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Outline

Theoretical preparation

Definition & interpretation of form factors (FFs)

Time-like FFs & spin observables

Experimental aspect

pbar p -> e+ e-

eppi0 with TDA simulation

Polarized target R&D
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Definition of form factors

Dirac equation with external field

[
1

2m
(�p− e

c
�A)2 + eφ+ µBσ̂ · �B]ψ = i�∂ψ

∂t

Pauli equation (non-relativistic limit of Dirac 
equation)

W. Pauli Rev. Mod. Phys. 13, 203 (1941)

−iκγµγν(
∂Aµ

∂xν
− ∂Aν

∂xµ
)

(γµpµ −m)ψ = 0 γµpµ → γµpµ+eγµAµ
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Extension

Relativistic covariance & gauge invariance

Linear in electromagnetic potential

Doesn’t vanish in static case

L.I. Foldy, Phys. Rev. 87 688 (1952)

−iκγµγν(
∂Aµ

∂xν
− ∂Aν

∂xµ
) −iκγνγµ�n(

∂Aµ

∂xν
− ∂Aν

∂xµ
)

eγµ�nAµ eγµ

∞�

n=0

�nAµ

−iκγνγµ
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n=0

�n(
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eγµAµ
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Scattering matrix

By inserting the summation of Dirac and Pauli term, 
each D’Alembert operator contributes a q2

Form factors as a function of q2 instead of constant

Sfi = −i

�
dxe−iqxū2(−i)(FDiracγµAµ +

1

2
κFPauliγµγν(

∂Aµ

∂xν
− ∂Aν

∂xµ
))u1

Sfi = −i

�
dxe−iqxū2(−i)(FDiracγµ +

1

2
iκFPauli(γµγν − γνγµ)q

ν)u1Aµ(x)
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Sachs form factor

Physics interpretation of FDirac and FPauli :
FDirac containing both charge and magnetic terms 
FPauli only for anomalous magnetic momentum
interference expression in cross section

Non-relativistic limit
J.D. Walecka Nuovo Cimento 11 821 (1959)

Breit frame (one value for each q)
R.G. Sachs, Phys. Rev. 126, 2256(1962)
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Dirac equation vs. nucleon
Anomalous magnetic moment occurs

Form factors as a function of q2 instead of constant

Accommodate complicated meson clouds/quarks within 
Dirac equation

By requiring T&P invariance, 2s+1 form factors for 
spin s particles

Picture taken from PANDA website8
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Time-like vs. space-like

9

q2 > 0
time-like region

q2 < 0
space-like region

jµ = ieγµ

4Mp2
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jµ = ieγµ

Jµ = ie[F1(q
2)γµ +

κ

2M
F2(q

2)iσµνq
ν ]

�ūp� |Jµ|up�
1

q2
�ūe� |jµ|ue� �ūp�up|Jµ|0�

1

q2
�0|jµ|ūe�ue�

crossing symmetry

Dispersion relation
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Dispersion relation

Causality: effect cannot exceed cause (Titchmarsh 
theorem)

analyticity of GE and GM over complex q2 plane 
(application of Cauchy integral with multiple cuts)

Causality vs. analyticity

c.f. Simone Pacetti recent talk

Picture from S. Pacetti10
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Thursday 17 June 2010

Polarization: complete measurement of time-like FFs

Px: perpendicular to beam
    (inside scattering plane)
Py: normal to scattering plane
Pz: beam direction

perpendicular to scattering plane,
either target or outgoing baryon

Py ∝ sin(2θ)ImG∗
EGM ,

Sensitive to the real part of GEGM;
Together with Py, a complete 
measurement of GE and GM in time 
like region can be made.

Pzx = Pxz ∝ 1√
τ
sin2θReGEG

∗
M

E. Tomasi-Gustafsson, et al. Eur. Phys. J. A 24, 419–430 (2005)
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Experimental aspects
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Good tracking capability;
High luminosity L=1.6x1032cm-2s-1;
Wide momentum range: 1.5 GeV/c ~ 15 GeV/c
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Simulation done by Mainz and Orsay groups: 
100 CPUs in Orsay, 
300 CPUs Lyon 
200 CPUs at GSI

event generator (M. Zambrana)
pi+pi- background suppression (D. Khaneft)
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pbar p -> e+ e-

M. Sudol, et al. Eur. Phys. J. A 44, 373-384 (2010)
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Transition Distribution Amplitude

15

TDAs Simulation Analysis and results Outlook and Conclusions

Background suppression with π0 Backward

(∆Tπ0 = 0 and W 2 = 5GeV2)

p̄p → π+π−π0
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Simulation and analyis of p̄p → e+e−π0 ,using the TDA approach, with the BaBar-like software

TDAs Simulation Analysis and results Outlook and Conclusions

Physical processes

TDA’S APPROACH1:

Production of a pion in association with a high-Q2 dilepton pair in p̄p annihilation at
GSI-FAIR

J.P. Lansberga,b, B. Pireb and L. Szymanowskib,c,d
a
Institut für Theoretische Physik, Universität Heidelberg, D-69120 Heidelberg, Germany
b
Centre de Physique Théorique, École Polytechnique, CNRS, 91128 Palaiseau, France

c
Fundamental Interactions in Physics and Astrophysics, Université de Liège, Belgium

d
Soltan Institute for Nuclear Studies, Warsaw, Poland

We evaluate the cross section for p̄p → �+�−π0 in the forward direction and for large lepton
pair invariant mass. In this kinematical region, the leading-twist amplitude factorises into a short-
distance matrix element, long-distance dominated antiproton Distribution Amplitudes and proton
to pion Transition Distribution Amplitudes (TDA). Using a modelling inspired from the chiral limit
for these TDAs, we obtain a first estimate of this cross section, thus demonstrating that this process
can be measured at GSI-FAIR.

PACS numbers: 12.38.Bx,25.43.+t

Transition Distribution Amplitudes (TDAs) [1] are
universal non-perturbative objects describing the transi-
tions between two different particles ( e.g. p → π, π → γ,
π → ρ). They appear in the study of backward electro-
production of a pion [2], of γ�γ → ρπ and γ�γ → ππ
reactions [3] as well as in hard exclusive production of a
γ�π pair in p̄p annihilation:

p̄(pp̄)p(pp) → γ�(q)π(pπ) → �+(p�+)�
−(p�−)π(pπ) (1)

at small t = (pπ − pp)2 (or at small u = (pπ − pp̄)2),
which is the purpose of the present work. The TDAs are
an extension of the concept of Generalised Parton Distri-
butions (GPDs), as already advocated in [4]. The proton
to meson TDAs are defined from the Fourier transform of
a matrix element of a three-quark-light-cone operator be-
tween a proton and a meson state. They obey QCD evo-
lution equations which follow from the renormalisation-
group equation of the three-quark operator. Their Q2

dependence is thus completely under control.
Whereas in the pion to photon case, models used for

GPDs [5, 6, 7, 8] could be applied to TDAs since they
are defined from matrix elements of the same quark-
antiquark operators, the situation is clearly different for
the nucleon to meson TDAs. Before estimates based on
models such as the meson-cloud model [9] become avail-
able, it is important to use as much model-independent
information as possible. In [2], we derived constraints
from the chiral limit on the TDAs p → π and made a first
evaluation of the cross section for the backward electro-
production of a pion in the large-ξ (or small Eπ) region.
Related processes were also recently studied in [10] sim-
ilarly to what was proposed in [11]. In this work, we
apply the same setting to evaluate the cross sections for
p̄p → �+�−π0 in the kinematical region accessible by GSI-
FAIR [12] in the forward limit and at moderate energy
of the meson.

In the scaling regime where Q2 = q2 is of the or-
der of W 2 = (pp̄ + pp)2, the amplitude for the pro-
cess (1) at small t – or CM angle of the pion θ∗π
close to 0 – involves the p → π TDAs V pπ(xi, ξ,∆2),

Apπ(xi, ξ,∆2), T pπ(xi, ξ,∆2), where xi (i = 1, 2, 3) de-
note the light-cone-momentum fractions carried by par-
ticipant quarks and ξ is the skewedness parameter such
that 2ξ = x1 + x2 + x3. The amplitude is a convolution
of the antiproton DAs, a perturbatively-calculable-hard-
scattering amplitude and the p → π TDAs.

k1 k3

p(pp) π0(pπ)

Mh

�1DA

p̄(pp̄)
γ�(q)

�3

TDA

FIG. 1: The factorisation of the annihilation process pp̄ →
γ�π into antiproton-distribution amplitudes (DA), the hard-
subprocess amplitude (Mh) and proton → pion transition dis-
tribution amplitudes (TDA) .

The momenta of the subprocess p̄p → γ�π are defined
as shown in Fig. 1. The z-axis is chosen along the collid-
ing proton and antiproton and the x−z plane is identified
with the collision or hadronic plane. We define the light-
cone vectors p and n such that 2 p.n = 1, as well as
P = (pp + pπ)/2, ∆ = pπ − pp and its transverse com-
ponent ∆T (∆2

T < 0). ξ is defined as ξ = − ∆.n
2P.n . We

express the particle momenta through a Sudakov decom-
position :

pp =(1 + ξ)p+
M2

1 + ξ
n

pp̄ =
2M2(1 + ξ)

α
p+

α

2(1 + ξ)
n

pπ =(1− ξ)p+
m2

π −∆2
T

1− ξ
n+∆T (2)
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Study the validity of TDA’s: Measuring the cross section of (p̄p → e+e−π0) and
comparing it with the theory.

Approach valid at high energies.

Event generator developed for Babar-like framework.

Main background process is p̄p → π+π−π0.
1
J. P. Lansberg et al., Phys Rev D 76, 111502(R) (2007)
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Simulation and analyis of p̄p → e+e−π0 ,using the TDA approach, with the BaBar-like software

Feasibility study by M. Mora Espi 
(PhD candidate)
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PANDA experiment at FAIR:
simulation: PANDA vs. TPE

M. Sudol, et al. Eur. Phys. J. A 44, 373-384 (2010)

dσ

dcosθ
= σ0(1 + Acos2 θ)

A: asymmetry due to TPE 
interference

q2 = 5.4 (GeV/c)2

No TPE 2%

5% 20%

forward lepton
backward lepton
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Is PANDA polarizable?

Innovative R&D by B. Feher (PhD candidate)
Close collaboration with experts from Mainz 
and IHEP.
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Py ∝ sin(2θ)ImG∗
EGM ,
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Py ∝ sin(2θ)ImG∗
EGM ,
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Essentially improve data in TL region

Possibility to measure relative phase (GE, GM)

Determine contribution of TPE

Other interesting EM processes

p̄+ p→e+ + e−
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p̄+ p→e+ + e−

The end
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