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Motivations

Feasibility studies for proton Time-Like electromagnetic Form Factors
(FFs) through the reaction:

Figure: Annihilation antiproton-proton into lepton pair

Two independant FFs for spin 1/2 particles (2S+1):
GM and GE are complex function of s = q2 (Born approximation)

Angular distribution of leptons: access to the module of GM and GE .

Polarisation observables: access to the realtive phase of GM and GE .
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Measurement of proton FFs through p̄p → e+e− reaction

Theoretical study
Cross section ( Born approximation)
A. Zichichi et al., Nuovo Cim. 24, 170 (1962).
Polarization observables (Born approximation)
S. M. Bilenkii, C. Giunti and V. Wataghin, Z. Phys. C59, 475 (1993).
Polarization observables (with two photon exchange)
G. I. Gakh, E. Tomasi-Gustafsson,Nucl. Phys. A761, 120-131 (2005).

Experimental data from p̄p ↔ e+e−

World data on the effective proton TL FF
(M. Sudol et al. EPJA 44, 373 (2010))

• Measurements with different experiments
at different energies.
• Low statistics
• Hypothesis |GM| = |GE |
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PANDA at FAIR

Time-like Form Factor of the Proton in PANDA:
p̄p → e+e−, p̄p → µ+µ−, p̄p → τ+τ−, p̄p → e+e−π0.

Figure: Proton-antiProton ANnichilation at DArmstradt

• Measurements of FFs over large momentum transfer squared Q2, from
threshold to 30 GeV2/c4.
• High statistics and improved angular coverage in PANDA: allow the
measurment of electric GE and magnetic GM Form Factors separately.
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Why measuring polarization of tau and muon particles

The polarization of instable particles (µ [2.19710−6s] and τ [290.610−15s])
can be measured through the angular distribution of their week decay
product:
τ− Decay modes π−ντ K−ντ µ−ν̄µντ

Branching ratio % 10.91± 0.07 6.96± 0.23 17.36± 0.05

τ− → π−ντ in ALEPH Experiment at LEP:

1
N

dN
dE lab
π−

= 1− Pτ (1− 2xπ−),

xpi− =
E lab
τ−

E lab
π−
,E lab
τ− ' Ebeam.

(Radiative corrections, suppression of background, acceptance of the
detector ...)

The radiative corrections are suppressed by the mass of heavy leptons.

Enhancement of the value of the tranverse polarization observables.

Alaa DBEYSSI Experimental observables in p̄p decay into two heavy leptons



General introduction
Theoretical calculation

Results
Summary

Basis of calculation

Annihilation of an antiproton beam with a proton target in the center of
mass frame (CM).

Born approximation in one photon exchange.

Calculation (taking into account the mass of the leptons) of:

Differential and total unpolarized cross section.
Single Spin observables : polarized antiproton beam.
Double Spin observables:

Polarized antiproton beam and production of polarized lepton.
Polarized antiproton beam with proton target.
Production of polarized lepton-antilepton pair.

Triple Spin observables

Production of a polarized lepton in the annihilation of polarized
proton-antiproton.
Production of polarized lepton-antilepton when the antiproton beam is polarized.
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Unpolarized cross section

Matrix element: M = − e2

q2 jµJµ

Hadronic current:

Jµ = v̄(p1)[GM(q2, t)γµ +
Pµ
M

F2(q2, t)]u(p2)

(2 amplitudes in Born approximation).

Leptonic current:

jµ = ū(k1)γµv(k2)

F2 =
GE − GM

τp − 1
is the pauli form factor,

q = k1 + k2 = p1 + p2, τp = s/(4M2), M=mass of proton.

Alaa DBEYSSI Experimental observables in p̄p decay into two heavy leptons



General introduction
Theoretical calculation

Results
Summary

Unpolarized cross section

Differential cross section:

dσ

dΩ
=
|M|2

∣∣∣~k∣∣∣
64π2s |~p| =

(
dσ

dΩ

)
π/2

(1+A cos2 θ), A = β2
`

τp|GM |2 − |GE |2

τp|GM |2(2− β2
`) + |GE |2(

dσ

dΩ

)
π/2

=
α2

4s

β`
βp

[
|GE |2

τp
+ |GM |2(2− β2

`)

]
, β2

` = 1− 4m`/s;

(
dσ

dΩ

)
θ=0

=
α2

4s

β`
βp

[
|GE |2

τpτ`
+ 2|GM |2

]
.
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Unpolarized cross section

Total cross section:

σ =
πα2

3s

β`
βp

(
2 +

1

τe

)[
|GE |2

τp
+ 2 |GM |2

]
R` =

σ(`+`−)

σ(e+e−)
=

1

2
β`(3− β2

`), β2
` = 1− 4m`/s;

Figure: Cross section ratios R = σ(`+`−)

σ(e+e−)
, for ` = τ (green line) and ` = µ (red line).

Alaa DBEYSSI Experimental observables in p̄p decay into two heavy leptons



General introduction
Theoretical calculation

Results
Summary

Single Spin observables

General form of hadronic and leptonic tensors:

Hµν = H(0)
µν + H(1)

µν (s1) + H(1)
µν (s2) + H(2)

µν (s1, s2).

Lµν = L(0)
µν + L(1)

µν(sa) + L(1)
µν(sb) + L(2)

µν(sa, sb).

s0
i =

~pi .~χi

mi
, ~si = ~χi +

~pi .~χi~pi
mi (Ei + mi )

In Born approximation, the non zero single spin observable is:

dσ

dΩ
=

α2

4s3

β`
βp

(Lµν(0)Hµν(0) + Lµν(0)H(1)
µν (s1)) =

dσun

dΩ
(1 + C00y0χy )

C00y0 =
2β2

`√
τpD

cos θ sin θImGMG∗E ,

D =
|GE |2

τp
(1− β2

` cos2 θ) + |GM |2(2− β2
` sin2 θ)
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Double spin observbles: Transfer Coefficients

HµνLµν = H(0)
µνL

(0)
µν + H(1)

µν (s1)L(1)
µν(sa) =

dσun

dΩ
(1 + Tijχiχj)

We define the indices:
x , y , z : polarizations of hadrons along x , y , z-axis respectvely.
l , t, n longitudinal (||k1), transverse (⊥ k1) and normal (⊥ to scattering plane)
polarisation of lepton.

Tlx =
2 sin θ
√
τpD

ReGMG∗E , Tlz =
2 cos θ

D |GM |2.

Ttx =
2 cos θ

τpD
m`

M
ReGMG∗E , Ttz =

−2 sin θ
√
τpD

m`

M
|GM |2.

D =
|GE |2

τp
(1− β2

` cos2 θ) + |GM |2(2− β2
` sin2 θ)
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Double spin observbles: Correlation Coefficients

Polarized proton-antiproton

Cxx = sin2 θ
D [ |GE |2

τp
(1 + cot2 θ

τ`
) + |GM |2β2

` ],

Cyy = sin2 θ
D [ |GE |2

τp
(1 + cot2 θ

τ`
)− |GM |2β2

` ],

Czz = sin2 θ
D [− |GE |2

τp
(1 + cot2θ

τ`
) + |GM |2 (1 + 1

τ`
+ 2 cot2 θ)]

Cxz = Czx = sin(2θ)√
τpDβ

2
`ReGMG∗E .

Polarized lepton-antilepton:

Cnn = sin2 θ
D

[
|GE |2
τp

(1 + cotg2θ
τ`

)− |GM |2 β2
`

]
Ctt = sin2 θ

D

[
|GE |2
τp

( cotg2θ
τ`
− 1) + |GM |2 τ`+1

τ`

]
Cll = sin2 θ

D

[
|GE |2
τp

(1− cotg2θ
τ`

) + |GM |2 (1 + 2cotg 2θ − 1
τ`

)
]

Clt = Ctl = 2 sin θ cos θ√
τ`D

[
|GE |2
τp
− |GM |2

]
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Triple spin observables

Polarized lepton in polarized proton-antiproton annihilation

Cl0zy = sinθ√
τpD ImGMG∗E

Ct0zy = Ct0yz = cosθ
τpD

m
M
ImGMG∗E ,

Cn0xz = Cn0zx = − 1
τpD

m
M
ImGMG∗E .

Polarized lepton-antilepton with polarized antiproton beam

Ctty0 = − sin θ cos θ√
τpD

τ`+1
τ`

ImGMG∗E , Clnx0 = − cos θ√
τp
√
τ`D

ImGMG∗E ,

Clly0 = sin θ cos θ√
τpD

τ`+1
τ`

ImGMG∗E , Ctnx0 = sin θ√
τpD ImGMG∗E ,

Cnny0 = + sin θ cos θ√
τpD β2

` ImGMG∗E , Clty0 = cos(2θ)√
τ`
√
τpD ImGMG∗E
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Paremerization of time-like proton FFs

Iachello form factors (F. Iachello and Q. Wan, PRC 69, 055204 (2004))

two component model:
intrinsic part: g(q2) = 1

(1−γe iθq2)2

meson cloud parametried in term of ρ, ω, φ

pQCD form factors (D. V. Shirkov et al., Phys. Rev . Lett. 79, 1209 (1997))

|GQCD
E ,M | = B

s2[log2(s/λ2)+π2]
, B = 89.45[GeV/c]4, λ = 0.3GeV.
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Double spin-Iachello model

Figure: Polarization observables as function of cos θ, ` = τ(green line), ` = µ (red
line) and ` = e (black line), for s = 20[GeV /c]2
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Double spin-pQCD model

Figure: Polarization observables as function of cos θ, ` = τ(green line), ` = µ (red
line) and ` = e (black line), for s = 20[GeV /c]2
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Background

Total, elastic and inelastic cross
sections

Pbar p annihilation into mesons

Leptonic channles

Total cross section is in the [nb] level.
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We have derived model independent expressions of polarization
observables in pbar p annhilation into heavy leptons (in one photon
exchange approximation).

This work is in progress:

Calculation (kinematics and observables) in the laboratory frame.
Caculation of all observables beyond the Born approximation (with 2
photons exchange).

Further studies are required for this measurement:

Full simulation of this reaction in the frame of PANDAroot.
Possibility to measure the polarization of tau and muon at PANDA?
How the huge background to the leptonic channels can be eliminated?

Thank you
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