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F1(Q) = +
p p’

H

H

f1

soft spectators hard spectators

QCD factorization at large Q2

Brodsky, Lepage 1979
Chernyak, Zhitnitsky 1977
Efremov, Radyushkin 1980

 model independent QCD prediction 

F (h)
1 (Q2) ∼ f(lnQ2/Λ2)/Q4

 Non-perturbative ψ is UNIVERSAL, 
well defined objects  <p| Oi |0>    

Estimates:  
QCD Sum Rules  
Lattice calculations
Low energy models: QSM, ...  

 the same power at large Q2

F (s)
1 (Q2) ∼ f (s)(lnQ2/Λ2)/Q4

Duncan, Mueller 1980
Milshtein, Fadin 1981/82

Large at moderate values of Q2

Isgur, Smith 1984
Nesterenko, Radyushkin 1989

Braun et al, 2002, 2006

 SCET factorization scheme at large Q2

NK, Vanderhaeghen PRD, 2010
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H�p�|χ̄nγ⊥µχn̄ + χ̄n̄γ⊥µχn|p�SCET = N̄(p�)
/̄n/n
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quark “jets” χn̄ = Pexp

�
ig
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−∞
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Soft spectator contribution

k+ ∼ Q, k− ∼ Λ

q= (0,0,0,-Q)

quark antiquark

soft background
n hard-coll 

jet -n hard-coll jetH

p’=(Q,0,0,-Q)/2 p= (Q,0,0,Q)/2kµs ∼ Λ

n=(1,0,0,-1) n=(1,0,0,1)-

hard-collinear = collinear + soft

k�− ∼ Q, k�+ ∼ Λ

hard-collinear scale: QΛ � m2
N



☛ moderate values of Q2 : QΛ ∼ m2
N hard-collinear scale is not large

Λ � 0.3GeV

Q2 = 9− 25GeV2

QΛ � 0.9− 1.5GeV2

NK, Vanderhaeghen PRD,2010 Q2 � QΛ ∼ m2
N

Soft spectator contribution

F2(Q) = f2 ++ f1
4m2

N

Q2

p p'
HΨ Ψ

+f1
p p'

HΨ ΨF1(Q) =



Soft spectator mechanism in SL and TL regions

(timelike scattering)

�

q2 � Λ qΛ � m2
N

analytic function in q2

(Phragmen-Lindelöf theorem)

GM (Q2 →∞) = |GM (q2 →∞)|

Current experiment: 

Sudakov logs provide ≈40% 
enhancement at large TL q2

Soft spectator contribution:

q2

q2,GeV2
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Proton FFs in the time-like region q2>0

8 M. Sudo!l, M.C. Mora Esṕı...: Time-like proton form factors with PANDA at FAIR
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Fig. 6. (Color online) Expected precision on the determination
of the ratio R, (yellow das hed band) for R = 1, as a function of
q2, compared with the existing data from Refs. [18] (triangles)
and [17] (squares). Curves are theoretical predictions (see text).

electric and magnetic proton and neutron FFs, and in TL
region, the magnetic FF of the proton and the few existing
data for neutron [35]). Although these models reproduce
reasonably well the FFs data, they give very different pre-
dictions for the form factor ratio. It is also shown in ref.
[15] that polarization observables show large sensitivity to
these models.

With a precise knowledge of the luminosity, the abso-
lute cross section can be measured up to q2 ∼ 28 (GeV/c)2.
As done in previous measurements, it will then be possible
to extract |GM | under a definite hypothesis on the ratio, in
general R=1. The precision of such measurement is shown
in fig. 7. The errors take into account only the statistical
accuracy, based on the number of events measured and
identified. The comparison with the world data shows an
expected improvement of at least a factor of ten.

Systematic effects of the tracking and reconstruction
procedure will be checked by measurements on known two
body reactions. Systematic effects from detector misalign-
ments are expected to be negligible.

5 Sensitivity to two photon exchange

As stressed in the introduction, the expression of the cross
section (5) assumes OPE. TPE is suppressed by a factor
of αe. At large q2, however, TPE could play a role, due in
particular to a possible enhancement from a mechanism
where the momentum is equally shared between the two
photons [45]. Recently, the possibility of a sizable TPE
contribution has been discussed in connection with dis-
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Fig. 7. (Color online) q2 dependence of the world data on TL
FFs, as extracted from the annihilation cross section: Babar
[18] (red full circles); E835 [36,37] (green open lozenge); Fenice
[38](blue open circles ); PS170 [39](gray open stars ); E760
[40](blue asterisk ); DM1 [41] (green full triangles); DM2 [42]
(green open squares); BES [43] (cyan open cross ); CLEO
[44](blue trangle down ); PANDA expected errors (full black
squares) corresponding to an integrated luminosity of 2 fb−1.

crepancies between experimental data, on elastic electron
deuteron scattering [23] taken in different experiments,
and elastic electron proton scattering in polarized and un-
polarized experiments [8,11,48].

The general analysis of experimental observables in the
reaction p̄+p → e++e− and in the time reversed channel,
taking into account the TPE contribution, was done in ref.
[46,47], in a model independent formalism developed for
elastic electron proton scattering [48]. It was shown that
the presence of TPE induces four new terms in the angular
distribution, which are of the order of αe compared to the
dominant contribution and which are odd in cos θ.

As the TPE amplitudes are not known, we will use the
presence of odd terms in cos θ as a (model independent)
signature, introducing drastic approximations : we neglect
those contributions to GE,M which are smaller by an order
αe. In the last term, we consider only the real part of the
three amplitudes, as their relative phases are not known.
The purpose of this study is not to determine the physical
amplitudes, but to set a limit for a detectable odd cos θ
contribution, eventually present in the data.

Let us approximate the differential cross section:

dσ

dΩ
=

α2
e

4q2

√

τ

τ − 1
D, (13)
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electric and magnetic proton and neutron FFs, and in TL
region, the magnetic FF of the proton and the few existing
data for neutron [35]). Although these models reproduce
reasonably well the FFs data, they give very different pre-
dictions for the form factor ratio. It is also shown in ref.
[15] that polarization observables show large sensitivity to
these models.

With a precise knowledge of the luminosity, the abso-
lute cross section can be measured up to q2 ∼ 28 (GeV/c)2.
As done in previous measurements, it will then be possible
to extract |GM | under a definite hypothesis on the ratio, in
general R=1. The precision of such measurement is shown
in fig. 7. The errors take into account only the statistical
accuracy, based on the number of events measured and
identified. The comparison with the world data shows an
expected improvement of at least a factor of ten.

Systematic effects of the tracking and reconstruction
procedure will be checked by measurements on known two
body reactions. Systematic effects from detector misalign-
ments are expected to be negligible.

5 Sensitivity to two photon exchange

As stressed in the introduction, the expression of the cross
section (5) assumes OPE. TPE is suppressed by a factor
of αe. At large q2, however, TPE could play a role, due in
particular to a possible enhancement from a mechanism
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crepancies between experimental data, on elastic electron
deuteron scattering [23] taken in different experiments,
and elastic electron proton scattering in polarized and un-
polarized experiments [8,11,48].

The general analysis of experimental observables in the
reaction p̄+p → e++e− and in the time reversed channel,
taking into account the TPE contribution, was done in ref.
[46,47], in a model independent formalism developed for
elastic electron proton scattering [48]. It was shown that
the presence of TPE induces four new terms in the angular
distribution, which are of the order of αe compared to the
dominant contribution and which are odd in cos θ.

As the TPE amplitudes are not known, we will use the
presence of odd terms in cos θ as a (model independent)
signature, introducing drastic approximations : we neglect
those contributions to GE,M which are smaller by an order
αe. In the last term, we consider only the real part of the
three amplitudes, as their relative phases are not known.
The purpose of this study is not to determine the physical
amplitudes, but to set a limit for a detectable odd cos θ
contribution, eventually present in the data.

Let us approximate the differential cross section:

dσ

dΩ
=

α2
e

4q2

√

τ

τ − 1
D, (13)
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JLab Hall A E1207-108 
σR unpol Q2=7-17.5GeV2 , 
total err. < 2%

Future experiments in JLab, SL:

GM:  GE/GM: Pt

Pl
= −

�
2ε

τ(1 + ε)
GE

GM

σR = G2
M +

ε

τ
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Fig. 1. Published world data for Gp
M/µpGD as a function of Q2 (Refs. [9–14, 20]). Uncertainties

shown do not include the effect of the normalization uncertainty, which is 3% on the Sill et al.
cross sections, and projected to be 1–1.2% for the proposed measurements.

2.8 Motivation for the Current Proposal

As shown in Figure 1, a majority of the Q2 coverage for Gp
M is for Q2 < 8 GeV2. The best

data above 8 GeV2 is the Sill et al., measurement from SLAC [20]. The cross section uncer-
tainties on the Sill measurement vary from 4% at Q2 = 5 GeV2, to 8% for Q2 ≈ 20 GeV2,
not including an overall normalization uncertainty of 3%. An earlier measurement [21] also
measured elastic scattering in this Q2 range, but had much larger uncertainties (5–30%,
with a normalization uncertainty of approx. 5%).

The extraction of Gp
M from this data was performed assuming scaling, i.e. Gp

E = Gp
M/µp.

This assumption had Gp
E contribute 6% (2%) to the cross section at Q2 = 5 GeV2

(20 GeV2). From the recent polarization transfer measurements, we now know that the
contribution from Gp

E is significantly less for the Q2 values where Gp
E/Gp

M has been mea-
sured. The true contribution from Gp

E will be zero near Q2 ≈ 6–7 GeV2, increase as Q2

increases, where Gp
E/Gp

M becomes negative and increases in magnitude with Q2. If the lin-
ear behavior seen in the polarization measurements [3] continues, |µpG

p
E/Gp

M | will become
greater than one above Q2 ≈ 13 GeV2, and the contribution from Gp

E will actually be
larger than was assumed in the previous analyses. Thus, instead of the contribution from
Gp

E decreasing by 4% between Q2 of 5 and 15–20 GeV2, it will increase by 4%, yielding a

10

JLab Hall A E1207-109 GEp/GMp  
recoil pol  Q2=6-14.8GeV2 

JLab Hall C E1209-001 GEp/GMp  
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The ratio GE/GM in SL and TL regions

Assume that the soft spectator contribution 
dominates in GE and GM 

☛

f1GM (Q) ≈ = f1(Q) f2GE(Q) ≈ −1

4
= −1

4
f2(Q)

SL GE

GM
= −1

4

f2(Q)

f1(Q)
+O(1/Q2) ≈ 0

f2(Q) � f1(Q)assuming 

FIG. 3. (Color online) Upper panel: The proton form factor ratio µpG
p
E/G

p
M from this experi-

ment (filled black triangles), with statistical error bars and systematic error band below the data.

Previous experiments are [1] (Jones, Punjabi, Gayou), [3] (Andivahis), [4] (Christy), and [5] (Qat-

tan). Theory curves are [20] (Lomon), [21] (de Melo), [22] (Gross), [23] (Cloët), [24] (Guidal), and

[25] (Belitsky). Lower panel: The same data and theory curves as the upper panel, expressed as

Q2F p
2 /F

p
1 .

Theoretical descriptions of nucleon form factors emphasize the importance of both baryon-

meson and quark-gluon dynamics, with the former (latter) generally presumed to dominate

in the low (high) energy limit. Recent Vector Meson Dominance (VMD) model fits by

Lomon [20] include ρ′(1450) and ω′(1420) mesons in addition to the usual ρ, ω, and φ, and

a “direct coupling” term enforcing pQCD-like behavior as Q2 → ∞. de Melo et al. [21]

considered the non-valence components of the nucleon state in a light-front framework, using

9

⇒

This is not pQCD asymptotic  behavior!

4m2
N

Q2F2(Q2)

F1(Q2)
≈

1
4m

2f2 + 4m2f1
f1

� 4m2
N



The ratio GE/GM in SL and TL regions

Assume that the soft spectator contribution 
dominates in GE and GM 

☛

f1GM (Q) ≈ = f1(Q) f2GE(Q) ≈ −1

4
= −1

4
f2(Q)

Sudakov factors cancel in the ratio therefore
TL modification can be weaker  comparing FFs 

we can also expect |f2(Q)| � |f1(Q)|

If GE is small then the Rosenbluth separation 
is more sensitive to the TPE corrections

TL
|GE |

|GM |
=

1

4

|f2(Q)|

|f1(Q)|
+O(1/Q2) � 1



Wide Angle Compton Scattering in SL region

Dominance of the soft 
spectator scattering 

Kivel, Vanderhaeghen, 2012

H

HH
H

= + +F1 G1
Ψ Ψ

Cq Cg

�
F(t) Radyshkin, 1998

GPD (handbag)-model 

Kroll et al, 2005

SCET approach

−t ∼ −u ∼ s ∼ Q2 � Λ2 QΛ � m2
N

GM f1 = eu(f
u
1 − f ū

1 ) + ed(f
d
1 − f d̄

1 )

WACS F = e2u(f
u
1 + f ū

1 ) + e2d(f
d
1 + f d̄

1 )

SCET 
power counting

quarks dominate at large
hard collinear scale

f q̄
1

fq
1

∼ O((QΛ)−2)
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amplitude 
hard coeff. f.

ratio approximately
s-independent at LO

fit

Wide Angle Compton Scattering in SL region

c = 0.10± 0.01

Λ = 1.08± 0.03
χ2/d.o.f. = 0.35

used data:  JLab, Hall A, 2007 

R2

0.05

0.10

0.15

0.20

-t, GeV2
2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5

fit  
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F(t) � T2(s, t)

H2(s, t)
� T4(s, t)

H4(s, t)
� T6(s, t)

H6(s, t)

dσ

dt
=

dσγq→γq(s, t)

dt
|F(t)|2

F(t) =
c

ln2[−t/Λ2]



KLL =
σR
� − σL

�

σR
� + σL

�

Dominance of the soft spectator contribution in WACS 

circular photon polarizations (R,L)

recoiled proton: longitudinal pol. 

JLAB, 2004 s=6.9GeV2  t=-4GeV2

SCET results: KLL � KKN
LL

SCET FFs cancel and asymmetry is
not sensitive to proton structure 

NK, Vanderhaeghen, 2012

SCET results: 

KLS =
σR
⊥ − σL

⊥
σR
⊥ + σL

⊥

defined by power subleading terms (sensitive to helicity flip amplitudes)

recoiled proton: transverse pol. 

KLS = 0.114± 0.08

KLL = 0.68± 0.08

u=-0.84GeV2
4
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FIG. 4: Our result for KLL compared with calculations in
different approaches: ASY and COZ both from pQCD [7],
GPD [10], CQM [11], and extended Regge model [18]. The

curve labeled KN is K
KN

LL
, the Klein-Nishina asymmetry for

a structureless proton.

results of relevant calculations. In the handbag calcula-
tion using Generalized Parton Distributions (GPD),

K
LL

!
R

A

R
V

K
KN

LL

[

1 − t2

2(s2+u2)

(

1 −
R2

A

R2

V

)]

−1

where R
A
, R

V
are axial and vector form factors, respec-

tively, that are unique to the RCS process [9]. The ex-
perimental result implies the ratio R

A
/R

V
= 0.81±0.11.

The excellent agreement between the experiment and
the GPD-based calculation, shown with a range of uncer-
tainties due to finite mass corrections [19], and the close

proximity of each to K
KN

LL
are consistent with a picture

in which the photon scatters from a single quark whose
spin is in the direction of the proton spin. The RCS
form factors are certain moments of the GPD’s H and
H̃ [8, 9], so our result provides a constraint on relative
values of these moments. An alternative handbag-type
approach using constituent quarks (CQM) [11], with pa-
rameters adjusted to fit Gp

E data [2], is also in excellent
agreement with the datum. Also in good agreement is
a semi-phenomenological calculation using the extended
Regge model [18], with parameters fixed by a fit to high-t
photoproduction of vector mesons. On the other hand,
the pQCD calculations [7], shown for both the asymptotic
(ASY) and the COZ [20] distribution amplitude, disagree
strongly with the experimental point, suggesting that the
asymptotic regime has not yet been reached.

A non-zero value of KLS implies a proton helicity-
flip process, which is strictly forbidden in leading-twist
pQCD. In the GPD-based approach [10], K

LS
/K

LL
!

(
√

−t̂/2M)R
T
/R

V
, where t̂ is the four-momentum trans-

fer in the hard subprocess of the handbag diagram, M is
the proton mass, and R

T
is a tensor form factor of the

RCS process. From the experimental result for K
LS

, we
estimate RT /RV = 0.21±0.11±0.03, where the first un-
certainty is statistical and the second is systematic due
to the mass correction uncertainty in calculating t̂ [19].
A value of 0.33 was predicted for R

T
/R

V
[10] based on

the hypothesis R
T
/R

V
= F2/F1, the ratio of the Dirac

and the Pauli electromagnetic form factors. Although
the uncertainties are large, the present data suggest that
R

T
/R

V
may fall more rapidly with −t than F2/F1. K

LS

vanishes in the CQM-based handbag calculation [11].

In conclusion, the polarization transfer observables
K

LL
and K

LS
were measured for proton Compton scat-

tering in the wide-angle regime at s =6.9, t =-4.0 GeV2

and shown to be in good agreement with calculations
based on the handbag reaction mechanism [10, 11].
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 enhancement in TL region  as in FF case  

The large soft spectator 
contribution predicts 

SCET FFs  in SL and TL regions
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FFs in SL and TL regions
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Is it really antiquarks? (from DIS we know that # of 
antiquarks at large x is very small !!! ) 



NK, Vanderhaeghen  (in progress)

∆φ relative phase between F1 and F2

ratio of the abs. values of the quark ffs r = |fd
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 kinematical power corrections have been added 

( cos∆φ < 0 )

SCET FFs in TL regions: alternative approach
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NK, Vanderhaeghen  (in progress)

SCET FFs in TL regions: alternative approach

Assume that antiquark contributions are very small 
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γγ → pp̄ data Belle collab., 2005
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0 < ρ = − cos ∆φ < 1

Description BB production -



γγ → pp̄ data Belle collab., 2005
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pp̄→ γγPANDA
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Conclusions
QCD factorization for e.m. FFs  includes hard and soft spectator
contributions.  

 The full Q2 dependence of the soft spectator contribution
can not be computed from pQCD but can be described by 
universal form factors within SCET factorization framework

QΛ ∼ m2
N

There are indications that the soft spectator contribution is large 
or even dominant for moderate values of Q2 :  

FF enhancement in the TL region

SCET factorization provides predictions which can be checked
experimentally in SL (JLab) and TL (PANDA) regions 

Soft overlap in WACS and e.m. FF are not completely independent and 
the new data (SL and TL) will help to understand much better 
corresponding long-distance dynamics 

QCD factorization allows us to study the soft spectator mechanism in 
other reactions:  WACS in SL and 2γ(or BB)-production in TL regions-





FFs ratio:  timelike vs. spacelike region

Sudakov logs provide 
enhancement at large time-like q2
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