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Outline

EM Form Factor in the time like region

Data (pp -> e+e-, e+e- -> pp, e+e- -> γpp)

Electromagnetic probe opportunities



• Fundamental differences relative to QED

• Self-interacting: highly nonlinear

• Interaction increases at large distance: Confinement

• Interaction decreases at small distance: Asymptotic freedom 

How do Hadrons arise from QCD?

QED QCD
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QCD-Renormalisation à la QED
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QCD-Renormalisation à la QED
models

lattice QCD
Χ-PT

Dyson-Schwinger



QCD-Renormalisation à la QED

- origin of nucleon mass
- quark and gluon condensates
- structure of the nucleon -> Form Factor 

models
lattice QCD
Χ-PT

Dyson-Schwinger



Visible Baryonic Mass Dominated by QCD



R. Hofstadter (1956), Proton Electromagnetic Form Factor

Still today a hot topic of 
hadron physics.

Electromagnetic form 
factors a testing ground for 
our understanding of QCD R. Hofstadter, Rev. Mod. Phys. , 28 (1956), 243



Electromagnetic Form Factor (QED)

Dirac Pauli

hadronic vector current: two form factors (2 s + 1)
internal structure of hadron ground state

Dirac
F1p(q2=0) = 1
F1n(q2=0) = 0

Pauli
F2p(q2=0) = 1
F2n(q2=0) = 1

vector current of quarks

GE = F1 + F2
GM = F1 + τ F2

matrix element

e2

q2
ū(k2)�µu(k1) ū(p2)[F1(q

2)�mu+ i
�µ⌫q⌫

2mp
F2(q

2)]u(p1)

< N̄(p0)|quū�µu+ qdd̄�µd+ . . . |N(p) >

all hadronic structure and strong interaction in form factors, 
but subject to electromagnetic (QED) radiative corrections



F1(q2)

Electromagnetic Form factors of the Nucleon

Form Factor real

cross section (Rosenbluth)
no single spin observables
double spin observables

Form Factor complex

cross section (angular Distr.)
single spin observables (Py)
double spin observables

unphysical region

connected by dispersion relations
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Timelike Form Factors

QCD counting rules constrain asymptotic behavior

q2 ! �1
Fi(q

2) ! (�q2)�(i+1)

i = 1 Dirac FF i = 2 Pauli FF

GE,M ! (�q2)�2

q2 ! ±1 PhragmenLindeloef

GE,M (�1) = GE,M (+1)

Analyticity

(imaginary part must vanish for large q2)



Observables



Cross Section (scattering)
(Rosenbluth Separation) 

ε

C.F.Perdrisat et al., Prog. Part. Nucl. Phys.  59, 694 (2007)

http://dx.doi.org/10.1016/j.ppnp.2007.05.001
http://dx.doi.org/10.1016/j.ppnp.2007.05.001


Polarisation Transfer (scattering)

C.F.Perdrisat et al., Prog. Part. Nucl. Phys.  59, 694 (2007)

http://dx.doi.org/10.1016/j.ppnp.2007.05.001
http://dx.doi.org/10.1016/j.ppnp.2007.05.001


GE = F1 + F2
GM = F1 + τ F2

at threshold: GE = GM
two approaches: 

assume GE/GM 
extract GE and GM

Integrated (Total) Cross Section:

Cross Section (pbar annihilation)
(Angular Distribution) 

Effective FF

- Need Luminosity  Measurement
- not on Resonance



p̄p ! `+`�

τ

e,µ

Cross Section (pbar annihilation)
(total cross section) 



Cross Section (Initial State Radiation)

Mass spectrum of pp system in the e+e- → ppγ reaction 
is related to cross section of e+e- → pp reaction at E=m.



EM form factor (q2 > 0)
Babar, BESIII: Initial state radiation (ISR), 

radiative return

BaBar, BESIII: Measurement
on Resonance



Cross section (q2 > 0)

Adone e+e-: 25, 69 ev.
ELPAR pp: 34 ev.
DM1,2 e+e-: 63, 172 ev.
  |GE|/|GM| = 0.34
PS170 pp: 3667 ev.
  |GE|/|GM| ≈ 1
E760 pp: 29 ev.
E835 pp: 206 ev.

CLEO e+e-: 14 ev.
BES e+e-: higher stat
BaBar e+e-: high stat

All data: Measure integrated cross section



EM form factor (q2 > 0)

Adone e+e-: 25, 69 ev.
ELPAR pp: 34 ev.
DM1,2 e+e-: 63, 172 ev.
  |GE|/|GM| = 0.34
PS170 pp: 3667 ev.
  |GE|/|GM| ≈ 1
E760 pp: 29 ev.
E835 pp: 206 ev.

CLEO e+e-: 14 ev.
BES e+e-: higher stat
BaBar e+e-: high stat

All data: Measure integrated cross section
assume:  GE = GM, or F = (σ)0.5 



EM form factor 

(q2 < 0) (q2 > 0)

From Angular
Distribution:



EM form factor 

(q2 < 0) (q2 > 0)

From Angular
Distribution:

new BABAR-Analysis: arxiv:1302.0055v1 recent GEP-III results



EM form factor (q2 > 0) and 
Vector Meson Dominance 

Vector Mesons



EM form factor (q2 > 0) 

E.A.Kuraev, A.Dbeyssib, E. Tomasi-Gustafsson, Procedia Computer Science 00 (2012) 1–7



EM form factor (q2 > 0) and Vector Meson Dominance (VMD)
use pion-initial-state-radiation

Vector Mesons



complementary approach to ff at and below threshold



Target Asymmetry and Polarisation Transfer

G. I. Gakh, E. Tomasi-Gustafsson, A. Dbeyssi, A. G. Gakh, Phys. Rev. C 86, 025204 (2012)

p̄p ! e+e�⇡0

transversely polarised 
Target in PANDA
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Imaginary Part of Time Like FF
single spin target asymmetry 

transversely polarised 
Target in PANDA

p̄p ! e+e�



EM form factor (q2 > 0)
Babar, BESIII: Initial state radiation (ISR), 

radiative return

π0

Ɣ*-> e+e-

BaBar, BESIII: Measurement
on Resonance





PANDA in FAIR

GSI today

- antiprotons
- rare isotopes
- heavy ion beams
- plasma physics

FAIR
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PANDA physics program
Hadron Spectroscopy 
  Experimental Goals: mass, width & quantum numbers JPC of resonances 
  Charm Hadrons: charmonia, D-mesons, charm baryons 

! Understand new XYZ states, Ds(2317) and others 
  Exotic QCD States: glueballs, hybrids, multi-quarks 
 Spectroscopy with Antiprotons:  

Production of states of all quantum numbers 
Resonance scanning with high resolution 

Hadron Structure 
  Generalized Parton Distributions 

!  Formfactors and structure functions, Lq   
  Timelike Nucleon Formfactors 
  Drell-Yan Process 

Nuclear Physics 
  Hypernuclei: Production of double Λ-hypernuclei 
!  γ-spectroscopy of hypernuclei, YY interaction 
  Hadrons in Nuclear Medium  

Physics performance report: arXiv:0903.3905v1

Transition Distribution Amplitudes

antiproton annihilation



LEAR PANDA

Physics performance report: arXiv:0903.3905v1



PANDA: the detector



PANDA: the detector
(muon counter system)









Background

σ(π+π -)/σ(e+e -) ≈ 106   (2μb/8pb at q2=9.(GeV/c)2)
need rejection of pp → π+ π- by 10-8, 1% Pollution

binary event, mean reject. of 10-4 per π+ and per π-          PID is crucial



Particle Identification Capability of PANDA



Simulation of pion background versus signal in PANDA 



EM form factor (q2 > 0)
Babar, BESIII: Initial state radiation (ISR), 

radiative return

PANDA 2fb-1

BaBar, BESIII: Measurement
on Resonance

PANDA: Measurement off Resonance



Extension to other Observables
p̄p ! e+e�⇡0



Generalized Parton Distributions and 
Transition Distribution Amplitudes (scattering)

K. Semenov-Tian-Shansky, Universite de Liege
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Generalized Parton Distributions and 
Transition Distribution Amplitudes (annihilation)
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Generalized Parton Distributions and 
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K. Semenov-Tian-Shansky, Universite de Liege



Transition Distribution Amplitudes
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Exciting times for Nucleon Electromagnetic 
Form Factors

• New BaBar-results on electromagnetic form factors from ISR

• BES-III data from ISR under analysis

• JLab 11 GeV upgrade brings new data, new experiments for proton radius 
(JLab, MAMI, PSI) 

• Electromagnetic Form Factors of the Nucleon with PANDA: Unprecedented 
Accuracy (from 50% to 3-5%)  pp → e+e-

• Supression of hadronic background better than 10-8 due to PANDA particle 
identification capabilities and kinematical constraints

• Theory activity: Models for time like FF,  Radiative Corrections                
(ISR, FSR, Polarisation, Two-Photon-Exchange)

• Extented to Transition Distribution Amplitudes: pp → e+e-π0  

• Extension to Muons, Drell-Yan with Muons, Electrons: pp → e+e- X, Time like 
GDAs, ...   rich nucleon structure program in PANDA

• Transversely Polarized Target in PANDA


