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Elastic e-p scattering: one-photon exchange

τ =
Q2

4M2

reduced cross section 

ε = [1 + 2(1 + τ) tan2 θ/2]−1photon polarization parameter 
in Lab frame 

no structure 
cross section

�
dσ

dΩ

�

ns

= 4α cos2 θ/2
E�3

Q4Ebeam

dσep = dσns
�
τG2

M + εG2
E

�

σr = G2
M

�
1 + ε R2/τ

�
R ≡ GE

GM

0 < ε < 1
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electron and photon radiative corrections 
known and well understood 

Soft  bremsstrahlung involves only soft 
photons
effect of the nucleon structure is 
negligible

Vertex and box diagrams involve 
hard and soft photons
soft photon contribution is included in 
radiative correction (corresponding IR 
divergence is cancelled with electron proton 
bremsstrahlung interference)

Mo, Tsai Rev.Mod.Phys  1969

! µ

"µ

elastic electron
scattering

electron vertex
correction

electron self-energy
diagrams

vacuum
polarization

proton vertex
correction

proton self-energy
diagrams

box and crossed-
box diagrams

inelast ic ampli tudes

dσ = dσ0(1 + δ)

! µ

"µ

elastic electron
scattering

electron vertex
correction

electron self-energy
diagrams

vacuum
polarization

proton vertex
correction

proton self-energy
diagrams

box and crossed-
box diagrams

computed in soft photon approximation 
(proton structure neglected) 

∼ α

π
ln

Q2

m2
e

× ln
4EE�

Eγ
min

nontrivial ε-dependence arises only from 
the two photon exchange diagrams!

Elastic e-p scattering:  radiative corrections
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TPE contribution in the reduced cross section 

 3 TPE amplitudes   YM (ε, Q), YE(ε, Q), Y3(ε, Q)

GM ∼ Q−4

YE ∼ Q−2

YM,3 ∼ const

large Q behavior 

R = GE/GM ∼ const

but it works only at very large Q:   QΛQCD � m2
N

QCD predictions

intermediate Q2=2.5-16 GeV2   QΛQCD � 0.5− 1.2GeV2

What do we know about these amplitudes?  
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TPE contribution in the reduced cross section 

What do we know about these amplitudes?  

 3 TPE amplitudes   YM (ε, Q), YE(ε, Q), Y3(ε, Q)

End-point behaviorε→ 0, 1

ε→ 1

k

p
t=-Q2

s
Q fixed s→∞ Regge limit

plausible assumption YM,3,E(ε)→ 0

in pQCD agrees with all models, YM,3(ε) ∼ (1− ε)1/2

ε→ 0 YM,3,E(ε) �=∞ are not singular

Q2=s-2m2-m4/s
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TPE contribution in the reduced cross section 

reduced cross section 

 3 TPE amplitudes   YM (ε, Q), YE(ε, Q), Y3(ε, Q)

1-γ exch interference  1-γ and 2-γ 

 Q=2.5GeV2R =
GE

GM
� 0.25  R can be considered  as a   

small parameter

simplified expression: 
σr

G2
M

� 1 + εR2/τ + 2Re{YM + ε Y3}

σr

G2
M

= 1 + εR2/τ + 2Re{YM + ε Y3 + εR/τ(YM + Y3) }
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TPE contribution in the reduced cross section 

reduced cross section 

 3 TPE amplitudes   YM (ε, Q), YE(ε, Q), Y3(ε, Q)

JLab/Hall A (2005)
0.117 < ε < 0.865Data
Q2 = 2.64GeV2

r / 
(

p G
D

)2
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linear fit:   a + εb a = 1.106± 0.006
b = 0.160± 0.009

linear extrapolation ε→ 1 YM,3,E(ε)→ 0

G2
M (1 + R2/τ)
(µpGD)2

= a + b

σr

G2
M

� 1 + εR2/τ + 2Re{YM + ε Y3}
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TPE contribution in the reduced cross section 

reduced cross section 

 3 TPE amplitudes   YM (ε, Q), YE(ε, Q), Y3(ε, Q)
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TPE contribution in the reduced cross section 

reduced cross section 

 3 TPE amplitudes   YM (ε, Q), YE(ε, Q), Y3(ε, Q)

JLab/Hall A (2005)
0.117 < ε < 0.865Data
Q2 = 2.64GeV2

r / 
(

p G
D

)2

1.10

1.15

1.20

1.25

0 0.2 0.4 0.6 0.8 1.0

linear fit:   a + εb a = 1.106± 0.006
b = 0.160± 0.009

linear extrapolation ε→ 1 YM,3,E(ε)→ 0

G2
M (1 + R2/τ)
(µpGD)2

= a + b

δr

± δr

σr

G2
M

� 1 + εR2/τ + 2Re{YM + ε Y3}

Saturday 30 July 



TPE contribution in the reduced cross section 

reduced cross section 

 3 TPE amplitudes   YM (ε, Q), YE(ε, Q), Y3(ε, Q)

r / 
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)2
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E05-017, proposal, expected 

σr
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M

� 1 + εR2/τ + 2Re{YM + ε Y3}
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Elastic ep-scattering:  recoil polarization  technique

�e + p→ e + �p

Akhiezer, Rekalo (1974)

3 Nucleon form factors from double polarization observables
It was pointed out in 1968 by Akhiezer and Rekalo [Akh68] that “for large momentum transfers the isolation
of the charge FF of the proton is difficult” using the elastic ep reaction with an unpolarized electron beam, for
several reasons: one being G2

Mp/G
2
Ep ≥ µ2

p at any Q2 value and the other is that at large Q2 the contribution
from the τG2

Mp term in G2
Ep + (τ/ε)G2

Mp increases (see Eq.( 12)) and makes the separation of the charge
form factor practically impossible. In the same paper the authors also pointed out that the best way to obtain
the proton charge FF is with polarization experiments, especially by measuring the polarization of the recoil
proton. Further in a review paper in 1974 Akhiezer and Rekalo [Akh74] discussed specifically the interest of
measuring an interference term of the form GEGM by measuring the transverse component of the recoiling
proton polarization in the #ep → e#p reaction at large Q2, to obtain GE in the presence of a dominating GM . In
1969, in a review paper Dombey [Dom69] also discussed the virtues of measuring polarization observables in
elastic and inelastic lepton scattering; however his emphasis was to do these measurements with a polarized
lepton on a polarized target. Furthermore in 1982 Arnold, Carlson and Gross [Arn81]emphasized that the best
way to measure the electric FF of the neutron would be to use the 2H(#e, e′#n)p reaction. Both a polarized
target, and a focal plane polarimeter (to measure recoil polarization), have been used to obtain nucleon FFs.
We discuss below both methods to measure the elastic nucleon FFs, highlighting advantages and disadvantages
of using polarized target and focal plane polarimeter.

3.1 Polarization transfer
Figure 14 shows the kinematical variables for the polarization transfer from a longitudinally polarized electron
to a struck proton in the one-photon exchange approximation.

Figure 14: Kinematical variables for polarization
transfer from a longitudinally polarized electron to a
proton with exchange of a virtual photon.

Figure 15: Polarized electron scattering from a polar-
ized target.

The electron vertex in Fig. 14 can be described by basic Quantum Electrodynamics (QED) rules that
involves the electron current, $µ, and the proton vertex can be described by QCD and hadron electrodynamics
involving the hadronic current Jµ = χ′†Fµχ.

For elastic ep scattering with longitudinally polarized electrons, the hadronic tensor,Wµν= JµJ∗
ν , has four

15

dσpol = dσunpol(1 + h Sx Pt + h SzPl)

Pt = −
�

2ε(1− ε)
τ

GEGM

τ σr

Pl =
�

1− ε2
G2

M

τ σr

−
�

τ(1 + ε)
2ε

Pt

Pl
= R
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TPE contribution in the polarizations

 3 TPE amplitudes   YM (ε, Q), YE(ε, Q), Y3(ε, Q)

interference  1-γ and 2-γ 

Pl

P γ
l

= 1− 2
(1 + εR2/τ)

Re

�
ε2 Y3

1 + ε
+ εR/τ(Y3 + YE)−R2/τ

�
ε2 Y3

1 + ε
+ εYM

��

−
�

τ(1 + ε)
2ε

Pt

Pl
= R +Re(YE + Y3)−RRe

�
YM +

2ε

1 + ε
Y3

�
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TPE contribution in the polarizations

 3 TPE amplitudes   YM (ε, Q), YE(ε, Q), Y3(ε, Q)

interference  1-γ and 2-γ 

Pl

P γ
l

� 1− 2Re

�
ε2 Y3

1 + ε
+ εR/τ(Y3 + YE)

�

simplified expressions: 

ε � R/τ

−
�

τ(1 + ε)
2ε

Pt

Pl
� R +Re(YE + Y3)
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TPE contribution in the polarizations

 

 3 TPE amplitudes   YM (ε, Q), YE(ε, Q), Y3(ε, Q)

-μ
p 

τ(
1+
ε)

2ε
 P t P l
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fit
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Rexp

Q2 = 2.5GeV2

−
�

τ(1 + ε)
2ε

Pt

Pl
� R +Re(YE + Y3)

0 < ε < 1

⇒ R = Rexp

Re(YM + Y3) � 0
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TPE contribution in the polarizations

 

 3 TPE amplitudes   YM (ε, Q), YE(ε, Q), Y3(ε, Q)
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TPE contribution in the polarizations

 

 3 TPE amplitudes   YM (ε, Q), YE(ε, Q), Y3(ε, Q)
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TPE contribution in the polarizations

 3 TPE amplitudes   YM (ε, Q), YE(ε, Q), Y3(ε, Q)

Pl

P γ
l

� 1− 2Re

�
ε2 Y3

1 + ε
+ εR/τ(Y3 + YE)

�
� 1− 2Re

�
ε2 Y3

1 + ε

�

P l / 
P l

0.98

1.00

1.02

0 0.2 0.4 0.6 0.8 1.0

Pl

P γ
l

Y3(ε) ∼ ε2+ω ω ≥ 0

Y3(ε)
 indication about the 
nonlinear behavior of    

0.8 < ε < 1 ∆Y3 � 2%

Y3(ε)→ 0

ε→ 0

ε→ 1

Q2 = 2.5GeV2 R/τ ≈ 0.33
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TPE contribution in the polarizations

 

 3 TPE amplitudes   YM (ε, Q), YE(ε, Q), Y3(ε, Q)

Y3(ε) ∼ ε2+ω ω ≥ 0

ε→ 0

Q2 = 2.5GeV2

P l / 
PBo

rn
l
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1.00

1.02

ε
0 0.2 0.4 0.6 0.8 1.0

fit 1+al ε ln(1-ε)(1-ε)1/2

fit 1+ al ε
4(1-ε)1/2 

GEp-2γ

Pl

P γ
l

Pl

P γ
l

� 1− 2Re
ε2 Y3

1 + ε

Pl

P γ
l

� 1 + al ε ln(1− ε)(1− ε)1/2

Pl

P γ
l

� 1 + al ε
4(1− ε)1/2model 1    

model 2    

with al = 0.11± 0.03

with al = −0.032± 0.008
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Estimate the TPE amplitudes: small nonlinearities

Pl

P γ
l

� 1− 2Re
ε2 Y3

1 + ε

GM , R, YM (ε), YE(ε), Y3(ε)unknown

Q2 = 2.5GeV2

Q2 = 2.64GeV2

1.

2.

3.

= a + εb 0 < ε < 1

= R 0 < ε < 1

ε→ 1model assumptions about the extrapolation to   
define GM and R

linear behavior

−
�

τ(1 + ε)
2ε

Pt

Pl
� R +Re(YE + Y3)

σr

G2
M

� 1 + εR2/τ + 2Re{YM + ε Y3}

Re(YM + Y3) � 0
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Results: 

1.

2.

3.

−
�

τ(1 + ε)
2ε

Pt

Pl
� R +Re(YE + Y3)

G2
M = (1.168± 0.010)µ2

pG
2
D

Q2 = 2.64GeV2

σr

G2
M

� 1 + εR2/τ + 2Re{YM + ε Y3}

µpR = 0.693± 0.006

ReY3 � −
al

2
ε2(1− ε)1/2(1 + ε)

Pl

P γ
l

� 1 + al ε
4(1− ε)1/2

YE2

Y32

YM2

-0.04

-0.02

0
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0.02
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ReYM

ReYE

ReY3

Guttmann, NK, 
Meziane, Vanderhaeghen, 2011 

linear fit a + εb

Re(YM + Y3) � 0
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Results: 

1.

2.

3.

G2
M = (1.168± 0.010)µ2

pG
2
D

Q2 = 2.64GeV2

µpR = 0.693± 0.006
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−
�
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Pt
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� R +Re(YE + Y3)

Pl

P γ
l

� 1 + al ε ln(1− ε)(1− ε)1/2

ReY3 � −
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2
ln(1− ε)
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(1− ε)1/2(1 + ε)
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ε
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ReYM
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ReY3

Guttmann, NK, 
Meziane, Vanderhaeghen, 2011 

linear fit a + εb

small TPE Re(YE + Y3) � 0
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Comparison with other results

Borisyuk, Kobushkin 2011 
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Ratio R± σ∓r
G2

M
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Ratio R± σ∓r
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Conclusions 

ε = 1
Combining the data      σr, Pl, Pt, R±

 and  assumption that TPE amplitudes vanish at

one can extract information about TPE amplitudes

Practical problems:  large error bars and ambiguity 
ε→ 1in the extrapolation to 

Using JLab data P l,t(ε)σr(Q2 = 2.64GeV2, ε) Q2 = 2.5GeV2and 

and assuming small nonlinearity  at ε→ 1

ε � 0.6− 0.8

ReYE � −ReY3 > 0

ReY3 � −(1.5− 3.6± 0.6st ± 1sys)%

ReYM > 0

ReYM < 0ε = 0− 0.6

ReYM � (0− 2.2)%

ReYM � (−2.7− 0± 0.8st)%
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