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TPE corrections
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TPE at large-Q2:  problems 

�
q1 � Λ q2 ≈ −Q2

�N GM (Q2)

Q2

scalar integral
with exact 

  denominators

large Log at large energy

MT contribution includes  the region where all lines are highly virtual and 
therefore can not be applied at large  values of energy s

☛

☛ separation of the short and large distances must be done consistently 
in order to avoid a double counting

Tsai 1961, Mo, Tsi 1969
both diagrams calculated using only nucleon intermediate state
and using q1=0 or q2=0 in both numerator and denominator of the integral 
reducing it to a vertex integral.  This yields correct IR-divergent terms (soft 
approximation).  
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q1 q2TPE corrections in hadronic approach

Maximon, Tjon 2000
only in the numerator (calc. with 4-point function) and using on-shell form factors 
in the loop integrals

Kondratyuk, Blunden, Melnitchouk, Tjon 2003, 2005, 2007; 
further improvement by keeping the full numerator + higher resonance states

Borisyuk, Kobushkin 2006, 2007, 2008, 2012, 2014 
  elastic & Δ, N+π , results are in agreement 

Tomalak, Vanderhaeghen 2014 dispersion relations, only the elastic term

(qualitatively)

same as above but making above approximations

dispersion relations 

Zhou, Yang 2014 hadronic (recalculation): elastic & Δ 

Bystritsky, Kuraev, Tomasi-Gustafsson 2006 hadronic + assumption
 about that dominant region: q1≈q2≈q/2(?), TPE effect is very small



 TPE can resolve the discrepancy at small and intermediate values 
of the momentum transfer Q2 < 2.5GeV 2

TPE corrections in hadronic approach

 VEPP-3 Rachek et al, 2015
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FIG. 2. (color online) Experimental data (points) and some predictions (curves) for the ratio R2γ as a function of ε or Q2.
The left and right panels correspond, respectively, to run I and run II. Data points: open square [23], closed inverted triangle
[24], closed diamond [25], closed triangle [27], and closed circle—this experiment. Error bars of our points (closed circles) are
related to the statistical uncertainties; the shaded bands show the total systematic uncertainty and the bin size for each data
point. The curves are from Ref. [37] (cyan dash-dotted line), [38] (red thin solid line), [39] (blue thick solid line), [40] (gray
long-dashed line), [41] (magenta short-dashed line), and [42] (black dotted line).

ε values, are shown. It can be seen that our results are

in agreement with the previous measurements, but sig-

nificantly more precise. The figure also shows that the

hadronic calculations, Refs. [37, 38], are in good agree-

ment with the data of run I, but overestimate the values

of R2γ obtained in run II. In contrast, the phenomeno-

logical fit [39] underestimates R2γ at all the measured

points. Note that this fit has been corrected by us to

switch from the Maximon–Tjon prescription [21] for the

soft TPE terms, used in Ref. [39], to the Mo–Tsai pre-

scription [20], used by us (see Ref. [19] for details). It

should be emphasized that the models [37–39] resolve

the form factor discrepancy at high Q2 values by taking

into account the hard TPE effect. The other three pre-

dictions [40–42] are worse in overall agreement with our

data.

Our results can also be renormalized according to the

tested model. In this case, the values of R2γ at the points

No.1–No.4 should be multiplied by the corresponding val-

ues of RLNP
2γ predicted by the model. This is illustrated

in Table III, where the normalization coefficients for each

of the predictions [37–42] are given. Also shown are the

chi-square values per degree of freedom, χ2/nd.f., char-

acterizing the agreement between the prediction and the

TABLE III. Comparison of our results with predictions.

RLNP
2γ

� χ2

nd.f.

� RLNP
2γ

� χ2

nd.f.

�
Run I Run II

Borisyuk and Kobushkin [37] 1 2.14 0.9979 0.9972 3.80
Blunden et al. [38] 1 2.94 0.9980 0.9974 4.75
Bernauer et al. [39] 1 4.19 0.9969 0.9946 1.00
Tomasi-Gustafsson et al. [40] 1 5.09 1.0007 1.0014 5.97
Arrington and Sick [41] 1 7.72 0.9995 0.9996 8.18
Qattan et al. [42] 1 25.0 1.0005 1.0018 22.0
No hard TPE (R2γ ≡ 1) 1 7.97 1 1 7.97

data. The second and the third columns correspond to

the normalization to unity, while the next three columns

correspond to the normalization in accordance with the

predictions. The last row of Table III refers to the case

of the hard TPE contribution being zero. It can be seen

that this case is not consistent with our data. Note also

that the fit [39] has a large change in the chi-square value

with the change in normalization, showing a very good

agreement in the case of normalization to the predicted

values of RLNP
2γ .

The conclusion that the predictions [37–39] seem the

most plausible remains valid regardless of the normaliza-

tion used. Nevertheless, an accurate normalization of our

data is desired and can be achieved later if new precise

measurements or reliable calculations of the hard TPE

effect at Q2 ≈ 0.1 GeV
2
become available.

In summary, the first high-precision measurement of

the hard TPE contribution to the elastic e±p scattering

cross sections has been performed. The results obtained

show evidence of a significant hard TPE effect. They are

in moderate agreement with several TPE predictions ex-

plaining the form factor discrepancy at high Q2 values.

Therefore, our data support the suggestion that the dis-

crepancy is due to the neglected hard TPE contribution

to elastic electron-proton scattering.
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tion (Grant No. MK-525.2013.2), the Ministry of Edu-

cation and Science of the Russian Federation (Contract

No. 02.740.11.0245.1), the Russian Foundation for Ba-
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 TPE can resolve the discrepancy at small and intermediate values 
of the momentum transfer Q2 < 2.5GeV 2

TPE corrections in hadronic approach
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FIG. 19. (Color online) Same as Fig. 18 except as a function
of Q2 at ε ≈ 0.45 (top) and 0.88 (bottom). Also included
is the CLAS 2013 [34] result (black open square), which has
been averaged to a single point at ε = 0.893. The open green
circles show the previous world data at 0.2 ≤ ε ≤ 0.7 and
0.7 ≤ ε ≤ 0.95 in the top and bottom plots, respectively [32].

V. CONCLUSIONS

Our results, along with recently published results from
VEPP-3, rule out the zero TPE effect hypothesis at the
99.4% confidence level and are in excellent agreement
(χ2

ν = 1.03 to 1.09) with the calculations [21, 31] that
include TPE effects and largely reconcile the form-factor
discrepancy. The combined world data are consistent
with an increase in R2γ with decreasing ε at Q2 ≈ 0.85
and 1.45 GeV2. A slight, non-statistically significant,
increase in R2γ with Q2 is seen. Extracting the ε-
dependent TPE correction factor, δ2γ (ε), from our re-
sults for R2γ at Q2 ≈ 1.45 GeV2 and applying it to the
extraction of µpGE/GM at Q2 = 1.75 GeV2 from the
Ref. [2] reduced cross-section data brings it into good
agreement with the polarization transfer measurement
at Q2 = 1.77 GeV2 by Punjabi et al. [7].

Our data, together with those of VEPP-3, show that
TPE effects are present and are large enough to explain

FIG. 20. (Color online) Reduced cross sections divided by the

square of the dipole form factor, G2
D =

�
1 + Q2

0.71

�
, plotted as

a function of ε. The black triangles show the original mea-
surements from Andivahis et al. [2] and the red circles show
the TPE corrected measurements. The dashed black and solid
red lines show the corresponding linear fits where the slope is
proportional to G2

E and the intercept is proportional to G2
M .

the proton electric form factor discrepancy up to Q2 ≈ 2
GeV2. We look forward to the OLYMPUS results, which
will check the existing measurements and extend them to
slightly higher momentum transfer. However, the form
factor discrepancy is small at the low momentum trans-
fers of the new data. Though there are currently no ex-
periments planned to extend the measurements toQ2 ≥ 3
GeV2, where the form-factor discrepancy is the largest,
such experiments are needed before one can definitively
state that TPE effects are the reason for the discrepancy.
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We acknowledge the outstanding efforts of the Jeffer-
son Lab staff (especially Dave Kashy and the CLAS tech-
nical staff) that made this experiment possible. This
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and the National Research Foundation of Korea. Jef-
ferson Science Associates, LLC, operates the Thomas
Jefferson National Accelerator Facility for the United
States Department of Energy under contract DE-AC05-
060R23177.

18

FIG. 19. (Color online) Same as Fig. 18 except as a function
of Q2 at ε ≈ 0.45 (top) and 0.88 (bottom). Also included
is the CLAS 2013 [34] result (black open square), which has
been averaged to a single point at ε = 0.893. The open green
circles show the previous world data at 0.2 ≤ ε ≤ 0.7 and
0.7 ≤ ε ≤ 0.95 in the top and bottom plots, respectively [32].

V. CONCLUSIONS

Our results, along with recently published results from
VEPP-3, rule out the zero TPE effect hypothesis at the
99.4% confidence level and are in excellent agreement
(χ2

ν = 1.03 to 1.09) with the calculations [21, 31] that
include TPE effects and largely reconcile the form-factor
discrepancy. The combined world data are consistent
with an increase in R2γ with decreasing ε at Q2 ≈ 0.85
and 1.45 GeV2. A slight, non-statistically significant,
increase in R2γ with Q2 is seen. Extracting the ε-
dependent TPE correction factor, δ2γ (ε), from our re-
sults for R2γ at Q2 ≈ 1.45 GeV2 and applying it to the
extraction of µpGE/GM at Q2 = 1.75 GeV2 from the
Ref. [2] reduced cross-section data brings it into good
agreement with the polarization transfer measurement
at Q2 = 1.77 GeV2 by Punjabi et al. [7].

Our data, together with those of VEPP-3, show that
TPE effects are present and are large enough to explain

FIG. 20. (Color online) Reduced cross sections divided by the

square of the dipole form factor, G2
D =

�
1 + Q2

0.71

�
, plotted as

a function of ε. The black triangles show the original mea-
surements from Andivahis et al. [2] and the red circles show
the TPE corrected measurements. The dashed black and solid
red lines show the corresponding linear fits where the slope is
proportional to G2

E and the intercept is proportional to G2
M .

the proton electric form factor discrepancy up to Q2 ≈ 2
GeV2. We look forward to the OLYMPUS results, which
will check the existing measurements and extend them to
slightly higher momentum transfer. However, the form
factor discrepancy is small at the low momentum trans-
fers of the new data. Though there are currently no ex-
periments planned to extend the measurements toQ2 ≥ 3
GeV2, where the form-factor discrepancy is the largest,
such experiments are needed before one can definitively
state that TPE effects are the reason for the discrepancy.

ACKNOWLEDGMENTS

We acknowledge the outstanding efforts of the Jeffer-
son Lab staff (especially Dave Kashy and the CLAS tech-
nical staff) that made this experiment possible. This
work was supported in part by the U.S. Department of
Energy and National Science Foundation, the Italian Isti-
tuto Nazionale di Fisica Nucleare, the Chilean Comisión
Nacional de Investigación Cient́ıfica y Tecnológica (CON-
ICYT), the French Centre National de la Recherche
Scientifique and Commissariat à l’Energie Atomique,
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TPE corrections in hadronic approach

works well at low to moderate(?) values of Q2

ambiguities: on-shell FFs, models for excited states FFs 

⇒ more and more parameters, 
less and less reliable at high Q2

q1 q2

The region with the highly virtual photons
involves short distance interactions and therefore
must be described in terms of 
QCD degrees of freedom:  quarks and gluons 

⇒ systematic description can be developed using 
factorization approach 



= + ...

TPE at large-Q2: hard spectator approach

Borisyuk, Kobushkin, 2008
NK, Vanderhaeghen, 2009 q2

1 ∼ q2
2 ∼ q2 = (p� − p)2 ≡ −Q2

 both photons are highly virtual 

ϕN (xi) ∗ TH(x, x�, ε, Q2) ∗ ϕN (x�
i
)

Q2 →∞

GM ∼ α2
S(Q)

Λ4

Q4

Form Factors TPE amplitudes

helicity flip,
 subleading

scaling behavior

applicable only 
for large-angle 

scattering 

s ∼ −t ∼ −u � Λ2

F2 ∼ Λ6

Q6

the config when one 
photon is soft is 
supressed as alpha_s

δG̃2γ
M ∼ ν

m2
F̃3 ∼ αemαS(Q

2)
Λ4

Q4

δF̃ 2γ
2 ∼ αem

Λ6

Q6



TPE at large-Q2: hard spectator approach

Cross section 

☛ such contribution is complementary to the    where one photon is soft
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Reduced cross section: MT + hard TPE correction 

Data SLAC NE11, 1994
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TPE at large-Q2: soft spectator contribution

soft-
spectator 
scattering

hard- 
spectator
scattering

∼ Λ4

Q4
∼ Λ4

Q4

em form factor F1
Duncan, Mueller 1980Chernyak, Zhitnitsky 1977

Brodsky, Lepage 1979

Qualitatively agrees with observations of the large soft-overlap contribution 
 in many phenomenological calculations:

Isgur, Smith 1984
LC wave functions Nesterenko, Radyushkin 1983

Braun et al, 2002, 2006

QCD sum rules Radyushkin 1998
Kroll et al, 1998,2002,004,05

GPD (handbag)-model 

WA production/annihilation
γγ ↔ NN̄, Nπ ,ππ

QCD factorization: soft spectator contribution is important at accessible values of Q2 ☛

☛ Soft spectator scattering is especially important in processes with baryons  



2

H
q q

’pp

N N

ll

FIG. 1: Handbag diagram for the elastic lepton-nucleon scat-
tering at large momentum transfers. In the hard scattering
process H , the lepton scatters from quarks with momenta pq

and p′

q. The lower blob represents the GPDs of the nucleon.

where R stands for the real part, τ ≡ Q2/(4M2), and
ε ≡

(

ν2 − M4τ(1 + τ)
)

/
(

ν2 + M4τ(1 + τ)
)

. By anal-

ogy, we have defined : G̃E ≡ G̃M−(1+τ)F̃2 = GE+δG̃E ,
with GE the proton electric form factor, and δG̃E the
two-photon exchange correction.

An observable which is directly proportional to the 2γ
exchange is given by the elastic scattering of an unpolar-
ized electron on a proton target polarized normal to the
scattering plane. The corresponding single spin asymme-
try An is related to the absorptive part of the elastic eN
scattering amplitude [8]. Since the 1γ exchange ampli-
tude is purely real, the leading contribution to An is due
to an interference between 1γ and 2γ exchange. It can
be expressed at order O(e2) as (for me = 0) :

An =

√

2 ε (1 + ε)

τ

1

σR

{

−GM I
(

δG̃E +
ν

M2
F̃3

)

+ GE I
(

δG̃M +

(

2ε

1 + ε

)

ν

M2
F̃3

)}

,(4)

where I denotes the imaginary part.
To estimate the 2γ contribution to δG̃M , δG̃E , and F̃3

at large Q2, we consider in this letter a partonic calcu-
lation as shown on Fig. 1. As a first step, we calculate
elastic electron-quark scattering with massless quarks :
l(k) + q(pq) → l(k′) + q(p′q). The Mandelstam invariants
are given by ŝ ≡ (k + pq)2, Q2, and û ≡ (k − p′q)

2, sat-
isfying ŝ + û = Q2. The T -matrix for the 2γ part of the
electron-quark hard scattering process can be written as :

Hhard
h, λ =

e2

Q2
ū(k′, h)γµu(k, h) (5)

× ū(p′q, λ)
(

e2
q f̃1 γµ + e2

q f̃3 γ · K Pµ
q

)

u(pq, λ),

where Pq ≡ (pq + p′q)/2, eq is the fractional quark charge
(for a flavor q), and the quark helicity λ = ±1/2 is
conserved in the hard scattering process. For massless
quarks, there is no analog of F̃2 in Eq. (2).

To calculate the hard amplitudes Hhard
h,λ , we consider

the 2γ exchange direct and crossed box diagrams of

q
’p

q
pp

q
’p

q

’ ’kkkk

FIG. 2: Direct and crossed box diagrams to describe the two-
photon exchange contribution to the lepton-quark scattering
process, corresponding with the blob denoted by H in Fig. 1.

Fig. 2. The 2γ exchange contribution to the elastic elec-
tron scattering off elementary spin 1/2 particles has been
calculated before. Early references include Refs. [9, 10],
which we verified explicitly. For further use, we separate
f̃1 into a soft and hard part, i.e. f̃1 = f̃soft

1 + f̃hard
1 , using

the procedure of Ref. [11]. The soft part corresponds with
the situation where one of the photons in Fig. 2 carries
zero four-momentum, and is obtained by replacing the
other photon’s four-momentum by q in the numerator
and in its propagator in the loop integral. This yields :

R
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û

Q2

∣

∣

∣

∣

−
1

ŝ
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,

where f̃soft
1 , which contains a term proportional to lnλ2

(λ is an infinitesimal photon mass), is IR divergent. The
real part of f̃3 from Fig. 2 is IR finite, and is given by :

R
(

f̃3

)

=
e2

4π2

1

ŝ û
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The imaginary parts of f̃1 and f̃3 originate solely from
the direct 2γ exchange box diagram of Fig. 2 and are :

I
(

f̃soft
1

)

= −
e2

4π
ln

(

λ2

ŝ

)

, (9)

I
(

f̃hard
1

)

= −
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4π

{
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ŝ

Q2

)

+
1

2

}

, (10)
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)

= −
e2

4π

1

û
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û
ln

(

ŝ

Q2

)

+ 1

}

. (11)

Having calculated the hard subprocess, we next dis-
cuss how to embed the quarks in the nucleon. We begin
by discussing the soft contributions. There are also soft
contributions from processes where the photons interact
with different quarks. One can show that the IR con-
tributions from these processes, which are proportional
to the products of the charges of the interacting quarks,

Hard partonic scattering

large-t GPD

 Afanasev, Brodsky, Chen, Carlson, 
Vanderhaeghen (2004, 2005)

Partonic or GPD model (similar to 
“handbag” approach in WACS)

TPE at large-Q2:  partonic approach 

  separation of hard and soft spectator contributions☛

 separation of the hard and soft photon contributions  ☛

Is it possible to formulate a more systematic approach 
in the framework of QCD inspired effective theory? 

gives about 50% of the difference



Soft spectator scattering in the SCET framework

description of the soft spectator contribution involves 3 different scales   

(hard subprocess)  1. Factorisation of hard modes:    

2. Factorization of  hard-collinear modes 

 QCD    SCET-I

pc ∼ (Q,Λ,Λ2/Q)

ps ∼ (Λ,Λ,Λ)

phc ∼ (Q,
�

ΛQ,Λ) hard-collinear
collinear
 soft

phc

pc

ps

F
(s)(Q2

, QΛ,Λ2) � H(Q2) ∗ f(QΛ,Λ2)

p2hc ∼ QΛ � m2
N

f(QΛ,Λ2) � Jhc(QΛ) ∗ S[ps] ∗ φN [pc]

p2h ∼ Q2 � Λ2

+ -⊥

only after this we get a complete Q2 behavior



k2

k3

Soft spectator scattering  at large Q2

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

 soft 
residual momenta

q2
hc ∼ QΛ

p � 1
2
(Q, 0, 0, Q)

kµ ∼ O(Λ)
collinear

Duncan, Mueller 1980

x2 p

x1 p
∼ α4

s(ΛQ) ln[Q/Λ]/Q4



F1(Q) = +

Soft specator scattering at large Q2 : SCET factorization 

Soft correlation function:

NK, Vanderhaeghen PRD, 2010

H
p’p

S
J J’

p p’
H

µhc ∼
�

ΛQ, µ ∼ ω1,2 ∼ ν1,2 ∼ Λ

OS(ηi, λi) = εi�j�k� �
Y †

n (0)
�i�l �

Y †
n q(λ1n)

�j�

CΓ
�
Y †

n q(λ2n)
�k�

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

F (s)
1 (Q2) � CA(Q2, µhc)Ψout(yi, µ) ∗

� ∞

0
dω1dω2 J(yi, ω1,2Q, µhc, µ)

Ψin(xi, µ) ∗
� ∞

0
dν1dν2 J(xi, ν1,2Q, µhc, µ) S(ω1, ω2, ν1, ν2;µ)

S(ωi, νi;µ) =
�

dη1

2π

�
dη2

2π
e−iη1ν1−iη2ν2

�
dλ1

2π

�
dλ2

2π
eiλ1ω1+iλ2ω2 �0| OS(ηi, λi) |0�

Q2 � 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

QCD factorization at moderate values of Q2

one can factorise in a systematic framework  only the hard modes

the interactions of hard-collinear particles with soft spectators must 
be considered as nonperturbative 

the actual region for the planned experiments Q2 � QΛ � m2
N

SCET matrix elements are defined by operators in EFT and universal 

 Advantages of the SCET framework

if necessary the large logarithms can be resummed using RG evolution

the hard spectator contributions are natural part of the total picture



Soft spectator scattering  at large Q2

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

Λ � 0.3GeV

Q2 = 9− 25GeV2

QΛ � 0.9− 1.5GeV2

F1(Q) = +

NK, Vanderhaeghen PRD,2010

p p’
H

Q2 � QΛ ∼ m2
N

H

f1

H

F2(Q) = f2 +
p p’

H+ f1
4m2

N

Q2



TPE factorization within the SCET framework

= + + +

soft spectator contributions hard spectator 
term

2 photons
are hard

one hard  photon &
           one soft photon γs

γs

s ∼ −t ∼ −u � Λ2in the large-angle scattering  domain

Basic idea is to construct expansion  with respect to large scale 1/Q

large values of ε

Nonperturbative
input

φN (xi)

two SCET matrix elements
nucleon

distribution 
amplitude

1γ 1γ

h h h
h

NK, Vanderhaeghen 2012



 leading order QCD , next-to-leading order QED: 2-hard photon configuration

q1 q2 −q21 ∼ −q22 � Λ2

SCET FF

TPE factorization at large Q2:  the hard photon configuration

h
∼ C(s, t)F1(t)

How we can estimate SCET FF     ? F1

quark “jets”

p p�

χn̄(0) = P exp

�
ig

� 0

−∞
ds n ·A(n̄)

hc (sn)

�
1

4
/̄n/nψhc(0)

p � Q
n̄

2
quark momenta p� � Q

n

2
n = (1,�0,−1) n̄ = (1,�0, 1)

�p�|χ̄n(0)γ⊥χn̄(0)− χ̄n̄(0)γ⊥χn(0)|p�SCET = N̄(p�)γ⊥N(p)F1(t)



How we can estimate SCET FF   ? F1

☛ use universality and if possible constrain it from other process 

Wide Angle Compton Scattering s ∼ −u ∼ −t� Λ2

Existing JLab data indicate that the soft spectator scattering 
strongly dominates over hard spectator contribution 

Factorization with the same SCET FF 

☛

NK, Vanderhaeghen 2012

Leading order contribution

= +

Ci

F1

HiΨ Ψ
Ti

� + crossed
F1

Ti

Ti � Ci(s, t)F1(t)



LO result the hard-spectator 
corrections are  

neglected

Wide Angle Compton Scattering in SCET

used data:  JLab, Hall A, 2007 

empirical fit
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dσ

dt
� 2πα2

(s−m2)2

�
s

s+ t
+

s+ t

s

�
|R(t)|2 ≈ dσKN

dt
|R(t)|2

gives reliable description for 

|t| & |u|>2.5 GeV2 

Λ = 1.17± 0.01

n = 2.09± 0.06

F1(t) ≈
�
Λ2

−t

�n

R =
T2(s, t)

C2(s, t)
� T4(s, t)

C4(s, t)
� T6(s, t)

C6(s, t)
� F1(t)



 leading order QCD , next-to-leading order QED: 2-hard photon configuration

q1 q2 −q21 ∼ −q22 � Λ2

TPE factorization at large Q2:  the hard photon configuration

h

p p�

µF separates region where both γ are hard  
from region soft-γ & hard-γ

δG̃(s)
M (ε, Q) =

α

π
CM (ε, µF )F1(t) F̃ (s)

3 (ε, Q) =
α

π
C3(ε)F1(t)

CM (ε, µF ) = ln
���
u

s

��� ln
s

µ2
F

+ . . .

µF ∼ Λ � 0.3− 0.5GeV



−q21 ∼ Λ2,−q22 � Λ2

 TPE at large-Q2: soft-hard configuration

q1
h

soft photons radiation 
is described by the 

WL’s

q1 q2

v = 2k�/Q

v̄ = 2k/Q

ū(k�)γµu(k)
4πα

Q2
�p�|(χ̄nγ⊥µχn̄ + χ̄n̄γ⊥µχn)Y

†
k�Sk|p�SCET

Y †
k�(0) = P exp

�
−ie

� ∞

0
dt v ·B(s)(tv)

�

Sk�(0) = P exp

�
−ie

� 0

−∞
dt v̄ ·B(s)(tv̄)

�

soft photon virtuality q21 � Λ2 includes IR  QED singularity



Hadronic models for the SCET amplitudes 

Hierarchy of the soft scales:

q1 q2

resolution is related to the hard-collinear scaleq1 ∼ Λ

q1 � Λ ultrasoft photon interacts with the point-like
proton

assume that the dominant contribution arises from the ultrasoft region

�
= + +

N,Δ,... q1 q1

+ . . .
∼ GM (Q2)

Q2

�
dDl

1

[l2 − λ2][−2(lk)][2(lp)]

contributions of higher resonances are suppressed by 1/Q

�p�|(χ̄nγ⊥µχn̄ + χ̄n̄γ⊥µχn)Y
†
k�Sk|p�SCET � N̄(p�)γ⊥N(p)GM (Q) ln

λ2

µ2
F

ln

����
s−m2

N

u−m2
N

����

minimalistic model: elastic contribution only



QCD factorization of TPE amplitudes: summary

= + + +h h h
h

soft spectator contributions hard spectator 
contributions

γs

minimalistic model

ϕN (xi) � 120 fNx1x2x3{1 + r−(x1 − x2) + r+(1− 3x3)}Nucleon DA

µ0 � 0.350− 600MeV

r− � 1.37fN = (5.0± 0.5)× 10−3GeV2 r+ � 0.35Braun Lenz Wittmann 2006

estimated using WACS dataSCET FF F1(t) −t = 2.5− 6.5 GeV2

ν

m2
F̃3(ε, Q

2) = C3(ε)F1(t) +ΨN ∗H3 ∗ΨN

δG̃M (ε, Q) = CM (ε, µ0)F1(t) + g1(ε, Q, µ0) +ΨN ∗HM ∗ΨN

g1(ε, Q) � α

π
GM (Q) ln

λ2

µ2
0

ln

����
s−m2

N

u−m2
N

����



Reduced cross section σ1γ,MT
R = σ1γ

R

�
1 + δ2γ − δMT

2γ

�

IR QED soft singularity cancel 

+2
ε

τ
GERe

�
δG̃2γ

E +
ν

m2
F̃3 −GE

1

2
δMT
2γ

�

σ1γ,MT
R = G2

M +
ε

τ
G2

E +2GMRe

�
δG̃2γ

M + ε
ν

m2
F̃3 −GM

1

2
δMT
2γ

�

contributions
of subleading 

SCET operators
+

δG̃2γ
M −GM

1

2
δMT
2γ =

δG̃2γ
E +

ν

m2
F̃3 −GE

1

2
δMT
2γ = −4m2

Q2

�
δG̃2γ

M +
ν

m2
F̃3 −GM

1

2
δMT
2γ

�

α

π
F(t) ln

���
u

s

��� ln
s

µ2
F

h-h h-s

+
α

π
GM (Q2) ln

����
s−m2

u−m2

���� ln
λ2

µ2
F

−α

π
GM (Q2) ln

����
s−m2

u−m2

���� ln
λ2

s−m2
+ · · ·



Reduced cross section σ1γ,MT
R = σ1γ

R

�
1 + δ2γ − δMT

2γ

�

+2
ε

τ
GERe

�
δG̃2γ

E +
ν

m2
F̃3 −GE

1

2
δMT
2γ

�

σ1γ,MT
R = G2

M +
ε

τ
G2

E +2GMRe

�
δG̃2γ

M + ε
ν

m2
F̃3 −GM

1

2
δMT
2γ

�

δG̃2γ
M −GM

1

2
δMT
2γ =

α

π
F(t) ln

���
u

s

��� ln
s

µ2
F

h-h h-s

−α

π
GM (Q2) ln

����
u−m2

s−m2

���� ln
s2 −m2

µ2
F

+ · · ·

µF ∼ Λ � 0.3− 0.5GeV



Reduced cross section σ1γ,MT
R = σ1γ

R

�
1 + δ2γ − δMT

2γ

�

+2
ε

τ
GERe

�
δG̃2γ

E +
ν

m2
F̃3 −GE

1

2
δMT
2γ

�

σ1γ,MT
R = G2

M +
ε

τ
G2

E +2GMRe

�
δG̃2γ

M + ε
ν

m2
F̃3 −GM

1

2
δMT
2γ

�

δG̃2γ
E +

ν

m2
F̃3 −GE

1

2
δMT
2γ ≈ −4m2

Q2

�
δG̃2γ

M +
ν

m2
F̃3 −GM

1

2
δMT
2γ

�
 subleading SCET contributions are relatively small at large Q2, then

Q2 ≥ 2.5for GeV2R = GE/GM ≤ 0.25

+2
ε

τ
GERe

�
δG̃2γ

E +
ν

m2
F̃3 −GE

1

2
δMT
2γ

�
∼ α

τ
O(R)

ε

τ
G2

E� ∼ O(R2)



Reduced cross section σ1γ,MT
R = σ1γ

R

�
1 + δ2γ − δMT

2γ

�

σ1γ,MT
R = G2

M +
ε

τ
G2

E +2GMRe

�
δG̃2γ

M + ε
ν

m2
F̃3 −GM

1

2
δMT
2γ

�

R = GE/GMfix the ratio from pol. transfer data

ϕN (xi) � 120 fNx1x2x3{1 + r−(x1 − x2) + r+(1− 3x3)}Nucleon DA

fN = (5.0± 0.5)× 10−3GeV2Braun Lenz Wittmann 2006 r− � 1.37 r+ � 0.35

= + ...



Reduced cross section σ1γ,MT
R = σ1γ

R

�
1 + δ2γ − δMT

2γ

�

σ1γ,MT
R = G2

M +
ε

τ
G2

E +2GMRe

�
δG̃2γ

M + ε
ν

m2
F̃3 −GM

1

2
δMT
2γ

�

Q2 = 2.6GeV2

Q2 = 4GeV2

Q2 = 8GeV2

�

soft spectator 

hard spectator 

total 

Out[233]=

0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00
!0.008
!0.006
!0.004
!0.002
0.000
0.002
0.004 δMT

2γ

Out[234]=

0.6 0.7 0.8 0.9 1.0

!0.005

0.000

0.005 δMT
2γ

Out[235]=

0.4 0.5 0.6 0.7 0.8 0.9 1.0

!0.015
!0.010
!0.005
0.000
0.005
0.010
0.015

δMT
2γ



Reduced cross section: JLAB data

⎧ ⎨ ⎩

TPE correction
Data: JLab, Qattan et al, 2005

0.1352 
0.1360 

0.0989 
0.1009 

 0.0647 
 0.0667 

this fit:
Guttman

Arrington

NK, Vanderhaeghen

1 < |u| < 2.6 

Q2=2.64 GeV2

1-γ

σ R
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ε
GM = 0.1356 GM = 0.1001 GM = 0.0654

Non-linear behavior of the            at large fixed Q ?σR(ε, Q)

Or the calculations of h-s underestimate this contribution?

σR(ε, Q) � G2
M

�
1 +

ε

τ
R2

�
+ 2GMRe

�
δ(ε, Q)− 1

2δ
MT
2γ (ε, Q)

�



TPE amplitudes 

YM

Y3Y M
,3
×1
0

−0.1

0

0.1

ε
0.4 0.5 0.6 0.7 0.8 0.9 1.0

Q2=2.64 GeV2

Q2=3.2 GeV2

Q2=4.1GeV2

YE

Y3
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ε
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YM (ε, Q) = Re
δG̃M (ε, Q)

GM (Q)

YE(ε, Q) = Re
δG̃E(ε, Q)

GM (Q)

Y3(ε, Q) = Re
F̃3(ε, Q)

GM (Q)

Factorization + min.model h-s term

Guttman et all, 2011

Phenomenological analysis with linear behavior

Q2 = 2.64 GeV2

using data GEp-2γ coll.



Hadronic models for the SCET amplitudes 

Hierarchy of the soft scales:

q1 q2

resolution is related to the hard-collinear scaleq1 ∼ Λ

q1 � Λ ultrasoft photon interacts with the point-like
proton

assume that the dominant contribution arises from the ultrasoft region

�
= + +

N,Δ,... q1 q1

contribution of higher resonances are suppressed by 1/Q

q1 � Λ

�p�|(χ̄nγ⊥µχn̄ + χ̄n̄γ⊥µχn)Y
†
k�Sk|p�SCET � N̄(p�)γ⊥N(p)GM (Q) ln

λ2

µ2
F

ln

����
s−m2

N

u−m2
N

����

minimalistic model: elastic contribution only



Conclusions
We suggest QCD factorization approach for the kinematical region 

Data for WACS allows one to fix the contribution with hard photons & 
soft spectator scattering  using the universality of SCET FFs  

s ∼ −u ∼ −t� Λ2

Contributions with 2 hard and hard-soft photons are taken into 
account consistently

The largest ambiguity is due to SCET amplitudes describing  the 
configuration when one of the photons is soft. This contribution is model 
dependent

( relatively large    ) ε

Hard and soft spectator contributions are included

Simple models used for SCET amplitudes describing  the configuration 
when one of the photons is soft

Obtained results give can not provide the full description of the 
discrepancy between Rosenbluth and polarised data 




