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Outline

Introduction:
Electromagnetic Form Factors of the Nucleon and Two-Photon
Exchange

Two-Photon Exchange in the Timelike Region: pp̄ → e+e−

in coll. with: N. Kivel, M. Vanderhaeghen

Form Factors in the Unphysical Region: pp̄ → π0e+e−

in coll. with: C.Adamuščín, F.Maas, M.Vanderhaeghen, M.Zambrana
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Electromagnetic Form Factors of the Nucleon

Spacelike Region (q2 < 0)
Elastic eN-scattering:

e− e−

N N

Electromagnetic current:˙
N(p′)

˛̨
Jµ

em
˛̨
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+

Crossing symmetry:˙
N(p′)

˛̨
Jµ

em
˛̨
N(p)

¸
→
˙
0
˛̨
Jµ

em
˛̨
N(p)N(p′)

¸
˙
0
˛̨
Jµ

em
˛̨
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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Spacelike Electromagnetic Form Factors

e-p-Scattering: Rosenbluth separation

Obtain form factors from ε-dependence of unpolarized cross section
Rosenbluth cross section in 1γ-exchange approximation:

dσ = C(Q2, ε)

»
G2

M (Q2) +
ε

τ
G2

E (Q2)

–
| {z }

reduced cross section σR p p

e− e−

γ∗ q2 = −Q2 < 0

with τ =
Q2

4m2
and ε =

„
1 + 2(1 + τ) tan2 θ

2

«−1

e-p-Scattering: Polarization transfer

Scatter polarized electron beam & measure outgoing proton polarization:
~e + p → e + ~p

Polarization ratio:
Pt

Pl
= −

s
2ε

τ(1 + ε)

GE (Q2)

GM (Q2)
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Spacelike Electromagnetic Form Factors

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
in the Timelike Region
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Two-Photon Exchange in Timelike Processes?

p(p1)

p̄(p2)

e−(k1)

e+(k2)

q2 > 0

γ∗

p p → e+ e−

Cross section in Born approximation:

dσ1γ = C
`
q2´ »|GM |2(1 + cos2 ϑ) +

1
τ

|GE |2 sin2 ϑ

–

M =
e2

q2
u(k1) γµ v(k2)

× N(p2)

»fGMγ
µ−fF2

Pµ

M
+fF3

K/Pµ

M2

–
N(p1)

fGM (q2, t) = GM (q2) + δfGM (q2, t)

fF2(q2, t) = F2(q2) + δfF2(q2, t)

fF3(q2, t) = 0 + δfF3(q2, t)

⇑ ⇑
proton FF 2γ amplitude
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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 )

2γ-
exchange
amplitudes:

δfGM ∼
s

m2
fF3 ∼

αemαs

q4

δfF2 ∼ 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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(JG, Kivel, Vanderhaeghen, PRD(2011))

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

`
1 + δ2γ

´
Form factor from QCD-fit: |GM (q2)| = C

q4 log2
„

q2

Λ2

«
(Lepage, Brodsky PRL43)

Assumptions: |GM | = |GE |, GM = G∗M

δeGE = λ δeGM , with −1 < λ < 1 (bands)
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Two-Photon Contribution δ2γ : dσ1γ+2γ= dσ1γ

`
1 + δ2γ

´
Form factor from QCD-fit: |GM (q2)| = C

q4 log2
„

q2

Λ2

«
(Lepage, Brodsky PRL43)

Assumption |GM | = |GE |, GM = G∗M

δeGE = λ δeGM , with −1 < λ < 1 (bands)
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Results
q2=6 GeV2, DA model: COZ

-0.8

-0.6

-0.4

-0.2

 0

 0.2

 0.4

 0.6

 0.8

-1 -0.5  0  0.5  1

δ
2

γ 
 x

1
0

2

cosθ

|GE| = |GM|, GM = GM*

impr. log-fit
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(JG, Kivel, Vanderhaeghen, PRD(2011))

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

`
1 + δ2γ

´
3 parametrizations give similiar results:

Form factor from QCD-fit using |GM | = |GE |, GM = G∗M
Fit incl. logarithmic corrections, Brodsky et al. (2004)

VMD model, Iachello et al. (2004)
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Nucleon Form Factors
in the Unphysical Region
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Form Factors in the Unphysical Region

Unphysical region:
0 < q2 < 4m2

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))
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Process p + p̄ → π0 + e+ + e−

Phenomenological Approach:
(Adamuščín et al., PRC (2007))

π0

π0

γ∗

γ∗

p̄

p

p̄

p

e−

e+

e−

e+

p̄(p1) + p(p2)→ π0(qπ) + e−(k1) + e+(k2)

Decribed by nucleon exchange

Neglecting off shell effects→ γ∗NN-vertices parametrized by:»
F1(q2)γµ − i

2m
F2(q2)σµνqν

–
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Process p + p̄ → π0 + e+ + e−

Cross Section (within Born model): dσ
dtdq2 · (t−m2)2 ˆ

nb
˜
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dq
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pp̄ → π0e+e−: Model Independent Calculation

Amplitude:
Separate amplitude of the process:

|T |2 =
X

λ

˛̨̨“
Mµ · ε∗µ(q, λ)

”
| {z } 1

q2

“
εν(q, λ)ū(k1) eγν v(k2)

”
| {z }

˛̨̨2
evaluate in evaluate in

(pp̄)-cm frame γ∗-rest frame

Mµ : pp̄ → π0γ∗amplitude

Variables:

s, t ↔ θπ θe+e− ,Φe+e−

Photon-virtuality q2
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pp̄ → π0e+e−: Model Independent Calculation

Cross Section

dσ
dt dq2 dΩl

=
1

16π2s(s − 4m2)

e2

(4π)2 2 q2

4π
3
·W(θe+e− ,Φe+e−)

W(θe+e− ,Φe+e−) =
3

4π

h
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]
i

Density matrix: ρλλ′ =
“
Mµε∗µ(q, λ)

”
·
“
Mµε∗µ(q, λ′)

”∗
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Results: (within Born-Model)

Cross Section: dσ/(dtdq2dΩl )
[
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Nucleon form factor:

|GM (q2)| = C/q4 log2
„

q2

Λ2

«
GM = G∗M = GE
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(preliminary results)

Nucleon form factor:

VMD model
(Iachello et al. (2004))

sin 2θe+e− cos Φe+e− structure: basically proportional to (GE − GM ) ∼ F2
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Results: (within Born-Model)

Cross Section: dσ/(dtdq2dΩl )
[
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Nucleon form factor:

VMD model
(Iachello et al. (2004))

sin 2θe+e− cos Φe+e− structure: basically proportional to (GE − GM ) ∼ F2
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Summary

2γ-exchange in the timelike region:

Estimate of 2γ-exchange using a pQCD factorization
approach

Contribution δ2γ . 1%

Proton form factor in the unphysical region:

Accessible in the process pp̄ → π0e+e−

General form for decay angular distribution

Measurement necessitates fixed q2, different t values

Form factor extraction: requires model
→ can be tested through t dependence
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