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QCD predictions for WACS

s ∼ −t ∼ −u ∼ Q2 � Λ2

� + · · ·+O(1/Q2)

factorized 
amplitude

kinematics

i, j = {1, 2, 3}

T (s) ∼ α2
s/s

2 ∼ 1/Q4QCD scaling 

dσγp→γp

dt
=

f4
Nα4

s

s6
A(θ)cross section 

experimental  check:  power and angular behavior 

Brodsky, Farrar 1973

real photons

T (s, θ) � φN (yj) ∗H(xi, yj ; s, θ) ∗ φN (xi)



WACS: theory vs. experiments

Cornell experiment Shupe et al, 1979

JLab, Hall A

Danagoulian et al, 2007

Hamilton et al, 2005

4

integrated over a ±3σ region to obtain the RCS events. A
similar procedure was applied to the electron scattering
data taken with the radiator removed to obtain another
normalization. The epγ/RCS ratio ranges from < 0.01
at backward angles to as much as 0.90 at forward angles.
Nevertheless, the two normalizations result in RCS cross
sections that agree to within a statistical accuracy of 7%
in the worst case but more typically to within 2%. This
procedure was cross-checked against a direct calculation
of the background, using the peaking approximation [16]
to estimate the internal radiation contribution and found
to be in excellent agreement.

The second correction is due to quasi-real photons from
the H(e, pγ)e′ reaction and is taken into account in the
calculation of the incident photon flux. The reaction is
simulated with our Monte Carlo, using the spectrum of
quasi-real photons calculated according to the method of
Ref. [17]. Although the scattered electron is not detected,
the kinematic cuts on the HRS and calorimeter, partic-
ularly the δx and δy cuts, place stringent constraints on
the virtuality of the photon. We find that the quasi-real
photons have a mean Q2 = 0.14 × 10−3 GeV2 and con-
tribute in the range 11-15% to the total incident photon
flux, depending on the kinematic point.

The resulting RCS cross-section values and statistical
uncertainties are summarized in Table I. The systematic
uncertainties have correlated contributions from the ac-
ceptance (5%) and the real and virtual bremsstrahlung
flux uncertainty (3%) and typical point-to-point contri-
butions from the π◦ subtraction (3%) and the epγ back-
ground subtraction (2%).

The cross-section data are presented in Fig. 4 along
with the previous Cornell data [1], which have been scaled
to the s values of the present experiment using the scaling
power n = 8, as discussed below, and plotted at the −t
value corresponding to the original θcm. The curves are
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FIG. 4: Cross section of RCS process vs. transfer momentum
t at three values of s. Full points and open points are data
from the present and Cornell experiments [1], respectively.

TABLE I: Cross section of proton Compton scattering. The
mean values of invariants s, t and their standard deviation are
in GeV2. The scattering angle in the center-of-mass system
and its standard deviation are in degrees. The bin widths of
all quantities are the total spread in values over the acceptance
of the detectors. The cross section (dσ/dt) and its statistical
error are in nb/GeV2.

s ∆s −t ∆t θcm ∆θ dσ/dt ∆dσ/dt

4.82 0.56 1.65 0.05 90.0 1.0 6.37 0.18

4.82 0.56 2.01 0.06 104.4 1.3 4.59 0.13

4.82 0.56 2.60 0.08 127.9 1.8 2.18 0.05

6.79 0.56 1.96 0.05 76.3 0.8 0.815 0.040

6.79 0.56 2.54 0.06 89.2 1.0 0.251 0.027

6.79 0.56 3.04 0.07 100.5 1.1 0.226 0.018

6.79 0.56 3.70 0.08 115.9 1.3 0.282 0.009

6.79 0.56 4.03 0.08 124.5 1.3 0.291 0.009

6.79 0.56 4.35 0.09 133.7 1.4 0.304 0.011

8.90 0.84 2.03 0.05 64.0 0.8 0.3970 0.0211

8.90 0.84 2.57 0.06 73.2 0.8 0.1109 0.0078

8.90 0.84 3.09 0.07 81.6 0.9 0.0619 0.0055

8.90 0.84 3.68 0.08 91.0 1.1 0.0348 0.0029

8.90 0.84 4.38 0.09 102.3 1.1 0.0257 0.0028

8.90 0.84 5.03 0.09 113.1 1.2 0.0320 0.0035

8.90 0.84 5.48 0.10 121.0 1.2 0.0477 0.0031

8.90 0.84 5.92 0.10 129.8 1.2 0.0641 0.0042

10.92 0.94 2.61 0.08 65.3 0.9 0.0702 0.0063

10.92 0.94 3.18 0.09 71.9 0.9 0.0317 0.0047

10.92 0.94 3.73 0.10 79.0 1.0 0.0156 0.0026

10.92 0.94 4.41 0.12 87.5 1.1 0.0095 0.0011

10.92 0.94 5.03 0.14 94.1 1.2 0.0071 0.0007

10.92 0.94 5.44 0.14 100.3 1.3 0.0058 0.0009

10.92 0.94 5.93 0.16 106.6 1.3 0.0046 0.0006

10.92 0.94 6.46 0.19 113.6 2.1 0.0056 0.0007

theoretical predictions calculated with the handbag dia-
gram. The solid curves are calculations using the GPDs
approach [8], in which a photon-parton subprocess is cal-
culated to next-to-leading order in αs and a model of the
GPDs is based on the known parton distribution func-
tions and the nucleon electromagnetic form factors. The
widths of the shaded areas indicate the uncertainties due
to the mass uncertainties in the hard subprocess [18].
The dashed curves are also based on the handbag dia-
gram [19], using the constituent quark model to calcu-
late the hard subprocess and quark wave functions ad-
justed to fit existing data for the nucleon electromag-

Theoretical calculations

Maina, Farrar, 1988,
Farrar, Zhang, 1990,
Kronfeld, Nižič 1991,
Vanderhaeghen, Guichon, 
Van de Wiele 2000,
Brooks, Dixon, 2000,
Thomson, Pang, Ji, 2006   

KLL, LSFanelli et al, 2015 }



The hard-spectator contribution 
predictions are at least an order of 
magnitude below the data

Figure 9: The unpolarized scaled cross section (12) for all six distribution amplitudes, for αs = 0.3
and fN = 5.2 × 10−3 GeV2, compared with experiment [20].
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Brooks, Dixon, 2000

αs = 0.3

Figure 9: The unpolarized scaled cross section (12) for all six distribution amplitudes, for αs = 0.3
and fN = 5.2 × 10−3 GeV2, compared with experiment [20].
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θData  Shupe et al

The shape of the curves matches the data 
quite well 

strong sensitivity to 

scale setting for 

normalization 

dσγp→γp

dt
=

f4
Nα4

s

s6
A(θ)

fN = 5.2× 10−3 GeV2

current lattice calculations give the values 
which is about  30% smaller! Braun et al, 2014

Wide Angle Compton Scattering & Form Factor in QCD factorization



Wide Angle Compton Scattering & Form Factor in QCD factorization

s6dσγp→γp/dt

[Q4F1]2
= A(θ)/IN
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FIG. 10: Scaled unpolarized real Compton cross section: comparing our results with JLAB experiment. Note that the results
have been normalized by the scaled form factor, F p

1
. See the text for full explanation.

helicity amplitudes can be written [30]

Mλλ′

++′(s, t) = 2παem[Hλλ′

++′(s, t)(RV (t) + RA(t)) + Hλλ′

−−′(s, t)(RV (t) − RA(t))], and (45)

Mλλ′

+−′(s, t) = −παem

√
−t

m
[Hλλ′

++′(s, t) + Hλλ′

−−′(s, t)]RT (t), (46)

where Hλλ′

hh′ denotes the helicity amplitudes for the subprocess γq → γq (i.e. the handle of the handbag) and RV , RA,
and RT are soft form factors which can be defined in terms of moments of GPDs. For example, RV is defined via the
equations

Ra
V (t) =

∫ 1

−1

dx̄

x̄
Ha(x̄, 0; t), and (47)

RV (t) =
∑

a

e2
aRa

V (t). (48)

Here, if the jth quark is struck, and p (p′) and kj (k′
j) denote the incoming (outgoing) nucleon and struck quark

momenta, then x̄ = (kj + k′
j)

+/(p + p′)+, a is the flavor of the quark, ea is the charge of the quark and the sum is
over all quark flavors.

Since the exact form of the GPDs is not known from first principles, a model is used. See [31, 32], for example,
for such a model. Based on this model, the handbag approach is able to successfully predict [32] the JLAB data in
Fig. 10, except for larger angles where u becomes small, as noted previously. The handbag approach also gives a
prediction of KLL based on the equation [27]

KLL $
RA

RV
KKN

LL

[

1 −
t2

2(s2 + u2)

(

1 −
R2

A

R2
V

)]−1

, (49)

where KKN
LL is the Klein-Nishina asymmetry for a structureless proton. Using a similar GPD model, this gives a result

which is in good agreement with the JLAB measurement. While the success of the handbag approach and the doubts
about the validity of the asymmetric distribution amplitudes imply that experiments may need to go to much higher
energy before the onset of asymptotic behavior occurs, further comparisons between available data and theoretical
calculations (GPD model and pQCD) are necessary to make more firm conclusions.

s6dσγp→γp/dt

[Q4F1]2

θ

data: JLab, Hall A, 2007

Q2 = 7− 15GeV2

the ratio is a factor of 2-4 smaller 
Thomson et al, 2006

Figure 10: The scaled unpolarized Compton cross section, normalized by the scaled elastic proton
form factor, as in eq. (13), for five distribution amplitudes, compared with the experimental data [20,
31].
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Brooks, Dixon, 2000

data:  Cornell exp.

the results are about an order of magnitude 
below

it seems unlikely that proton FF and Compton amplitude are both 
described by asymptotic approximations

Q4F1(Q
2) ≈ 1GeV4



Large contribution of the soft-overlap mechanism?

The large soft-overlap contribution also arises in phenomenological models 
and sum rule calculations for hadronic ffs 

Isgur, Smith 1984

Nesterenko, Radyushkin 1983 Braun et al, ‘02, ‘06, ‘13, `14, `15

Radyushkin 1998

Kroll et al, 1999

The experimental data indicate that photons scatter on a one quark and 
can be easily explained by soft-spectator scattering 

soft spectators Miller, 2004



Duncan, Mueller 1980

Soft spectator contributions: FF F1 and WACS amplitude 

NK, Vanderhaeghen `10 NK, 2012

Fadin, Milshtein 1981,82 ∼ ln[Q2/Λ2]/Q4

black lines soft spectators ∼ 1/Λ2

blue lines are collinear (Breit frame)

red lines ∼ 1/QΛ hard-collinear 

same power as for hard-
spectator! 

soft-spectator  contribution
can also be obtained and for 

WACS diagrams

The soft-spectator configuration can be naturally obtained within the Soft 
Collinear Effective Theory (SCET) framework



Soft Collinear Effective Theory (SCET)

description of the soft-overlap contribution involves 3 different scales   

QCD

hard 

pc ∼ (Q,Λ,Λ2/Q)

ps ∼ (Λ,Λ,Λ)

collinear

 soft

WACS amplitude

ph ∼ (Q,Q,Q)

p = (p+, p⊥, p−)

p2h ∼ Q2 ∼ µ2
h

phc ∼ (Q,
�

ΛQ,Λ) hard-collinear p2hc ∼ QΛ ∼ µ2
hc

p2c ∼ p2s ∼ Λ2 ∼ µ2
s

SCET

T (µ2
h ∼ Q2, µ2

hc ∼ QΛ, µ2
s ∼ Λ2)



phc

pc ps
pc ∼ (Q,Λ,Λ2/Q)

ps ∼ (Λ,Λ,Λ)

p = (p+, p⊥, p−)

p2hc � −2(pc · ps) � −p+c · p−s ∼ QΛ

Soft Collinear Effective Theory (SCET)

hard-collinear modes arise at classical level due to interactions of collinear and soft modes

phc ∼ (Q,
�

ΛQ,Λ)homogeneous hard-collinear modes                            appears as quantum corrections 
(loops)

L
(n)[ψn, An, q, As] = L

(n,0)[ψn, An] + L
(n,1)[ψn, An, As, q] +O(λ2)

LSCET-I = L(n)[ψn, An, q, As] + L(n̄)[ψn̄, An̄, q, As] + Lsoft[q, As]

SCET-I effective Lagrangian

Expansion with respect to small              in each hard-collinear sectorλ ∼
�

Λ/Q

 QCD    SCET-I



Soft spectator scattering in the SCET framework

(hard subprocess)  1. Factorize of the hard modes:    p2h ∼ Q2 � Λ2

 defined in SCET-I 

☛ moderate values of Q2 :

hard-collinear scale is not large

QΛ � 0.6− 1.5GeV2

 QCD    SCET-I

Q2 = 4− 25 GeV2

Λ � 0.3 GeV

This point is actual for existing WACS data

µ2
hc ∼ QΛ

µ2
s ∼ Λ2

QΛ � m2
N

T
(s)(Q,µhc, µs) � H(Q,µF ) ∗ f(µF , µhc, µs)

f(µF , µhc, µs) = �out|O(µF )|in�SCET



Soft spectator scattering in the SCET framework

2. Factorization of  hard-collinear modes 

SCET-I     SCET-II = collinear + soft

p2hc ∼ QΛ � m2
N

hard-collinear 
 subprocess  

gives a final power of 1/Q 

helps to understand the overlap of soft and  hard-spectator contributions

µ2
hc ∼ QΛ

µ2
s ∼ Λ2

f(µhc, µs) � Jhc(QΛ) ∗ S[ps] ∗ φN [pc]



= +

Ci

F1

HiΨ Ψ
Ti

hard-spect.soft-spect.

�p�|χ̄nγ⊥χn̄ − χ̄n̄γ⊥χn|p�SCET = N̄(p�)
1

4
/̄n/nγ⊥N(p)F1(t)

quark “jets”

NK, Vanderhaeghen 2012

p� � Qn/2 p � Qn̄/2soft SCET matrix element 

χn̄ = Pexp

�
ig

� 0

−∞
ds n ·A(n̄)

hc (sn)

�
1

4
/̄n/nψhc(0)

s ∼ −t ∼ −u ∼ Q2 � Λ2

Ti(s, t) = Ci(s, t)F1(t) + ϕN ∗Hi(s, t) ∗ ϕN

Wide Angle Compton Scattering



= +

Ci

F1

HiΨ Ψ
Ti

The hard factorization in SCET

hard-spect.soft-spect.

NK, Vanderhaeghen 2014Ci(s, t) = C0(s, t) +
αs

π
C1(s, t) +O(α2

s)

+= + + +

µ
d

dµ
Ci(s, t;µ

2) =
αs

4π
CF

�
4 ln[−t/µ2]− 6

�
Ci(s, t;µ

2)RG-equation

 DLogs



WACS phenomenology

µ2
F = −tR(s, t) =

T2(s, t)

C2(s, t)

⇒
T2(s, t) = C2(s, t)R(s, t)

i = 4, 6
s� �= s!

each term is regular!

regular ratio

Ti(s
�
, t) = Ci(s

�
, t)R(s, t) + ϕN ∗

�
Hi(s

�
, t)−H2(s, t)

Ci(s�, t)

C2(s, t)

�
∗ ϕN

F1one SCET amplitude      enters in all three amplitudes Ti 

F1 does not depend on energy s

T2(s, t) = C2(s, t) { F1(t) + ϕN ∗H2(s, t) ∗ ϕN/C2(s, t) } ≡ C2(s, t)R(s, t)



WACS phenomenology

T2(s, t) = C2(s, t)R(s, t)

i = 4, 6 s� �= s!

Ti(s
�
, t) = Ci(s

�
, t)R(s, t) + ϕN ∗

�
Hi(s

�
, t)−H2(s, t)

Ci(s�, t)

C2(s, t)

�
∗ ϕN

ϕN ∗
�
Hi(s

�
, t)−H2(s, t)

Ci(s�, t)

C2(s, t)

�
∗ ϕN ∼ O(α2

s)hard-spectator part:

Physical subtraction scheme

if the hard-sp. contribution is small and negligible then 

∼ 10− 20%

R(s, t) =
Ti(s, t)

Ci(s, t)
≈ R(t)



WACS phenomenology

this can be verified by experiment

dominates by the soft-spectator contribution

m=0

dσ

dt
� 2πα2

s2
|R(s, t)|2

�
s

−u
+

−u

s

�����
m=0

=
dσKN

0

dt
|R(s, t)|2

To the leading-order accuracy

Ci = CLO

i +
αs

4π
CF CNLO

i + . . .

R(s, t) =
Ti(s, t)

Ci(s, t)
≈ R(t)

dσ

dt
=

πα2

(s−m2)2
(−su)

�
1

2
|C2(s, t)|2 +

1

2
|C4(s, t)|2 + |C6(s, t)|2

�
|R(s, t)|2



WACS phenomenology: cross section

NK, Vanderhaeghen 2015 

all power corrections
m/Q are neglected

used data: JLab/Hall-A, 2007

-t,-u > 2.5 GeV2

R










     






 |R(s, t)|m=0 ≈

�
dσexp/dt

dσKN
0 /dt

empirical fit:

|R(s, t)| =
�
Λ2

−t

�α

Λ = 1.17± 0.01

α = 2.09± 0.06
The extracted value of    is needed for the estimates
 of the two photon corrections for the nucleon FF

R



WACS phenomenology: cross section

NK, Vanderhaeghen 2015 

used data: JLab/Hall-A, 2007 -t > 2.5 GeV2  
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WACS phenomenology

 WACS @ JLAB 12  PR-12-13-009  (approved)

-t,-u > 2.5 GeV2
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WACS phenomenology: longitudinal polarization KLL

Physics Motivation and a surprise 

New measurement at large (doubled) s, t, u values  
is necessary to clarify the mechanism of WACS.  

E99-114  
s=6.9, t=-4.0, u= -1.1 GeV2 

E07-002  
s=7.8, t=-2.1, u= -4.0 GeV2 
 

arXiv:1506.04045 
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New measurement at large (doubled) s, t, u values  
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WACS phenomenology: longitudinal polarization KLL

KLL =
σR
� − σL

�

σR
� + σL

�
=

s2 − u2

s2 + u2
+

αs

π
CFK

NLO

LL

m=0

Does not  depend on s & R

m=0

with kinematical power corr’s 

NK, Vanderhaeghen, 2014

data: JLab/Hall-A, 2004

⇒
u=-4.0GeV2s=7.8GeV2 -t=2.1GeV2Data

small helicity flip amplitudes
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Summary

 WACS cross section data are in agreement with the large soft-
spectator contribution in the region -t,-u>2.5GeV2. This description 

can be verified with future data at larger energies  

It seems unlikely that proton FF and Compton amplitude are both 
described by asymptotic approximations.

The simple factorization formula must be improved.
SCET framework requires to include the soft spectator term.

Existing data for asymmetry KLL are outside of the region
 -t,-u>2.5GeV2 and cannot be addressed within described 
formalism. More data are required.
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