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Precise data in new kinematical region:
• high intensity beams, 
• polarized targets, 
• hadron polarimeters
Space-like region: MAMI, JLAB, Bates
Time-like region: FERMILAB, FRASCATI, NOVOSIBIRSK, 

BES, PANDA@FAIR, BELLE, BABAR.. 

unified view of the nucleon EM structure

Present interest

knowledge of proton form factors up to large q2

transition to QCD: Asymptotics
reaction mechanism (1 or 2 photon exchange)



Asymptotics
• QCD
• analyticity

p+p ↔ e++e-e+p → e+p

Time-LikeSpace-Like

Nucleon Form Factors: analiticity
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Nucleon Form Factors: from Space-Like to Time-Like

The sign is relevant for polarisation observables

e- + h → e- + h

e- + e+ → h + h

Scattering and annihilation channels:
described by the same amplitude:

function of two kinematical variables, s and t

which scan different kinematical regions

p2 → - p2



As in Space-Like region:

dependence on q2 contained in FFs
even dependence on cos2θ (1g exchange)
no dependence on sign of FFs
enhancement of magnetic term

but Time-Like form factors are complex!
A. Zichichi, S. M. Berman, N. Cabibbo, R. Gatto, Il Nuovo Cimento XXIV (1962) 170
B. Bilenkii, C. Giunti, V. Wataghin, ZPC 59 (1993) 475
G. Gakh, E.Tomasi-Gustafsson., NPA 761 (2005) 120

Cross section for                                (1 γ-exchange):

Time-Like observables:  |GE|2 and |GM|2



Cross section at 900 Angular asymmetry

The differential cross section:

can be parametrised as:

E. Tomasi-Gustafsson and M. P. Rekalo, PLB 504 (2001) 291

h + h → e- + e+ angular distributions



VMD : IJL 
F. Iachello, PLB 43 (1973) 191

Extended VMD  (G.K.-92):
E.L.Lomon, PRC 66 (2002) 045501
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E.Tomasi-Gustafsson, F. Lacroix, Ch. Duterte, G.I. Gakh, EPJA (2005) 419

Hohler, NPB 114 (1976) 505
Bosted, PRC 51 (1995) 409

Nucleon Space-Like Form Factors modelisation
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Nucleon Time-Like Form Factors modelisation
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Nucleon Time-Like Form Factors modelisation

No individual determination of |GE| and |GM|
Assuming GE=GM (valid only at threshold) 
TL nucleon FFs are twice larger than SL FF
VMD or pQCD inspired parametrizations:
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A(p) = 56.3   GeV4

A(n) = 77.15 GeV4

ΛQCD = 0.3 GeV



Primary Beams

•1012/s; 1.5 GeV/u; 238U28+

•Factor 100-1000 present in intensity
•2(4)x1013/s 30 GeV protons
•1010/s 238U73+ up to 25 (- 35) GeV/u

Secondary Beams

•Broad range of radioactive beams up to
1.5 - 2 GeV/u; up to factor 10 000 in
intensity over present 

•Antiprotons 3 (0) - 30 GeV

Storage and Cooler Rings
•Radioactive beams
•e – A collider
•1011 stored and cooled 0.8  - 14.5
GeV antiprotons

•Cooled beams
•Rapidly cycling superconducting magnets

Key Technical Features

Facility for Antiproton
and Ion Research

The future FAIR facility 



High luminosity mode

High resolution mode

• δp/p  ~ 10−5 (electron cooling)
• Lumin. = 1031 cm−2 s−1

• Lumin. = 2 x 1032 cm−2 s−1

• δp/p  ~ 10−4 (stochastic cooling) 

• Production rate 2x107/sec

• Pbeam = 1 - 15 GeV/c

• Nstored = 5x1010 p

• Internal Target

_

p

HESR - High Energy Storage Ring

Internal Target
Detector

From RESR
p

2.3 ≤ √s ≤ 5.5 GeV



P

pp: Pellet or Cluster target
pA: wire target

_
_

_

Target Spectrometer
Solenoid magnet for high pt tracks:

Superconducting coil & iron return yoke
(B=2T)

Forward Spectrometer
Dipole magnet for forward tracks

(2T.m)

PANDA spectrometer

Physics Performance Report for PANDA arXiv:0903.3905 [hep-ex]
PANDA Magnet TDR http://www-panda.gsi.de/archive/public/P_magn_TDR.pdf



MVD STT

PANDA spectrometer: Tracking

Silicon MicroVertex Central Tracker GEM Detectors Drift Chambers

Physics Performance Report for PANDA arXiv:0903.3905
PANDA STT TDR Xi 1205 5441 1 [ h i i d ]



Plastic Scintillators

PANDA spectrometer: Particle IDentification
Muon Detectors

Barrel DIRC Barrel TOF Endcap DIRC Endcap TOF

Forward RICH

Physics Performance Report for PANDA arXiv:0903.3905 [hep-ex]



10 000 crystals

PANDA spectrometer: Particle IDentification

PbWO4 EMC

Forward Shashlyk EMC

Physics Performance Report for PANDA arXiv:0903.3905 [hep-ex]
PANDA EMC TDR arXiv:0810.1216v1 [physics.ins-det]



DIRCMVD

EMC

Physics Performance Report for PANDA arXiv:0903.3905

Particle IDentification with PANDA

STT

PANDA PID Requirements:
particle identification essential for PANDA
momentum range 200 MeV/c – 10 GeV/c
Extreme high rates 2·107 Hz
good particle separation (K-π, e−π) 

different detectors needed  for PID 



E. Tomasi-Gustafsson, M.P. Rekalo, PLB 504 (2001) 291

Generator:

|GM| = 22.5 (1 + q2 / 0.71)-2 (1 + q2 / 3.6)-1

ℜ =  |GE|/|GM|

lower sensitivity
@ higher q2

p + p → e- + e+ events generation

M. Sudol et al., EPJ A44 (2010) 373

L = 2 ⋅ 10 32 cm−2 s−1 → 2 fb-1 in ∼ 100 days



σinel ∼ mb ,    σ(e-e+) ∼ nb

p + p inelastic cross section

A.Dbeyssi and Egle Tomas-Gustafsson, 
3rd International Conference on Quantum Electrodynamics and Statistical Physics, 
Aug. 29-Sept. 02, 2011, Kharkov, Ukraine



p + p → π- + π+ events generation

M. Sudol et al., EPJ A44 (2010) 373

E. Eisenhandler et al., NPB 96 (1975) 109

A. Berglund et al., NPB 137 (1978) 276
T. Buran et al., NPB 116 (1976) 51

cos(θ) < 0.8

σ(π-π+)/σ(e-e+) ≤ 3 106

B/S ∼ 0.1%

Rejection power > 3 109



M. Sudol et al., EPJ A44 (2010) 373

Fermilab E760 C., T. A. Armstrong et al., 
PRD 56 (1997) 2509
Fermilab E760 C., T. A. Armstrong et al., 
PRD 56 (1997) 2509

cos(θ) < 0.8

σ(π0π0)/σ(e-e+) ≤ 3 105

B/S ∼ 0.1%

Rejection power > 3 108

p + p → π0 + π0 events generation



PANDA scenario: signal reconstruction

M. Sudol et al., EPJ A44 (2010) 373

Signal description:
good description of acceptance and efficiencies
efficiency drops at higher q2



3 body reactions
kinematical constraints
PID

2 body reactions (hadrons) 
π- π+, π0 π0, K+K-

e+e- can be safely resolved from π+π- or π0π0

High statistics GEANT4 simulations:
< few 0/00 misidentified events per cos  θCM bin
< 1% in the total cross section up to 16 GeV2

PANDA scenario: physical backgrounds to e+e-

M. Sudol et al., EPJ A44 (2010) 373

σ(π-π+)/σ(e-e+) ∼ 106

σ(π0π0)/σ(e+e-) ∼ 105



R=|GE|/|GM|

BaBAR

PS170 PANDA sim

L = 2 ⋅ 10 32 cm−2 s−1 → 2 fb-1 in ∼ 100 days

PANDA scenario: expected results

M. Sudol et al., EPJ A44 (2010) 373

BABAR:
B. Aubert et al. PRD 73 (2006) 012005

PS170:
G. Bardin et al., NPB 411 (1994) 3

pQCD inspired:
V. A. Matveev et al., LNC 7 (1973) 719
S. J. Brodsky et al., PRL 31 (1973) 1153

VDM: 
F. Iachello, PLB 43 (1973) 191

Extended VDM: 
E.L.Lomon, PRC 66 (2002) 045501

Individual determination of 
|GE| and |GM| 

up to q2 ∼ 14 (GeV/c)2 !!



PANDA scenario: expected results

M. Sudol et al., EPJ A44 (2010) 373

L = 2 ⋅ 10 32 cm−2 s−1 → 2 fb-1 in ∼ 100 days

Absolute σ accessible
up to q2 ∼ 28 (GeV/c)2

BABAR:
B. Aubert et al. PRD 73 (2006) 012005

E835:
M. Andreotti et al., PLB 559 (2003) 20
M. Ambrogiani et al., PRD 60 (1999) 032002

Fenice:
A. Antonelli et al., NPB 517 (1998) 3

PS170:
G. Bardin et al., NPB 411 (1994) 3

E760:
T. A. Armstrong et al., PRD 56 (1997) 2509

CLEO:
T. K. Pedlar et al. , PRL 95 (2005) 261803

DM1:
B. Delcourt et al., PLB 86 (1979) 395

DM2:
D. Bisello et al., NPB 224 (1983) 379

BES:
M. Ablikim et al., PLB 630 (2005) 14



PANDA scenario: asymptotic behaviours

E. Tomasi-Gustafsson, 12th International Conference on Nuclear Reaction Mechanisms, Villa Monastero, 
Varenna, Italy, 15 - 19 Jun 2009, pp.447, arXiv:0907.4442v1 [nucl-th]

L = 2 ⋅ 10 32 cm−2 s−1 → 2 fb-1 in ∼ 100 days
BABAR:
B. Aubert et al. PRD 73 (2006) 012005

E835:
M. Andreotti et al., PLB 559 (2003) 20
M. Ambrogiani et al., PRD 60 (1999) 032002

Fenice:
A. Antonelli et al., NPB 517 (1998) 3

PS170:
G. Bardin et al., NPB 411 (1994) 3

E760:
T. A. Armstrong et al., PRD 56 (1997) 2509

CLEO:
T. K. Pedlar et al. , PRL 95 (2005) 261803

DM1:
B. Delcourt et al., PLB 86 (1979) 395

DM2:
D. Bisello et al., NPB 224 (1983) 379

BES:
M. Ablikim et al., PLB 630 (2005) 14

Probing the Phragmèn-Lindelöf theorem:



M. Sudol et al., EPJ A44 (2010) 373; http://hal.in2p3.fr/docs/00/38/37/00/PDF/2gamma_final.pdf

PANDA scenario: sensitivity to odd cosθ terms

L = 2 ⋅ 10 32 cm−2 s−1 → 2 fb-1 in ∼ 100 days

q2 = 5.4 GeV2 q2 = 8.2 GeV2

|F3/GM|=0.0
|F3/GM|=0.02
|F3/GM|=0.05
|F3/GM|=0.20

Odd cosθ terms related to: ISI-FSI interference, TPE..
5% odd contributions needed to explain JLAB data

TPE:

Approximations: neglect contributions to GE,GM; consider only real part; |GE|=|GM|



F3/GM = 0

F3/GM = 0.05 F3/GM = 0.2

F3/GM = 0.02

M. Sudol et al., EPJ A44 (2010) 373

TPE:

PANDA scenario: sensitivity to odd cosθ terms

L = 2 ⋅ 10 32 cm−2 s−1 → 2 fb-1 in ∼ 100 days

N = a0 + a1 cos2θ + a2 cosθ (1 − cos2θ) ; a2 = F3/GM ↔ 2γ?

q2 = 5.4 GeV2



M. Sudol et al., EPJ A44 (2010) 373

TPE:

PANDA scenario: sensitivity to odd cosθ terms

L = 2 ⋅ 10 32 cm−2 s−1 → 2 fb-1 in ∼ 100 days

N = a0 + a1 cos2θ + a2 cosθ (1 − cos2θ) ; a2 = F3/GM ↔ 2γ?

q2 = 5.4, 8.2 and 13.84 GeV2

A F3/GM ∼ 5% could be detected
in the PANDA scenario!!



Conclusions

a precise measurement of the angular distribution allow to access
FFs AND reaction mechanism in annihilation processes
TL GE and GM can be accessed independently up to q2 ∼ 14
(GeV/c)2

GM can be determined up to q2 ∼ 28 (GeV/c)2 assuming |GE|=|GM|
SL vs TL FFs: test of the validity of pQCD and analiticity
probing the OPE approximation: implication on hadron structure
and radiative corrections
interesting threshold region can be investigated @ BESIII (pointlike
FFs?); s > 5.4 GeV2 @ PANDA, threshold and below accessible by 
e+e-π0 final state 

on behalf of the PANDA Collaboration

THANK YOU!

Proton Time-Like Form Factors at PANDA


