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Electromagnetic Form Factors of the Nucleon

Spacelike Region (q2 < 0)

Elastic eN-scattering:

e− e−

N N

〈
N(p′)

∣∣Jµem
∣∣N(p)

〉
=

ū(p′)
[

F1(Q2)γµ+ F2(Q2)
iσµνqν

2m

]
u(p)

Form factors are real
functions of Q2 = −q2

Timelike Region (q2 > 0)

pp-Annihilation

N

N

e−

e+

〈
0
∣∣Jµem

∣∣N(p) N(p′)
〉

=

v̄(p′)
[

F1(q2)γµ− F2(q2)
iσµνqν

2m

]
u(p)

Form factors are complex
functions of q2
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Form Factor Measurements: ep-Scattering

Rosenbluth Separation

p p

e− e−

γ∗ q2 = −Q2 < 0

Cross section in 1γ-approximation

dσ = dσMott
τ

ε(1 + τ)

[
G2

M (Q2) +
ε

τ
G2

E (Q2)

]
︸ ︷︷ ︸

reduced cross section σR

with τ =
Q2

4m2
N

> 0 and ε =

(
1 + 2(1 + τ) tan2 θ

2

)−1

Polarization Tranfer:

Scatter polarized e− beam &
measure proton polarization:

µp
Pt

Pl
= −µp

√
2ε

τ(1 + ε)

GE (Q2)

GM (Q2)

~e + p → e + ~p
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Form Factor Measurements: ep-Scattering

Results:
The two methods give
different results:
Rosenbluth exp:
µpGE

GM
≈ 1

Polarization exp.:
linear decrease of GE

GM

with Q2

(Puckett et al., PRL (2010))

A possible explanation for the discrepancy:
Two-photon exchange corrections
(Guichon, Vanderhaeghen (2003), Blunden et al. (2003), ...)
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Two-Photon Exchange

Influence of 2γ-exchange can
be described by 3 amplitudes:

YM (Q2, ε), YE (Q2, ε), Y3(Q2, ε)

⇒ have to be calculated
within a model description or
extracted from existing data

k k′

p p′

q1 q2

k k′

p p′

2γ-exchange corrections
strongly influence Rosenbluth
extraction

σR

G2
M

=1 +
ε

τ

G2
E

G2
M

+ 2 YM + 2ε
GE

τGM
YE

+ 2ε
(

1 +
GE

τGM

)
Y3 +O(e4)

Small effect on results of
polarization experiments

Pt

Pl
∝

GE

GM
+ YE −

GE

GM
YM

+

(
1−

2ε
1 + ε

GE

GM

)
Y3 +O(e4)
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Two-Photon Exchange

GEp2γ experiment (JLab/HallC)
Pt/Pl and Pl at Q2 = 2.5 GeV2 :

no effect on Pt/Pl

clear effect on Pl (∼ 2 %)

Determination of 2γ-amplitudes:

New data of polarization
observables for Q2 = 2.5 GeV2

Rosenbluth measurements of
σR at Q2 = 2.64 GeV2

⇒ Extraction of YM , YE , Y3

Empirical extraction of
2γ-amplitudes Q2=2.5 GeV2:

(JG, Meziane, Kivel, Vanderhaeghen, 2011)

⇒ 2γ-amplitudes are in
2-3% range
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Two-Photon Exchange
in the Timelike Region

Julia Guttmann Two-Photon Exchange in the Spacelike and Timelike Regions 7

http://www.uni-mainz.de
http://www.uni-mainz.de
http://www.kph.uni-mainz.de
mailto:guttmann@kph.uni-mainz.de


Johannes Gutenberg-Universität Mainz
Institut für Kernphysik

Timelike Form Factors

pp̄ → e+e−: Cross Section

p(p1)

p̄(p2)

e−(k1)

e+(k2)

q2 > 0

γ∗

Cross section in 1γ approximation:

dσ1γ∝
[∣∣GM

∣∣2(1 + cos2 θ) +
1
τ

∣∣GE
∣∣2 sin2 θ

]
GM (q2), GE (q2): complex functions

of q2 in the timelike region

Experiments planned at PANDA@FAIR
and BES-III
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Two-Photon Exchange in Timelike Processes?

N(p1)

N̄(p2)

e−(k1)

e+(k2)

N(p1)

N̄(p2)

e−(k1)

e+(k2)

Matrix element parametrized by
3 generalized form factors G̃M , G̃E , F̃3:

M =
e2

q2
u(k1) γµ v(k2)

× N(p2)

[
G̃Mγ

µ− F̃2
Pµ

mN
+ F̃3

K/Pµ

m2
N

]
N(p1)

complex functions of 2 variables,
e.g. q2 and t

2γ-amplitudes:

G̃M (q2, t) = GM (q2) + δG̃M (q2, t)

F̃2(q2, t) = F2(q2) + δF̃2(q2, t)

F̃3(q2, t) = 0 + δF̃3(q2, t)

⇑ ⇑
proton FF 2γ amplitude
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Two-Photon Exchange in Timelike Processes?
Cross section including 2γ-exchange corrections:

dσ = C
(
q2)[ |GM |2(1 + cos2 ϑ) +

1
τ
|GE |2 sin2 ϑ

+ 2Re[GMδG̃M ](1 + cos2 ϑ) + 2
1
τ

Re[GEδG̃E ] sin2 ϑ

+ 2
(

Re[GM F̃3
∗

]−
1
τ

Re[GE F̃3
∗

]

)√
τ (τ − 1) cosϑ sin2 ϑ

]

Symmetry Relations:

δG̃E,M (q2,− cos θ) =− δG̃E,M (q2, cos θ)

δF̃3(q2,− cos θ) = δF̃3(q2, cos θ)

=⇒ Asymmetry in angular
distribution of dσ

Acos θ =
dσ(θ)− dσ(π − θ)

dσ(θ) + dσ(π − θ)

(Gakh, Tomasi-Gustafsson NPA 2006)

⇒ Acos θ = 0.01± 0.02
(Tomasi-Gustafsson et al., PLB 2008)

Julia Guttmann Two-Photon Exchange in the Spacelike and Timelike Regions 10

http://www.uni-mainz.de
http://www.uni-mainz.de
http://www.kph.uni-mainz.de
mailto:guttmann@kph.uni-mainz.de


Johannes Gutenberg-Universität Mainz
Institut für Kernphysik

Two-Photon Exchange in Timelike Processes?
Cross section including 2γ-exchange corrections:

dσ = C
(
q2)[ |GM |2(1 + cos2 ϑ) +

1
τ
|GE |2 sin2 ϑ

+ 2Re[GMδG̃M ](1 + cos2 ϑ) + 2
1
τ

Re[GEδG̃E ] sin2 ϑ

+ 2
(

Re[GM F̃3
∗

]−
1
τ

Re[GE F̃3
∗

]

)√
τ (τ − 1) cosϑ sin2 ϑ

]
Symmetry Relations:

δG̃E,M (q2,− cos θ) =− δG̃E,M (q2, cos θ)

δF̃3(q2,− cos θ) = δF̃3(q2, cos θ)

=⇒ Asymmetry in angular
distribution of dσ

Acos θ =
dσ(θ)− dσ(π − θ)

dσ(θ) + dσ(π − θ)

(Gakh, Tomasi-Gustafsson NPA 2006)

⇒ Acos θ = 0.01± 0.02
(Tomasi-Gustafsson et al., PLB 2008)

Julia Guttmann Two-Photon Exchange in the Spacelike and Timelike Regions 10

http://www.uni-mainz.de
http://www.uni-mainz.de
http://www.kph.uni-mainz.de
mailto:guttmann@kph.uni-mainz.de


Johannes Gutenberg-Universität Mainz
Institut für Kernphysik

Leading pQCD Analysis of 2γ-Exchange

2γ-exchange at large q2

⇒ consider factorization approach:

2γ-exchange correction as
convolution of:

Hard amplitude
(calculable in pQCD)

nonperturbative contribution:
Nucleon
Distribution Amplitudes ϕN

ϕN(x ′i ) ∗ TH(q2, ε) ∗ ϕN(xi )

p

p

e+

e−

uud
γ∗

γ∗
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Leading pQCD Analysis of 2γ-Exchange

both photons have
large virtualities:

q2
1 ∼ q2

2 ∼ q2

q1

q2

2γ-exchange amplitudes:
helicity conserving amplitudes:

δG̃M ∼
s

m2 F̃3 ∼
αemαs

q4

helicity flip amplitude:

δF̃2 ∼
1
q6 (suppressed)

p

p

e+

e−

uud
γ∗

γ∗
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Nucleon Distribution Amplitudes

Distribution Amplitude ϕN :

x1p

x2p

x3p

p

describes how the
longitudinal momentum is

shared between the
constituents

Model for asymptotic behavior of the DAs and the first
corrections:

ϕN (xi ) ' 120 fN x1x2x3 (1+r−(x1−x2)+r+(1−3x3)+. . . )

DAs include 3 parameters: fN , r−, r+

fN (10−3 GeV2) r− r+

COZ1 5.0 4.0 1.1
BLW2 5.0 1.37 0.35

1Chernyak et al., Z.Phys C (1989) 2Braun et al., PRD (2006)
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Results
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q2 = 6 GeV2,  DA model: COZ
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q2 = 6 GeV2,  DA model: BLW

(JG, Kivel, Vanderhaeghen, PRD(2011))

Two-Photon Contribution δ2γ : dσ1γ+2γ= dσ1γ
(
1 + δ2γ

)
Nucleon form factors:

QCD inspired fit: (Brodsky et al.(2004))

|GM (q2)| = C/q4 log2
(

−q2

Λ2

) VMD model
(Iachello et al. (2004))

δG̃E = λ δG̃M , with −1 < λ < 1 (bands)
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Julia Guttmann Two-Photon Exchange in the Spacelike and Timelike Regions 15

http://www.uni-mainz.de
http://www.uni-mainz.de
http://www.kph.uni-mainz.de
mailto:guttmann@kph.uni-mainz.de


Johannes Gutenberg-Universität Mainz
Institut für Kernphysik

Results

-10

-5

 0

 5

 10

 4  4.5  5  5.5  6  6.5  7  7.5

A
co
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  [
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]
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DA model: COZ

Asymmetry Acos θ =
dσ(cos θ)− dσ(− cos θ)

dσ(cos θ) + dσ(− cos θ)

black curve: Acos θ = 1% (Tomasi-Gustafsson et al., PLB (2008)))

blue curve: Acos θ using pQCD approach for cos θ = 0.9

green curve: Acos θ using pQCD approach for cos θ = −0.9
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Nucleon Form Factors
in the Unphysical Region

Julia Guttmann Two-Photon Exchange in the Spacelike and Timelike Regions 17

http://www.uni-mainz.de
http://www.uni-mainz.de
http://www.kph.uni-mainz.de
mailto:guttmann@kph.uni-mainz.de


Johannes Gutenberg-Universität Mainz
Institut für Kernphysik

Form Factors in the Unphysical Region

Unphysical region:
0 < q2 < 4m2

N

Not accessible by process
p + p̄ → e+ + e−

Idea: Consider process
p + p̄ → π0 + γ∗

→ π0 + e+ + e−

(Dubničková et al., ZPhys. (1996),
Adamuščín et al., PRC (2007))

Form factor extraction
requires model

←− spacelike −→←− timelike −→

↑
“unphysical region”
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Comparison with pp̄ → π0γ Data

Regge trajectory exchange model

kinematic region: s � |t |, |u|

consider exchange of
dominant Regge trajectories α:
Nucleon & ∆ trajectory

adding up orbital excitations

Feynman pole → Regge pole

1
t −m2

N
→

sαN− 1
2

Γ[αN + 1
2 ]
πα′N

e−iπ(αN + 1
2 )

sinπ(αN + 1
2 )

αN (t): Regge trajectory

Data pp̄ → π0γ

E760 at Fermilab:
cos θ-dependence of cross section
for 8.5 ≤ s ≤ 14 GeV2

N,∆
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Comparison with pp̄ → π0γ Data
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Regge description:
blue curve: N trajectory exchange
purple curve: (N + ∆) trajectory exchange
green curve: (N + ∆) trajectory exchange including reduction of ∆ pole:

M =MN +F · M∆, F ≈ 0.5
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Comparison with pp̄ → π0γ Data

10-2

10-1

100

101

 0.1  1

(d
σ/

dt
)/

s2α
∆(

t)
 -

2

-t [GeV2]

dσ/dt divided by s-dependence
of leading Regge trajectory:
√

s = 3.686 GeV
√

s = 10 GeV

Regge description:
dσ
dt
∝ F (t)s2α(t)−2
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pp̄ → π0e+e−: Model Independent Calculation

Separation of the cross section

dσ
dt dq2 dΩe+e−

=
1

16π2s(s − 4m2
N)

e2

(4π)2 2 q2

4π
3
·W(θe+e− ,Φe+e−)

W(θe+e− ,Φe+e−) =
3

4π

[
sin2 θe+e−ρ00 + (1 + cos2 θe+e−)ρ11

+
√

2 sin 2θe+e− cos Φe+e−Re[ρ10]

+ sin2 θe+e− cos 2Φe+e−Re[ρ1−1]
]

Density matrix: ρλλ′ =
(
Mµε∗µ(q, λ)

)
·
(
Mµε∗µ(q, λ′)

)∗
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pp̄ → π0e+e−: Results in the Regge framework

Cross Section: dσ/(dtdq2dΩe+e− )
[

nb/GeV4sr
]
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N-trajectory exchange: Φe+e− = 0 (solid) and Φe+e− = π (dashed)

(N+∆)-trajectory exchange: Φe+e− = 0 (solid) and Φe+e− = π (dashed)
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Summary

2γ-exchange in the spacelike region:

Candidate to explain form factor discrepancy

Combined analysis of data: 2γ-amplitudes ∼ 2-3 %

2γ-exchange in the timelike region:

Estimate of 2γ-exchange for the reaction pp̄ → e+e− using a
pQCD factorization approach

Contribution δ2γ . 1%

Proton form factor in the unphysical region:

Accessible in the process pp̄ → π0e+e−

Regge description in good agreement with data of pp̄ → π0γ
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