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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
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Large Q2 limit: test of QCD predictions

F2 ∼ 1/Q6

F1 ∼ 1/Q4QCD predictions: Q2F2/F1 ∼ const
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Belitsky, Ji, Yuan 2003
Log2 empirical observation

Q2F2/F1 ∼ ln2 Q2/Λ2

Λ = 300MeV
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 Dirac FF F1Proton FFs at large Q2: hard scattering picture:

x1p
x2p
x3p

describe how the long. momentum is shared between the constituents

Chernyak, Zhitnitsky 1977
Brodsky, Lepage 1979

Efremov, Radyushkin 1980

 scaling behavior is model independent QCD prediction (test of QCD!)

 UNIVERSAL coefficients Ci are defined by  non-perturbative physics: Ci=<p| Oi |0>

p p’

HS S

leading log’s

Interpretation:  

Logarithmic corrections can be computed systematically in pQCD

F (h)
1 =

Λ4

Q4

�

i

Ci

�
ln[Λ2/Q2]γi−2 +O(1/ ln[Q/Λ])

�
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Proton FFs at large Q2

Duncan, Mueller 1980

Milshtein, Fadin 1981/82

soft spectator scattering 
is also relevant!

complete 2- and 3- loop calc
large “nonstandard” 

logarithm:
same power behavior 

as in hard rescattering 

“visible” in pQCD 
   from 2-loops

∼ α4 ln[Q/Λ]/Q4

 Dirac FF F1

k2

k3
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Milshtein, Fadin 1981/82

soft spectator scattering 
is also relevant!

complete 2- and 3- loop calc
large “nonstandard” 

logarithm:
same power behavior 

as in hard rescattering 

“visible” in pQCD 
   from 2-loops

∼ α4 ln[Q/Λ]/Q4

 Dirac FF F1

QCD factorization is more complicate: 
both, hard and soft rescattering are relevant! 

☛

☛ Soft rescattering could be more enhanced in 
the barion sector comparing to meson ones   

k2

k3
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 Pauli FF F2

Log’s can not be computed
systematically

= NO FACTORIZATION

Proton FFs at large Q2

Large Q behavior is more complicate!

p p’

H

hard rescattering soft rescattering

two regions
overlap

= soft-overlap
= Feynman mechanism 

Resume:

F2 ∼ Λ6

Q6
αs(Q2) ln2[Λ/Q] ∼ Λ6

Q6

Q2F2/F1 ∼ ln2 Q2/Λ2
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k2

k3

Soft spectator scattering  at large Q2

∼ α4 ln[Q/Λ]/Q4

z
�p ��p �q = �p � − �p

z
p

x1 p
x2 p

x3 p

ϕN (x1, x2, x3) ∼
�

ki⊥<µ2
dki⊥ΨP (x1, x2, x3, ki⊥)

describes how the long. momentum is shared between the constituents

p =
1
2
(Q, 0, 0, Q) +O(m2/Q2)

p� =
1
2
(Q, 0, 0,−Q) +O(m2/Q2)
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k2

k3

Soft spectator scattering  at large Q2

∼ α4 ln[Q/Λ]/Q4

x3 p
k3

k2q3

p− k2 − k3

k2µ ∼ k3µ ∼ Λsoft spectators

p� − k2 − k3

p =
1
2
(Q, 0, 0, Q) +O(m2/Q2)

p� =
1
2
(Q, 0, 0,−Q) +O(m2/Q2)
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Soft spectator scattering  at large Q2

∼ α4 ln[Q/Λ]/Q4

x3 p
k3

k2q3

p− k2 − k3

k2µ ∼ k3µ ∼ Λsoft spectators

p� − k2 − k3

q2
3 ∼ (p · k3) ∼ QΛ� Q2q3 = x3p− k3

all red lines can be described as hard-collinear 

qhc ∼ (Q,0,±Q) + k

k ∼ O(Λ)with small residual momenta

q2
hc ∼ QΛ

p =
1
2
(Q, 0, 0, Q) +O(m2/Q2)

p� =
1
2
(Q, 0, 0,−Q) +O(m2/Q2)
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Soft spectator scattering  at large Q2

☛ soft spectator scattering involves 3 different scales
associated with the virtualities of the scattering particles  

hard: q2
h ∼ Q2

 hard-collinear:

(hard subprocess)

q2
hc ∼ QΛ (hard-collinear subprocess)

 soft: q2
s ∼ Λ2 (soft nonperturbative content)

1. Factorization 
   of hard modes 

2. Factorization 
   of hard-collinear 
   modes 

QΛ� m2
N

F (Q2
, QΛ,Λ2) = (H0 + αs(Q2)H1 + · · · ) ∗ f(QΛ,Λ2) + O(1/Q)

f(QΛ,Λ2) = (αn
s (QΛ)hn + αn+1

s (QΛ)hn+1 + · · · ) ∗ S(Λ2)
+O(1/QΛ)
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Soft spectator scattering  at large Q2

2. Factorization 
   of hard-collinear 
   modes 

QΛ� m2
N

☛ moderate values of Q2 :

1. Factorization 
   of hard modes 

QΛ ∼ m2
N hard-collinear scale is not large

Λ � 0.3GeV

Q2 = 9− 25GeV2

QΛ � 0.9− 1.5GeV2

F (Q2
, QΛ,Λ2) =

�

n≥0

α
n
s (Q2)Hn ∗ f(QΛ,Λ2) +O(1/Q)

f(QΛ,Λ2) =
�

n≥0

αn
s (QΛ)hn ∗ S(Λ2) +O(1/QΛ)
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 SCET-I

Soft spectator scattering  at large Q2: factorization

 QCD: hard
hard-collinear

 soft

factorizing
hard modes

hard-collinear
collinear &

Soft Collinear Effective  Theory

F1(Q) = f1

H

� e−S(Q)U1(Q) f1(QΛ)

H

F2(Q) = � e−S(Q)U2 (Q)
m2

N

Q2
f2(QΛ)f2

 SCET-I FFsLLog's

collinear &  soft

NK, Vanderhaeghen 2010
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Soft spectator scattering  at large Q2 : SCET form factors

SCET FF �p�|χ̄n(0)γ⊥µχn̄(0)|p�SCET = N̄(p�) γ⊥µ N(p) f1(QΛ)

F1(Q) = f1

H

� e−S(Q)U1(Q) f1(QΛ)

p � 1
2
(Q, 0, 0, Q) =

1
2
Qn̄p� � 1

2
(Q, 0, 0,−Q) =

1
2
Qn

process independent = universal

constructed from the different collinear fields 

fact. scale dependence: f1 obeys well defined  RG equation 
             (allows to sum large logarithms)

χn̄χ̄n and

NK, Vanderhaeghen 2010

quark-gluon “jet” χn̄(0) = P̄ exp
�
−ig

� 0

−∞
ds n · A(sn)

�
/̄n/n
4

ψ(0)
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Soft spectator scattering  at large Q2: coefficient function

F1(Q) = f1

H

� e−S(Q)U1(Q) f1(QΛ)

Sudakov Log’s: “standard” Log’s:

U1 (Q) =
�

αS(Q2)
αS(QΛ)

�γ1/β0

S(Q) =
αs(Q2)

4π
CF ln2 Q

Λ
+ ...

Coefficient function

+ + . . . = 1 + αs ln2 Q/Λ + αs lnQ/Λ + . . .

large log’s

large logarithms can be resummed by RG equation 

NK, Vanderhaeghen 2010
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Soft spectator scattering  at large Q2: leading log results

F1(Q) � e−S(Q)U1(Q) f1(QΛ) F2(Q) � e−S(Q)U2 (Q)
m2

N

Q2
f2(QΛ)

Leading Log approximationmoderate Q2, NK, Vanderhaeghen 2010
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9

Rosenbluth

hard contribution: Sudakov log’s cancel,
very weak Q-dependence

Dominant contribution due to SCET FFs

hard-coll scale defines 
main contribution

⇒ QΛ < 1.5GeV

Q2F2

F1
� 0.96 m2

N
f2(QΛ)
f1(QΛ)

moderate Q2 
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Nucleon FFs in the timelike region q2>0

2 The amplitude and cross section in the time-like region

Assuming cross symmetry relations we obtain

Aγ =
e2

−s
ū(k1) γµv(k2) V̄ (p2)

�
γµG̃M − F̃2

(p1 − p2)µ

2m
+ F̃3

1
2
(k1 − k2) · γ

(p1 − p2)µ

2m

�
U(p1). (10)

The time-like ffs read

GM = F1 + F2, GE = F1 + τF2 with τ =
s

4m2
> 0. (11)

and
G̃M = GM + δG̃M , F̃2 = F2 + δF̃2, δG̃E = δG̃M − (1− τ)δF̃2. (12)

In one photon approximations one obtains

dσγ

d cos θ
=

πα2

2sβ

�
(1 + cos2 θ)|GM |2 +

sin2 θ

τ
|GE |2

�
(13)

with β =
�

1− 1
τ .

With the TPE contribution the cross section reads

dσ

d cos θ
=

πα2

2sβ

�
(1 + cos2 θ)|GM |2 +

sin2 θ

τ
|GE |2

+ 2 Re GM

�
δG̃∗

M (1 + cos2 θ) + βτ cos θ sin2 θ F̃3

�
(14)

+
sin2 θ

τ
2 Re GE

�
δG̃∗

E − βτ cos θ F̃3

��
.

2.1 Crossing relation for the hard scattering amplitude

Let us consider the crossing relation for the partonic amplitude. In space like region we have

A(p, k, p�, k�) = A(s, t)

with
s = (p + k)2 > m2, t = (p− p�)2 = −Q2 < 0.

In the time like region
T (p1, p2, k1, k2) = T (s̄, t̄),

with
s̄ = (p1 + p2)2 > 4m2, t̄ = (p1 − k2)2 < 0.

And similarly for each diagram. Then the crossing relation formally can be written as

p→ p1, k → −k2, p� → −p2, k� → k1,

that provides
s→ (p1 − k2)2 = t̄, t→ (p1 + p2)2 = s̄.

Therefore
A(s, t)→ A(t̄, s̄) = T (s̄, t̄).

In space like kinematics we define the diagrams in term of following variables:

ζ = −s

t
→ − t̄

s̄
= η,

i.e. we obtain following analitical continuation formular:

ζ → η.

2

BES
BABAR

E760
E835

|G
M

|/
pG

D

0

1

2

3

4

5

6

q2, GeV2
4 6 8 10 12 14 16 18 20

E760
E835

BES 
BABAR 

|GE|=|GM| = 1
used  assumption

 difficult to perform
separation |GM| and |GE| 

(low statistic)

|G
ef

f|/
μ p

G D

|Geff |(s) � C

s2 ln2[s/Λ2]fit: with  C=66.8GeV2   Λ=300MeV      
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QCD factorization at large q2>0

general philosophy is the same: factorize hard modes in 
the region of moderate q2

unknown quantities: SCET FFs f1 and f2 defined by the same SCET 
operators

�p�p|χ̄n(0)γ⊥µχn̄(0)|0�SCET = N̄(p�) γ⊥µ U(p) f1(qΛ)

timelike factorization is similar to the spacelike

F1(q) � e−S(q)U1(q) f1(qΛ) F2(q) � e−S(q)U2 (q)
m2

N

−q2
f2(qΛ)

large timelike logarithms generate imaginary contribution
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FFs ratio:  timelike vs. spacelike region

 | e-S UA| TL 

 | e-S UA| SL 
=400 MeV

1.35

1.40

1.45

1.50

1.55

q2, GeV2
4 6 8 10 12 14 16

Sudakov logs provide 
enhancement at large time-like q2

|G
M

|/
pG

D

0

1

2

3

4

q2, GeV2
8 9 10 11 12 13 14 15

E760
E835

BES 
BABAR 

|G
ef

f|/
μ p

G D

|F1|TL

|F1|SL

� |e−SU1|TL

|e−SU1|SL

|f1(q)|TL

|f1(Q)|SL

|e−SU1|TL

|e−SU1|SL

|Geff |
µpGD

� 2

enhancement 
in TL region
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Exploring universality of  SCET  FFs

SCET FFs appear in different reactions in the different   
flavor combinations 

= fi

=

wide angle  annihilation              or productionpp̄→ γγ γγ → pp̄

t

s

−t, −u, s� Λ
6 amplitudes: T1-6

 hel. cons. T2,4,6 ∼ F1 = e2
ufu

1 + e2
df

d
1

 hel.flip. T1,3,5 ∼ F2 = e2
ufu

2 + e2
df

d
2

subleading
 in 1/Q

F1 ∼ f1 = eufu
1 + edf

d
1

F2 ∼ f2 = eufu
2 + edf

d
2 subleading 

in 1/Q

NK, Vanderhaeghen  (to appear)
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Exploring universality of  SCET  FFs

γγ → pp̄
F1 = e2

ufu
1 + e2

df
d
1

θ-independent!

NK, Vanderhaeghen  (to appear)

in order to compare with data: 

 kinematical power corrections have been added 

assume |GE|=|GM|  and use |Geff| from the FF data

∆φunknown: relative phase between F1 and F2

ratio of the abs. values of the quark ffs r = |fd
1 |/|fu

1 |

δ relative phase between    andfd
1 fu

1

considered as a free parameters

dσγγ→pp̄

d cos θ
� 2πα2

s

1 + cos2 θ

sin2 θ
|F1|2

( cos∆φ < 0 )
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Exploring universality of  SCET  FFs

γγ → pp̄ data Belle collab., 2005

0 < r = |fd
1 |/|fu

1 | < 1

cos δ = 1

shaded area

relative phase between    and fd
1fu

1

relative phase between F1 and F2

fixed for simplicity

| cos cm | < 0.6

(s
), 

nb

0.001

0.01

0.1

s, GeV
3.0 3.2 3.4 3.6 3.8 4.0

=095,  r=0.5
BELLE

cos =0.05

d
/d

co
s

, n
b

10 4

10 3

10 2

10 1

1

10

s, GeV2
6 8 10 12 14 16

 =0.95, r=0.5
BELLE

|Geff |(s) � C

s2 ln2[s/Λ2] with  C=66.8GeV2   Λ=300MeV      

NK, Vanderhaeghen  (to appear)

0 < ρ = − cos ∆φ < 1
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Exploring universality of  SCET  FFs

γγ → pp̄ data Belle collab., 2005

s=10.9 GeV2

d
/d

co
s

, n
b

0

0.05

0.10

cos
0 0.1 0.2 0.3 0.4 0.5 0.6

 =0.95,  r=0.5
BELLE

s=14.1 GeV2

d
/d

co
s

, n
b

0

0.01

0.02

0.03

cos
0 0.1 0.2 0.3 0.4 0.5 0.6
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Exploring universality of  SCET  FFs
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pp̄→ γγPANDA
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Conclusions

Perturbative corrections associated with the hard scattering (hard ∼Q2) can 
be computed systematically.  Well known hard 2-gluon contribution is the 
NNLO correction 

Intermediate                            : the hard-collinear scale is not large 
enough             . 

QCD description of the soft spectator scattering for nucleon FFs 
involves 2 large scales: hard ∼Q2  and hard collinear ∼QΛ 

non-perturbative dynamics is described in terms of SCET FFs             
(they do not related to GPDs).  In the large Q limit (             ) can be 
farther factorized. 

The same picture works also for the proton FFs  in the 
timelike region.  Sudakov logs provide enhancement.   

QΛ ∼ m2
N

f1,2(QΛ)

Q2 � 4− 16−?? GeV2

QΛ� m2
N

The same SCET FFs can describe the other processes but in 
the different flavor combination.   
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F1(Q) =
p p’

HS S

H

p’

S

p
S

S

J J’ +

Soft rescattering at large Q2 : factorization approach 

F (s)
1 (Q2) � CA(Q2, µI) Ψ�(yi, µII) ∗

�∞
0 dω1dω2 J�(yi, ωi, Q, µI , µII)

Ψ(xi, µII) ∗
�∞
0 dν1dν2 J(xi, νi, Q, µI , µII) S(ωi, νi;µII)

S(ωi, νi;µII) =
�

dη1

2π

�
dη2

2π
e−iη1ν1−iη2ν2

�
dλ1

2π

�
dλ2

2π
eiλ1ω1+iλ2ω2 �0| OS(ηi, λi) |0�

Soft correlation function:

OS(ηi, λi) = εi�j�k� �
S†

n(0)
�i�l �

S†
nq(λ1n)

�j�

CΓ
�
S†

nq(λ2n)
�k�

×εijk [Sn̄(0)]li [q̄Sn̄(η1n̄)]j Γ̄C [q̄Sn̄(η2n̄)]k

di-quark “propagator”
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