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Outline
 Motivations: proton electromagnetic form factors (FFs) in the unphysical region.

 ppπ0e+e- channel:

 Form factor parametrizations, 

 Data constraint,

 Model.

 Feasibility:

 Region of interest,

 q² resolution,

 Proton electromagnetic FF extraction,

 Backgrounds.

 Conclusion & future plans.
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Proton electromagnetic form factors
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• GE
p(0)=1

• GM
p(0)=μp

• GE
p(4mp²)= GM

p(4mp²)

Asymptotics
• |GE,M(q²)| ~ (q²)-²

• ~ real constant
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FAIR, Facility for Antiproton and Ion 
Research, Darmstadt, Germany

GSI, Darmstadt

- heavy ion physics
- nuclear structure
- atomic and plasma physics

FAIR, Darmstadt: New facility

- heavy ion physics & nuclear structure
- atomic, plasma and applied physics
- higher intensities & energies
- antiproton physics

PANDA

GdR Nucleon, Oct. 2011, Orsay 4Jérôme Boucher, IPN Orsay



PANDA detector

Detector requirements:
• nearly 4π solid angle;
• high rate capability: 2 107 interactions/s;
• efficient event selection;
• good momentum resolution ;

• vertex resolution < 100 μm
for K0, Σ, Λ, (D±, cτ ≈ 317 μm);  

• good PID (γ, e, μ, π, Κ, p): dE/dx, 
Cherenkov, calorimetry, muons;

• γ detection: few MeV < Eγ < 10 GeV.
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L 2 1032cm 2 s 1



GdR Nucleon, Oct. 2011, Orsay 6

Study of
p p → π0 e+ e-

Time-like
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Iachello
pQCD

ρ, ω and φresonances

|GM| |GE|
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Form factors in the unphysical region

Vector Meson Dominance (VMD):
F. Iachello, Phys. Rev. C69, 055204, 2004

M. P. Rekalo, Sov. J. Nucl. Phys., vol1, 760 (1965)
Access the proton electromagnetic form factors in TL region

Form factor parametrizations
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C. Adamuščín et al.
Phys. Rev. C 75,
045205, 2007

Need a model for the reaction 
(constrained by data)
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Calculation by
J. Van de Wiele

Calculation of pp  π0e+e-

In the γ* rest frame

Jérôme Boucher, IPN Orsay

The angular distribution in θ and φ
fully determined by 4 quantities!
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|GE|, |GM|, φE and φM reconstruction

( ) ( )MEMEMEMEME GGGGGGH ϕϕδϕϕγβα µνµνµνµνµν −+−++= sincos22

General form of Hμν (assuming only one nucleon exchange):

where αμν,βμν,γμν and δμν only depend on s, q² and θπ0,
GE and GM only depend on q².

At fixed Tp, q², θπ°, the angular dependence of 
γ*e+e- driven by GE and GM!

Jérôme Boucher, IPN Orsay



Example
√s=2.911 GeV

Calculation
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Calculation by
J. Van de Wiele

Calculation of pp  π0γ
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Hadronic form factor F:
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Fermilab E760
2.911<√s<3.686 GeV

(λ=1.25 at √s=2.323 GeV, determined
using full set of data)
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Feasibility studies of
p p → π0 e+ e-

Time-like
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Dependence on beam kinetic energy

²dq
dσ

dσ/dq² decreases as T increases. 
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q²=2 (GeV/c)²

q²=0.6 (GeV/c)²
T=1GeV

Jérôme Boucher, IPN Orsay

10° < θπ < 30°

80° < θπ < 100°

140° < θπ < 160°

Iachello form factors included



Resolution on q2

T. Liu, M. Gumberidze
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• reaction:
pbar p→ e+e-π0 @ Tpbar= 1. GeV

•Reconstructed (acceptance + tracking + efficiency + resolution)

reconstructed

10o<π0<30o

q2=2.0

• q² resolution
– Better resolution using e+ and e-!
– Almost no dependence on π0 angle
– q²=0.6 (GeV/c²)², FWHM= 0.010 (GeV/c²)² 
– q²=2.0 (GeV/c²)², FWHM= 0.021 (GeV/c²)² 

• q² reconstruction
– using e+ and e- q²=|pe+ + pe-|²

– using π0 (2γ)q²=|pp + ppbar – pπ0|²
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Acceptance and signal efficiency
(In the γ* rest frame)

q² = 2. ± 0.125 (GeV/c)²

J. B, M. Gumberidze
Jérôme Boucher, IPN Orsay

Average efficiency 0.45 decreasing
to 0.2 at backward π0 angles.

ε=Nreconstructed/NMonteCarlo

φe
*

10° < θπ < 30° θe
*

80° < θπ < 100°

φe
*

φe
*

θe
*

θe
*

140° < θπ < 160°
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Form factor extraction
• θe, φe:10°/bin

• Integrating d5σ over φe
* or cosθe

*

θe
* φe

*

Shape of angular distribution       Hμν values.

Without absolute normalization, access only to |GE|/|GM| and 
cos(φE-φM) for each θπ0 interval.

At a fixed q², |GE|, |GM| 
and cos(φE-φM) are fixed.

18 486 events

• T=1GeV

• q²=2.0 ± 0.125

• 10°<θπ0<30°:

Jérôme Boucher, IPN Orsay

1

4

2 −=∫ fbLdt
months
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Error on R=|GE|/|GM| and cos(φE-
φM) via Monte Carlo method.

cos(φE-φM)

Jérôme Boucher, IPN Orsay

q² = 2. ± 0.125 (GeV/c)²

Extracted values are compatible 
with theoretical ones!

Theo: cos(φE-φM)=0.9987

R ± ∆R

10°<θπ<30° 80°<θπ<100° Theo Val

q²=2.0 ± 0.125
(GeV/c2)2 0.78±0.03 0.83±0.04 0.802

q²=0.605 ±0.005
(GeV/c2)2 1.08±0.02 1.08±0.02 1.07

10° < θπ < 30°
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T [GeV]          σdata[μb]       σcalc[μb]
0.775          1742 ± 71          1739
0.960          1260 ± 70              -
1.000               - 1240
1.092          1120 ± 70              -

Background

J. Van de Wiele,

pp -> π+π-π0 / pp -> e+e-π0

Prediction of the cross section ratio 
at the ρ mass (q²=0.6):

B/S= a few 104 at q²=0.6!
B/S= a few 106 at q²=2.0!



Conclusions and outlook
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• Realistic model for pp  π0e+e- in the unphysical
region has been developped.

• Access to the hadronic tensors (Hμν) is possible via 
the e+ (e-) angular distribution.

•|GE|/|GM| and cos(φE-φM) are extracted after
acceptance and efficiency corrections with good 
precision except at backward π0 angle.

• Background suppression studies ongoing.

_

Jérôme Boucher, IPN Orsay



Dependence on beam kinetic energy

²dq
dσ ²

²

25.0²

25.0²
int dq

dq
dL

q

q
∫
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σ

dσ/dq² decreases as T increases.

Integrated over all π0 angles.

Lint=2fb-1
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q²=2 (GeV/c)²

T=1GeV

T=1GeV
q²=2.±0.25 (GeV/c)²
Δθπ0=±1°

Jérôme Boucher, IPN Orsay
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Acceptance and efficiency

q² = 0.6 ± 0.005 
(GeV/c)²

10° < θπ < 30° 80° < θπ < 100°

140° < θπ < 160°
Jérôme Boucher, IPN Orsay

J. B, M. Gumberidze
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Number of counts

Counts q² resolution

10°<θπ<30° 80°<θπ<100° 140°<θπ<160° (GeV/c2)2

q²=2.0 ± 0.125
(GeV/c2)2 18 486 9 395 2 967 <0.03

q²=0.605 ±0.005
(GeV/c2)2 2,91E+06 1,41E+06 5,17E+05 <0.01

Jérôme Boucher, IPN Orsay
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