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Outline 
Part I 
•  Introduction 

•  Motivation and  scales 
•  Phenomenology  

•  Elementary reactions  
•  kinematics, crossing symmetry 
•  Elastic scattering 
•  Jlab and the GEp experiment 

•  Applications  
•  Polarization 
•  The proton radius problem 

Part II 
•  Phenomenology  

•  Elementary reactions  
•  Annihilation reactions 
•  The PANDA experiment 

•  Form factors in annihilation and scattering:  
      understanding how matter is formed 
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SL & TL Form Factors 
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The time-like region 

The measurement of the differential cross section 
•  At a fixed value of s 
•  For two different angles 
allows the separation of GE and GM. 
 
TL equivalent of the Rosenbluth separation in SL region 
 
•  It is simpler in TL region, because a collider works at 

constant s and 4π detectors allow to cover all 
angular range 

•  No individual determination of GE and GM has been 
done up to now 

•  Present and next future 

e-(k1) + e+(-k2)  p(-p1) + p(p2) 

 e-(k2) + e+(-k1)  p(p1) + p(-p2) 

VEPP-3 
Novosibirsk 



The Matrix element: 
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Annihilation channel 

 CMS system 

 e-(k2) + e+(-k1)  p(p1) + p(-p2) 

Kinematics 

E1=E2=ε1=ε2=E,     
s=t=(p1+p2)2 = (k1+k2)2 =4E2  
p1=p=-p2           k1=k=-k2 

Current conservation 
 
 
 
 ∀ q0 



The Matrix element: 
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The matrix element 

 e-(k2) + e+(-k1)  p(p1) + p(-p2) 

•  Unpolarized leptons 
•  Threshold: GE(q2=4M2)=GM(q2=4Mp

2) 
•               annihilation from D-state 

In terms of Pauli σ matrices: 
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Annihilation Cross Section (1)

Hadron tensor Jab:  : the product gives four terms. Let us classify along FFs.  
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Annihilation Cross Section (2)
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Annihilation Cross Section (3)
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 e-(k2) + e+(-k1)  p(p1) + p(-p2) 

Annihilation Cross Section (4)

The differential cross section       

Magnetic  Electric  

The total cross section   

The angular Asymmetry 
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Polarized Antiprotons (1) 
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Polarized antiproton beam (2) 
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Polarized antiproton beam |GM|2(3) 

|GE|2: 
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Polarized antiproton beam GEGM*(4) 

GMG*E: 

Explicitly each component: 
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Polarized antiproton beam GEGM*(5) 

GEG*M: 



Egle Tomasi-Gustafsson 17 Poltava, 13-VII-2018 

Single spin observables 
When the beam is polarized 

When the target is polarized 

p

+π

-π

= +

p

p

p
*γ *γ

Unitarity 
In TL region single spin observables  
do not vanish: FFs are complex 
(q2>0). 
Final state interaction 



Egle Tomasi-Gustafsson Poltava, 13-VII-2018 18 

Double spin polarization observables 

The nonzero components are: 

Relative phase: Ay, Axz 
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Facility for Antiproton and Ion Research                   
(Darmstadt/Germany) 

PANDA  
Anti-protons  

FLAIR-APPA  
Ions, antiprotons  CBM  

Heavy Ions  

NUSTAR  
Radioactive 
Ion beams 

All physics communities  
are represented 
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https://panda.gsi.de http://www.fair-center.eu/ 
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Antiprotons at FAIR 

Poltava, 13-VII-2018 

proton&
&linac&

SIS&100&

HESR&

PANDA&
p6bar6Target&

CR&
Pbar production    

• Proton Linac 70 MeV 
• Accelerate p in SIS18/SIS100 
• Produce pbar on NI/Cu target 
• Collect pbar in CR 
• Storage in HESR 

Parameters of HESR 
 
•  Injection of pbar at 3.7 GeV 
•  Slow synchrotron  
•  Momentum 1.5-15 GeV/c 
•  Luminosity 1031 cm-2s-1 
    (up to Lpeak~ 2x1032 cm-2s-1) 
•  Beam cooling 
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Panda will have: 
- Better luminosity 
- Better beam momentum resolution 
- Better detector (coverage, PID,magnetic field..) 

Poltava, 13-VII-2018 

Antiproton facilities 

21 

(Low energy beams) 
<8.9 
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•  gluon-rich environment 
•  all quantum numbers 

 allowed by qqbar 

JPC = 1- - 

J = 0,2,..  C = + 

J = 1,..  C = - 
•  q-qbar annihilate into gluons 

•  Formation:  
-> (precision physics) 

Poltava, 13-VII-2018 2
2 

Proton-Antiproton Annihilation 
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Appearance of a resonance in production mode and disappearance in 
formation mode sign its exotic nature 

Very precise scan of a resonance in formation mode: 
depends on HESR beam momentum resolution Dp/p~2x10-5  

Poltava, 13-VII-2018 

Mass resolution 
e+e- :              2   MeV 
FermiLab        240 keV 
HESR             50   keV 

23 

Search for glueballs, hybrids 



Egle Tomasi-Gustafsson Poltava, 13-VII-2018 24 

arXiv:0903.3905v1 

Hadron Physics 
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START/ FULL SETUP 
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GE=GM p+p ↔ e++e- e+p → e+p 

_ 
_ 

q2<0 

e- e- 

p p 

q2>0 

e- 

e+ p 

p 

q2 q2=4mp
2  

Time-Like 
FFs are complex 

Space-like 
FFs are real U

np
hy

si
ca

l r
eg

io
n 

GE(0)=1 

GM(0)=µp 

Asymptotics 
 - QCD 
 - analyticity 

p+
p 
↔

 e
+
+

e- +
π0

Hadron Electromagnetic Form factors 

•  Unphysical region 

<4Mp2 
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Antiprotons at FAIR 

•  Individual determination  
      of GE and GM 
•  Large transferred momentum 
•  Unphysical region 
•  Oscillation pattern 
•  e+e-  &  µ+µ- 

EPJA 52,325 (2016) 
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BESIII 

Threshold physics 
Beijing, BEPC2, BES3 

VEPPII, Novosibirsk 

P
n

Λ
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The Time-like Region 

Expected QCD scaling (q2)2 
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GE=GM 
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The Time-like Region 

Expected QCD scaling (q2)2 
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GE=GM 
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Oscillations : regular pattern in PLab 
pF
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A: Small perturbation    B: damping       
C: r < 1fm                      D=0: maximum at p=0 

Poltava, 13-VII-2018 

The relevant variable is pLab  associated to the relative 
motion of the final hadrons.  
 

Simple oscillatory behaviour 
Small number of coherent sources 

A.  Bianconi, E. T-G. Phys. Rev. Lett. 114,232301 (2015)  
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Oscillations : regular pattern in PLab 
pF

0.1

0.2

0.3
(a) 

p [GeV]0 1 2 3

 D

-0.04

-0.02

0

0.02

0.04 (b)

A: Small perturbation    B: damping       
C: r < 1fm                      D=0: maximum at p=0 

Poltava, 13-VII-2018 

The relevant variable is pLab  associated to the relative 
motion of the final hadrons.  
 

Simple oscillatory behaviour 
Small number of coherent sources 

A.Bianconi, E. T-G. Phys. Rev. Lett. 114,232301 (2015), PRC 93, 035201 (2016)   
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Fourier Transform 
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•  Rescattering processes 
•  Large imaginary part  
•  Related to the time evolution of the charge density? 
 
•  Consequences for the SL region? 
•  Data from BESIII confirm the structures 
•  Expected from PANDA 

(E.A. Kuraev, E. T.-G., A. Dbeyssi,  PLB712 (2012) 240) 

Poltava, 13-VII-2018 

F0 == 
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VMD: Iachello, Jakson and Landé (1973) 

Isoscalar and isovector FFs 
γ* ω,ρ,ϕ 

Poltava, 13-VII-2018 



The nucleon  
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antisymmetric state of  
colored quarks 

3 valence quarks and 
a neutral sea of qq pairs 

 ..does not hold in the spatial center of the nucleon: the 
center of the nucleon is electrically neutral, due to strong 
gluonic field 

New assumption : 

E.A. Kuraev, E. T-G, A. Dbeyssi,  Phys.Lett. B712 (2012) 240 
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represent projections of the same distribution 
 in orthogonal subspaces 

Definition of TL-SL Form Factors  



Egle Tomasi-Gustafsson Poltava, 13-VII-2018 38 

Amplitude for creating charge-anticharge pairs at time t. 
Charge distribution => distribution in time of   
 

Charge: photon-charge coupling  

Fourier transform of a stationary charge and current distribution 

p p p p

γ*
γ*

1X

2X

X

q q

g The simplest picture:  
qq pair + compact di-quark 

Resolved    representation  Unresolved   



Conclusion - Discussion 
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• Deep understanding of polarization phenomena 
  born in Kharkov  
In the 70’s the theory was well advanced on experiment 
  

• Unified models in SL and TL: new understanding of the nucleon 
structure? 

Jefferson Lab 

VEPP-3 
Novosibirsk 

IHEP 

time

time time

e e’

p p’

p

p

_
p

p

_
e

e

+ e+

e

SL

TL+ TL -

              space-time distribution of the  
electric charge in the space-time volume  

SL photon ‘sees’ a charge density 

TL photon ‘sees’ the particle creation from vacuum 
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(1) Equivalent forms Jµ

Global factor  
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(2) Equivalent forms Jµ

Properties of Pauli σ matrices: 
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The proton radius 
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Expanding in Taylor series: 

RMS is the limit of the form factor derivative for Q2->0  

Root mean square radius 



What about extrapolation to 
Q2→ 0? 
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•  Radiative corrections 
•  Two photon exchange 
•  Coulomb corrections 

Mainz, A1 collaboration (1400 points) Q2>0.004 GeV2 

G.I. Gakh, A. Dbeyssi, E.T-G, D. Marchand,V.V. Bytev, 
 Phys.Part.Nucl.Lett. 10 (2013) 393, Phys.Rev. C84 (2011) 015212    
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Planned ep experiments 

Systematics at sub% 
Abs Norm by Moller  
 

PNPI@MAMI: e and p detection 

MUSE@PSI: muon beam 
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Mainz ep elastic scattering 

GEp GMp 
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Mainz ep elastic scattering 

Spline 

Polynomial 

1) Rosenbluth extraction 
2) Direct extraction 
(assuming a function for FFs) 
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ATOMIC PHYSICS 
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Lamb shift and hyperfine splitting (1) 
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 A) Formation of µp atoms in highly  
      excited states. 1% populates the 
      2S state (τ=1 µs). 
 B) Laser excitation of 
      2S-2P transition 
 C) 2S and 2P energy levels.  
      νs and νp: measured transitions 
 

 Negative µ beams at PSI are stopped 
in  H2 gas  target at 1 hPa and 20°C 
       

Proton radius 
Rydberg constant  



Lamb shift and hyperfine splitting (1) 
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 A) Formation of µp atoms in highly  
      excited states. 1% populates the 
      2S state (τ=1 µs). 
 B) Laser excitation of 
      2S-2P transition 
 C) 2S and 2P energy levels.  
      νs and νp: measured transitions 
 

 An e or µ in S state has some probability to be inside the proton.  
  The  electric field (charge distribution) is modified by the proton size.  
      The νs and νptransitions are affected by the proton size ( few %) 

 Negative µ beams at PSI are stopped 
in  H2 gas  target at 1 hPa and 20°C 
       



Lamb shift and hyperfine splitting 
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| Ψ (0)|2≈ mr
3, mr(µp system)≅ 186 me 

Atomic wave function at the origin  

Η radius : 60000 x p radius
µΗ Bohr radius is  ≈	 200 times smaller: larger sensitivity!  
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New ! 

Rp=0.8335(95) fm  

Science  06 Oct 2017: 
Vol. 358, 6359, pp. 39 
DOI: 10.1126/
science.aao3969 

new Rydberg constant, deuterium…  
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The Proton Size (Radius) 


