the present experiment, one sees that10

the dominance of dσL/dt at low | t | is not systematic11

in the GK calculation. The ratio of dσL/dt to dσ/dt is12

almost independent of Q2 but strongly dependent on xB .13

Precisely, it decreases as xB increases and at xB=0.49,14

dσL/dt is only a few percent of dσ/dt, even at tmin. This15

is a notable difference with the Laget Regge model.16

We recall that in the GK model, the transverse part17

of the cross section is due to transversity GPDs. With18

such contribution, the GK calculation describes remark-19

ably well our data over our whole (xB ,Q2) domain. this20

is remarkable as one should note that the GK model was21

optimized for higher energy kinematics (HERMES) and22

that no further adjustment of the parameters was done23

for the present CLAS kinematics. We should also note24

that the GK model is applicable only for low −t/Q2 val-25

ues. Outside this regime, additionnal higher-twist con-26

tributions which are not taken into account in the GK27

handbag formalism approach are expected.28

In Fig. 14, the L-T separated GK theoretical calcula-29

tion show that the transverse part of the cross-section is30

dominating essentially everywhere in our kinematic do-31

main. This means that, if the GK L/T ratio and its32

model-dependent way of treating handbag higher-twist33

corrections correct, the exclusive π+ electroproduction34

process provides an original and exciting way to access35

transversity GPDs. This obviously indicates the need of36

new L/T separated cross sections data at large xB to37

support the GK model and this perspective. This is will38

be possible in the very near future with the upcoming 1239

GeV energy upgrade of JLab.40

B. σtot as a function of Q2
41

Figure 15 shows the total cross section as function of42

Q2 for various xB values. Our total cross section is cal-43

culated by integrating dσ/dt over all −t in each given44

Q2 bin. As could be inferred from Fig. 14 where a gen-45

eral agreement between the theoretical calculations and46

the experimental data was found, both the Laget and47

GK models provide a rather correct description of the48

magnitude and of the Q2 dependence of σtot (which is49

mainly dominated by low | t | contributions). The Laget50

model seems to have a slightly steeper Q2 dependence51

FIG. 14: (Color online) Differential cross section
(dσ/dt [µb/GeV2]) integrated over φ∗

π at different (Q2, xB)
bins. The blue bullets show the results of this analysis. red
dotted lines are the calculations with (Q2, t)-dependent form
factor [27]. Blue solid, dashed lines are the calculations of
dσ/dt and dσL/dt respectively [28].

than the GK model. In any case, the limited precision52

and lever arm of our data, doesn’t allow to favor one53

model on the other. Because of the higher twist contri-54

butions contained in the GK calculations, manifested for55

instance by the dominance of σT , the leading-twist 1/Q6
56

dependence of σL is of course not expected. We fitted our57

data with a A/(Q2)n function and the exponents found,58

which have large error bars, tend indeed to indicate in59

general a flatter Q2 dependence than 1/Q6. This 1/Q6
60

asymptotic behavior must be reached at some point. The61

forthcoming 12 GeV JLab upgrade will allow to pursue62

this investigation and look for a possible inflection of this63

Q2-dependence.64

65

J.	  M.	  Laget,	  Regge	  

S.V.	  Goloskokov,	  P.	  Kroll	  
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SimulaEons	  for	  CLAS12	  
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SimulaEon	  for	  π0	  producEon	  with	  CLAS12	  
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Q2=8	  GeV2/c2	  Q2=2	  GeV2/c2	  

MC	  simulate	  π0	  

σ=A(1+Bcos2φ+Ccosφ)	  	  

	  B=0.05,	  C=0.2	  

-‐t=0.5	  GeV2/c2	  

B,C~10%	  
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	  	  Q2=2	  GeV2/c2	  

Single	  Spin	  Beam	  Asymmetry	  

A=Asinφ/(1+Bcos2φ+Ccosφ)	  

	  	  Q2=8	  GeV2/c2	  

-‐t=0.5	  GeV2/c2	  	  xB=0.5	  
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σT	  

Note	  difference	  in	  Q2	  and	  verEcal	  scale	  

σT	  

Fig. 5. (Color online) Results for the π+ (left) and π0 (right) cross-sections. The solid (dashed, dash-dotted) lines represent

π+	  

σL	  

σu	  

π0	  
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 Vanderhaeghen, Guichon and Guidal, Phys. Rev. D60 (1999). 

30	  

 Separated σL data and predictions 

π+	  
π°	  

π+	  

π°	  

Neutral pions: 
No data exist! 

Q2=2.45 GeV2 

Q2=4.00 GeV2 

PR12-11-102: Map σL and σT in 
πº production 

•  GPD studies with pions require understanding 
relative contributions of σL and σT 
–  In the limit where GPDs can be studied, 

σL~Q-6 , σT~Q-8  

•  Is the relative contribution of σL in π° 
production significant? 
–  12 GeV: Opportunity to compare to 

separated σL and σT in π+ production 
(E12-07-105) 

–  Constrain the size of non-pole 
contributions 
o  If smaller than anticipated may extract 

Fπ to higher Q2 

Neutral pions: 
No data exist! 

PR12-11-102: Separated σL, σT for studies of scaling in neutral systems and 
relative importance of pole and non-pole contributions 
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PR12-11-102: z-dependence 
of R=σL/σT 

PR12-11-102: precision R=σL/σT data in transition from semi-inclusive deep 
inelastic scattering to exclusive scattering 31	  

• 	  	  ProjecEons	  assuming	  RSIDIS=RDIS	  

Not	  including	  systemaEc	  uncertainEes	  
(~0.05)	  

Q2	  Q2	  

z	  z	  

z	  =0.6	  

Q2	  =2	  GeV2	  

Not	  including	  systemaEc	  uncertainEes	  (~0.05)	  

Q2	  Q2	  

z	  z	  

z	  =0.6	  

Q2	  =2	  GeV2	  

•  Need to know z- and Q2- dependencies of R=σL/σT for πº in addition to π+,π- for 
proper analysis of TMD measurements and corresponding angular asymmetries 
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SIDIS,	  z<1,	  projected	  data	   DES,	  z~1,	  projected	  data	  

π°	  

π°	  

π°	  

Neutral pions: 
No data exist! 
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 Vanderhaeghen, Guichon and Guidal, Phys. Rev. D60 (1999). 
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PR12-11-102: πº L/T facility in 
Hall C 

•  New PbWO4 calorimeter 
facility provides πº detection 
in Hall C  
–  Initially for PR12-11-102 

HMS	  

target 

Beam direction 

•  Also provides opportunities 
to extend separations 
program for DVCS 
–  PR12-11-102 provides 

initial separation for 
DVCS 

–  Extensions to a broader 
kinematic range 
anticipated 

Sweeping magnet 

PbWO4 
calorimeter 


