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1. Introduction

Quantum Chromodynamics (QCD) is, as far as presently known,the correct theory of the
strong interaction. It is responsible for the formation of hadrons, non-perturbative particle states
which are interpreted in terms of interacting quarks and gluons, the fundamental degrees of freedom
of the theory. The quark electric charge then endows the hadron with an electromagnetic structure,
properly parametrized by the matrix element of the electromagnetic current between hadron states
〈p′| jµ(0)|p〉. Parity invariance, Gordon identities and current conservation (see, for instance, [1],
chapter 12, section 12.1) allow to express the matrix element in terms of two scalar functions of
the four momentum transfer squared, the Pauli and Dirac formfactorsF1(q2) andF2(q2):

〈p′| jµ(0)|p〉 = ū(p′)
{

F1(q
2)γµ + F2(q

2)
1

4M
[q̂,γµ ]

}

u(p), q̂≡ qνγν , (1.1)

whereq= p′− p andM is the mass of the hadron. The electric and magnetic form factorsGE and
GM (also called Sachs form factors), are then defined as the linear combinationsGE = F1+ τF2

andGM = F1+F2, with τ = 4M2/q2. In the space-like region(q2 < 0), the form factors are real
functions of the four momentum transfer, whereas in the time-like region(q2 > 0), they acquire
non-zero imaginary part. By continuation ofq2 to imaginary values, the form factors become
analytical functions of their argument. The form factors encode all the electromagnetic structure
of the hadron brought by the strong interaction. In the Breitframe, space-likeGE and GM are
interpreted as the Fourier transform of the spatial charge and magnetization distribution, with the
slope atq2 = 0 giving the charge and magnetization radius of the hadron. The measurement of the
form factors yields therefore a direct observation of the electromagnetic structure of the nucleon,
providing a test of the QCD predictions brought by non-perturbative approaches, like lattice field
theory or chiral perturbation theory.

The electromagnetic probe is then an excellent tool to investigate the structure of the nucleon.
In both electron scatteringe±p→e±pand the corresponding annihilation cross process ¯pp→ e+e−

(see Figure 1), the scattering amplitude is proportional tothe matrix element (1.1). Scattering
processes, withq2 < 0, allow to access the space-like form factors. Annihilation processes allow to
access the time-like form factors above the kinematic threshold q2 > 4M2. The gap 0< q2 < 4M2

is not directly accessible by neither scattering or annihilation experiments and for this reason it is
called the “unphysical region”.

Early investigations on the form factors of the nucleon datefrom the late fifties. However, it
continues being a hot topic in hadron physics today, with many open questions not yet answered.
Just to mention a few, the matrix element (1.1), highly explored in the space-like region, is still
much less known in the time-like region; the extraction of the proton radius using muonic hydro-
gen disagrees significantly with that extracted from electronic hydrogen or elastic electron-proton
scattering [2]; Rosenbluth separation techniques and polarization data yield incompatible results
for the space-like form factors of the nucleon; the structure of the unphysical region, not directly
accessible by the experiment, and its resonance content is of crucial importance for the implica-
tions in dispersive analysis, connecting the values of the form factors in the space-like and time-like
regions.

The current experimental data base includes many high precision measurements of the elec-
tromagnetic form factors in the space-like region, using either Rosenbluth separation or polariza-
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tion transfer techniques. On the other hand, the time-like region remains poorly explored, with
just low precision measurements from total cross sections and a few angular distribution measure-
ments, usually done under the assumption|GE|= |GM|. For a comprehensive review of the world
data base, we refer to [3]. In the time-like region, the data base includes PS170 [4] and BABAR
measurements [5]. The detailed exploration of time-like region will be a prominent issue in the
experimental program of the future PANDA experiment.

�γ

p

e

p

e

�γ

p

p̄

e+

e−

Figure 1: Feynman diagrams for elastic electron proton scattering (left) and proton anti-proton annihilation
(right) at the lowest order in the coupling. The electromagnetic form factors enter at the photon nucleon
vertex.

2. The future PANDA experiment

PANDA (antiProton ANnihilations at DArmstadt) [6] will be one of the experiments at the
future FAIR/GSI facility (Facility for Antiproton and Ion Research) [7]. The PANDA experiment
is a multipurpose, high energy physics experiment runned bya collaboration of about 400 physi-
cists from 14 countries. The wide scientific program extendsfrom hadron spectroscopy (up to the
charm sector), hadron structure and non-perturbative dynamics to hypernuclei physics. Investiga-
tions of the hadron structure include a dedicated program tomeasure the time-like electromagnetic
form factors of the proton, mainly through the annihilationprocess ¯pp→ e+e−, with unprecedent
precision.

A High Energy Storage Ring (HESR), will provide a high quality antiproton beam of momen-
tum between 1.5 to 15 GeV. The conception of the detector, theread out and the data acquisition
system keeps similarity with other recently built detectors, such as ATLAS, CMS, COMPASS and
BABAR. However, the high expected rate of 2·107 interactions/s and the multipurpose character
of the detector demand unique detection capabilities in PANDA, including geometrical acceptance
of almost 4π, energy and momentum resolution at a few percent level, goodparticle identification
(PID), fast data acquisition and high radiation hardness. The detector consists of a barrel spec-
trometer and a forward spectrometer. In the barrel spectrometer, which will be mainly used for
the measurement of the electromagnetic form factors, it combines a solenoidal magnetic field with
micro-vertex and gas tracking detectors with a DIRC-detector and a high resolution fast electro-
magnetic PWO-calorimeter. The particle identification capabilities of PANDA have been studied
in detailed simulations. Sets of particles of different species have been generated at given momenta
and polar angle. The probabilities for identification of a given particle as electron, muon, pion,
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kaon, or proton are then calculated first for each individualsubdetector using the relevant kine-
matic variables in each case. These include the ratioE/p of the measured energy deposit to the
reconstructed momentum and shower shapes in the electromagnetic calorimeter, the Cerenkov an-
gle in the DIRC detector, the ratio of energy loss to path lengh dE/dx in the STT and microvertex
detector and information from the muon chambers. Figure 2 shows, as an example, how the distri-
bution ofE/p in the calorimeter and shower shapes can be used to discriminate between different
particle species, electron/pion separation in particular. From the individual subdetector likelihoods,
a global PID likelihood is then calculated. Depending on thesignal and background channels, the
cuts can be adjusted in order to ensure the required purity while keeping the signal efficiency as
high as possible.

Figure 2: The ratioE/p of the measured energy deposit to the reconstructed momentum for electrons and
pions in the electromagnetic calorimeter (left). Shower shapes for different particle species in the electro-
magnetic calorimeter (right).

3. Measurement of the time-like electromagnetic form factors with p̄p→ e+e−

The differential cross section for the annihilation process p̄p→ e+e− was first obtained in
Ref [8]. At the lowest order in the coupling, the proccess occurs through the so calledone photon
exchange(OPE) mechanism, that is, the annihilation of the initial hadron state ¯pp into a virtual
photonγ∗ which then decays to the lepton paire+e− observed in the final state. The only diagram
which contributes to the tree-level scattering amplitude was shown in Figure 1 (left). At this order
and neglecting the mass of the electron, the differential cross section at the ¯pp center of mass
energy squareds is given by:

dσ
dcosθ∗

=
πα2

2s
1
β

{

(

1+cos2θ∗
)

|GM|2+
1
τ
(1−cos2θ∗)|GE|

2
}

, (3.1)

whereM is the mass of the proton,τ = q2/4M2 with q2 = s, β =
√

1−4M2/s and θ∗ is the
angle between the electron and the antiproton in the ¯pp center of mass system. The moduli of
the form factors|GE| and |GM| can be the extracted independently from the angular distribution
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of the p̄p→ e+e− events by fitting the data with the function given by Eq. (3.1), where|GE| and
|GM| play the role of independent parameters. A good luminosity measurement is required for a
separated extraction, otherwise the absolute normalization of the cross section remains unknown
and only the ratio|GE|/|GM | is accessible. One experimental difficulty in the determination of the
time-like form factors using the channel ¯pp→ e+e− arises from the fact that the cross sections
ratio σ(p̄p→ π+π−)/σ(p̄p→ e+e−) is of the order of 106 [9, 10, 11, 12]. Two pion production
p̄p→ π+π−, with a final state containing the same number of particles and charge signature as
p̄p→ e+e−, becomes therefore the most severe background channel in the measurement of the
form factors. If we aim for a 1% pollution of the ¯pp→ e+e− signal events, a misidentification
probability for p̄p→ π+π− of only 10−8 has to be achieved. PID then becomes crucial.

The feasibility of measuring the time-like form factors of the proton|GE| and |GM| with the
PANDA detector has been studied in an extended range of antiproton beam momentum running
from 1.7 GeV to 13.4 GeV [13, 14]. The suppression of the most severe backgroundchannel, ¯pp→
π+π− has been studied first. To account for background production, the p̄p→ π+π− cross section
has been modelled differently in each energy range according to the existing data and/or theoretical
predictions available in each case. At low energies, up tos< 6 GeV2, the parametrization was taken
to be a Legendre polynomial fit to the existing data [9]. At higher energies,s> 9 GeV2, the recent
theoretical predictions [15] based on Regge models were used. Statistical samples containing 108

π+π− events ats= 8.2 GeV2 ands= 12.9 GeV2, and 2·108 events ats= 16.7 GeV2 were used to
study background suppression. Using particle identification capabilities of the central gas tracking
detector, the DIRC-detector and the electromagnetic calorimeter in combination with a kinematical
fit to the final state charged tracks, noπ+π− events were misidentified ase+e− events out of 108 and
2 ·108 for the three energies studied. Simulations show, therefore, that event selection in PANDA
will yield a suppression factor of 108 for pions, ensuring that the pollution of the ¯pp→ e+e− signal
events will remain below 1%, while keeping the signal reconstruction efficiency at the level of 40%
on the average, as shown in Figure 3.

CMθcos
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

C
M

θ
N

u
m

b
e
r 
o
f 
e
v
e
n
ts

/0
.1

 c
o
s

1

10

210

3
10

410

5
10

6
10

710

Monte Carlo true
Very Loose

Loose
Tight
Very Tight
Very Tight and CL*

CM
θcos

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

R
e

c
o

n
s
tr

u
c
ti
o

n
 E

ff
ic

ie
n

c
y

0

0.2

0.4

0.6

0.8

1

1.2

Reconstructed
Very Loose
Loose
Tight
Very Tight
CL*
Very Tight && CL*

]2= 8.2 [(GeV/c)2, q-e+e→pp

Figure 3: Suppresion of the ¯pp→ π+π− background events (left) and reconstruction efficiency forthe
p̄p→ e+e− signal events (right) after event selection.
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In addition, full simulations on the angular distribution of the p̄p→ e+e− were done at several
antiproton beam momenta and under three different hypothesis of the electric to magnetic form
factor ratio |GE|/|GM| = 0,1,3. In each case, the expected number of events correspondingto
an integrated luminosity of 2 fb−1 were simulated. After efficiency correction, the corresponding
distributions were fitted using the (non-normalized) fit function given by Eq. (3.1) in order to extract
a “measured” value for|GE|/|GM |. The quality of the data and their statistical accuracy shows that a
measurement of the electromagnetic form factors with a precision of a few percent in the overlaping
region with the data from BABAR, which display errors of the order of 40%, will be possible with
PANDA. The ratio of the electric to magnetic form factor willbe measurable untils∼ 14 GeV2,
with an error which compares to the existing data at much lower energies. An example is shown
in Figure 4 below. Above this energy, it is still possible to extract an effective form factor from the
total cross section measurement and test its asymptotic behaviour.
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Figure 4: Angular distribution of signal events ats= 8.2 GeV2 assuming the ratio|GE|/|GM| = 1 using a
statistical sample with integrated luminosity 2 fb−1 (left). Expected statistical precision on the determination
of the ratio|GE|/|GM| (yellow band) assuming the true value|GE|/|GM|= 1, as a function ofq2, compared
to data from PS170 [4] (triangles) and BABAR [5] (squares) (right).

The extraction of the time-like form factors of the proton using electromagnetic processes is sub-
jected to radiative corrections. So far, corrections whichtake into account only final state radiation
were considered by using standard Monte Carlo programs [16]. Recent model-independent calcu-
lations [17] of the radiative corrections for the process ¯pp→ e+e− take into account both initial and
final state radiation and their interference. The calculation shows that the size of the corrections
may be of the order of a few percent, comparable to the precision of the PANDA measurements.
The theoretical predictions can then be used to correct the measured cross sections to bring them
to the Born level, as needed for the extraction of the form factors. The development of the event
generators and their interface to the PANDA simulation software is currently under consideration.
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4. Time-like form factors below threshold

The unphysical region 0< q2 < 4M2, with its resonance content, becomes of fundamental
importance in the theory, particularly in dispersion relations conncecting space-like and time-like
regions. However, it is not accessible with the process ¯pp→ e+e−. The production of a lepton
pair in association with a neutral pion, i.e. ¯pp→ e+e−π0 has been proposed as a window into the
unphysical region [18, 19]. The reaction proceeds in two steps: first, annihilation of proton and
antiproton into a virtual photon and a neutral pion, i.e. ¯pp→ γ∗π0, followed by the decay of the vir-
tual photon into the dilepton pair, i.e.γ∗ → e+e−. As part of the total initial state four-momentum
can be transferred to the neutral pion, the photon virtuality q2 is not any more constrained to be
above the thresholdq2 > 4M2 (as in p̄p→ e+e−), so the kinematic region 4m2

e < q2 < 4M2 be-
comes, in principle, accessible. Phenomenological one-nucleon exchange models [20] as well as a
Regge approach [21] have been recently proposed to describethe cross section of the process. The
latter, in particular, has been tested by considering the limit of real photoproduction, i.e. ¯pp→ γπ0,
reproducing the existing data [22]. In addition to the potential access to the unphysical region, the
analysis of the dilepton phase space in theγ∗ rest frame opens the possibility of measuring not
only the form factor moduli, but also their phase difference. The modulation of the differential
cross section in bins of the azimuthal coordinateΦe+e− (the angle between leptonic and hadronic
plane) gives access, through the interference termsGE G∗

M (and complex conjugate), to the form
factors phase difference (see Figure 5). This is of particular importance because it does not require
polarization of the antiproton target, usually complicated from the experimental point of view.
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Figure 5: Kinematics of the ¯pp→ e+e−π0 process (left). Differential cross section as a function ofthe angle
between the hadronic and leptonic planeΦe+e− (right). The red (dashed) line represents the contributionof
the nucleon trajectory in the Regge theory description; theblue (solid) line represents the contribution of the
nucleon and delta trajectories. The figures are taken fron Ref. [21]

Feasibility studies of measuring ¯pp→ e+e−π0 have been performed [23] under the assumption of
a one-nucleon-exchange production mechanism. The most severe background to this process is
three pion production, i.e. ¯pp→ π+π−π0, as it contains the same number of final state particles
as the signal channel with identical charge signature. A first order model (including theρ and f2
resonances) for the background channel was developed and constrained by using existing data [24].
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Results of the simulation show that the background can be suppressed up to the level of 1% (or
even less) pollution of the ¯pp→ e+e−π0 signal events, while keeping the signal reconstruction
efficiency at the level of a few percent to 30%. The precision in the measurement of the ratio
|GE|/|GM| was found to be of the order of a few percent with the simulations. For the first time,
the feasibility of extracting the (cosine) form factor phase differenceϕE −ϕM was studied. The
simulations show that the precision of cos(ϕE −ϕM) varies from 10% atq2 = 0.605±0.005 GeV2

to 20% atq2 = 2.0±0.125 GeV2.

5. Experimental access to the Transition Distribution Amplitudes

In addition to the determination of the time-like electromagnetic form factors, the PANDA
experiment will be able to access more nucleon structure observables through hard reactions for
which QCD factorization applies. This will offer new ways oflooking on the hadron’s interior to
bring different perspectives to the problem of the hadron structure in terms of quarks and gluons,
the fundamental degrees of freedom of the strong interaction. One of these channels is proton-
antiproton annhilation into a lepton pair with high invariant massq2 in association with a neutral
pion of low transverse momentum. Under these conditions, the reaction ¯pp→ e+e−π0 admits
a factorized description in terms of antinucleon (or nucleon) Distribution Amplitudes (DAs) and
nucleon to meson (or antinucleon to meson) Transition Distribution Amplitudes (TDAs) [25, 26].
The TDAs [27] then appear as universal non-perturbative objects describing the transition between
two different particles and can be considered, in a sense, asan extension of the Generalised Parton
Distributions (GPDs) [28]. The TDAs are defined from the Fourier transform of a matrix element
of a three-quark-light-cone operator between a proton and ameson state, with QCD evolution
equations which follow from the renormalization group equations of the three-quark operator. The
future measurement of the signal channel cross section withPANDA will provide a new test of
perturbative QCD and open the possibility of accessing the proton to pion Transition Distribution
Amplitudes.

The feasibility of accessing the proton/antiproton to pionTDAs with the PANDA detector
through the measurement of the differential cross section for the signal channel ¯pp→ e+e−π0 has
been studied [14]. Detailed simulations on signal reconstruction efficiency as well as on rejection
of the most severe background channel, i.e. ¯pp→ π+π−π0, have been performed at the center of
mass energy squareds= 5 GeV2 ands= 10 GeV2, in the kinematic region of four-momentum
transfer 3.8 < q2 < 4.2 GeV2 and 7< q2 < 8 GeV2, respectively, with|cosθπ0 > 0.85|. For the
description of the signal channel, the early estimates presented in Ref. [25], with a forward neutral
pion (cosθπ0 = 1, or t-channel) or with a backward neutral pion (cosθπ0 =−1, oru-channel) were
used as the input for the event generator. In the absence of data or theoretical predictions in the
kinematic region of the measurement, three pion productionp̄p→ π+π−π0 was treated as having
the same angular distributions as those of the signal channel, and assuming, in addition, the cross
sections ratioσ(p̄p→ π+π−π0)/σ(p̄p→ e+e−π0) = 106. This represents, from the experimental
side, the most unfavoured case, as background discrimination relies entirely on PID. Simulations
show that PANDA particle identification capabilities in combination with kinematical constraints
will allow a supression of the hadronic background ¯pp→ π+π−π0 at the level of 108 in all cases.
In addition, the dedicated simulations using the expected statistics corresponding to the integrated
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luminosity of 2 fb−1 show that the future measurement of the production differential cross section
in bins of q2 is feasible with PANDA, with average statistical uncertainties running from 16% to
18% ats= 5 GeV2 and from 23% to 40% ats= 10 GeV2. Results, as shown in Figure 6, open the
possibility of accessing the Transition Distribution Amplitudes with the future PANDA experiment.
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Figure 6: The “measured” ¯pp→ e+e−π0 differential cross section with the simulation(dσ/dq2) in bins of
q2 with a statistical sample of integrated luminosityL = 2 fb−1, compared to the theoretical input in the
Monte Carlo, fors= 5 GeV2 ands= 10 GeV2, in both thet (π0 forward) andu (π0 backward) channel.
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[23] J. Boucher,Feasibility studies of thēpp→ e+e−π0 electromagnetic channel at PANDA, PhD thesis,
Mainz 2011.

[24] T. C. Baconet al., Phys. Rev. D7, No. 3, 577 (1973).

[25] J. P. Lansberg, B. Pire and L. Szymanowski, Phys. Rev. D76, 111502 (2007).

[26] J. P. Lansberg, B. Pire, K. Semenov-Tian-Shansky and L.Szymanowski, Phys. Rev. D86, 114033
(2012).

[27] B. Pire and L. Szymanowski, Phys. Rev. D71, 111501 (2005).

[28] L. L. Frankfurtet al., Phys. Rev. D60, 014010 (1999).

10


