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Abstract

The high intensity and high energy antiproton beams which will be produced at FAIR open the possibility to

determine time-like electromagnetic form factors in a wide kinematical range, through the annihilation reaction:

p+p̄→ e
++e

−. The status of the proposed experiment as well as the expected results are presented on the basis

of realistic simulations. The impact of these measurements on the understanding of the nucleon structure, of

the asymptotic properties of form factors and of the reaction mechanism are discussed using model independent

statements based on symmetry properties of the strong and electromagnetic interactions in connection with

space-like data.
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1 Introduction

The possibility to accelerate high energy and

high intensity antiproton beams at the future facil-

ity PANDA at FAIR [1] opens the possibility of new

investigations in the domain of perturbative QCD.

Proton-antiproton annihilation is a privileged tool to

study gluonic excitations. The accessible hadronic

states are not limited by the quantum number JPC =

1−−, as is the case with electron positron colliders.

High statistics, particularly needed for the study of

exotic systems, will be insured by the high luminosity

of FAIR and high counting rate of the detector. Char-

monium spectroscopy, hypernuclear physics, hadron

in nuclear matter will be subjects of high precision

investigations. Electromagnetic processes are also ac-

cessible by selecting final channels involving leptons.

Here we focus on the annihilation process into an elec-

tron positron pair, which allows to access proton elec-

tromagnetic form factors in the time-like (TL) region.

Nucleon electromagnetic (EM) form factors (FFs)

describe the dynamical properties, as the charge and

magnetic distributions. Elastic EM FFs contain in-

formation on the hadron ground state. Assuming P

and T invariance, the EM structure of a hadron of

spin S is fully described by 2S +1 FFs. The nucleon

is described by two FFs, the Dirac F1 and the Pauli

F2 FFs, or by a linear combination of them, the Sachs

FFs: electric, GE and magnetic, GM . They are acces-

sible experimentally and theoretically, which allows a

straightforward test of nucleon models.

FFs have been object of studies since long time

in the space-like (SL) region [2] through the Rosen-

bluth separation method in electron hadron elastic

scattering, i.e., the measurement of the differential

cross section at different angles, for the same value of

momentum transfer squared, Q2 =−q2 [3]. In recent

years, due to the development of high intensity, highly

polarized electron beams, large acceptance spectrom-

eters, polarized targets, and hadron polarimeters in

the GeV range (or polarized targets) it has been pos-

sible to apply the polarization method, suggested al-

ready in 1967 by A.I. Akhiezer and M.P. Rekalo. In

Ref. [4] it was shown that using longitudinally polar-

ized electrons on a polarized target (or measuring the

polarization of the outgoing proton in the scattering

plane), an interference term appears in the polarized

cross section, which is proportional to the product

GEGM , and it is therefore more sensitive to a small

contribution of GE . This method has been recently

applied by the GEP collaboration at the Jefferson

Laboratory in a series of measurements, up to Q2 ∼ 9

(GeV/c)2 [5]. A larger precision was expected at large

Q2, where the magnetic contribution to the cross sec-

tion is dominant, but the real surprise was that the

ratio of the electric to magnetic FF, more exactly

µGE/GM (µ is the magnetic moment of the proton)

deviates from unity, contrary to what is found from
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Rosenbluth separation measurements. Both methods

assume one photon exchange. This result gave rise

to a number of theoretical papers and speculations.

It is possibly related to radiative corrections, which

appear to be very large for the cross section and are

neglected in the polarization ratio.

In the TL region, FFs are accessible through the

annihilation reactions p̄+p↔ e+ +e−. In this paper

we discuss the perspectives opened by the antipro-

ton beams at PANDA , concerning the following as-

pects. Besides the determination of FFs ratio in a

large kinematical domain, the large Q2 values which

can be achieved (up to ∼ 25 (GeV/c)2) allow to test

the transition to pQCD and the pQCD predictions

for the asymptotic behavior of FFs. Analyticity re-

quirements also give important constraints, in this

respect. Assuming crossing symmetry, the reaction

mechanism is the same for the crossed reactions at

the level of Born approximation. In the framework

of one photon exchange mechanism, in the SL region

the differential cross section is even in tanθe (θe is the

scattering angle of the electron in the laboratory sys-

tem), whereas in TL region it is even in cosθ, where

θ is the center of mass angle of the emitted electron

(or positron).

2 The PANDA experiment

FAIR, Facility for Antiproton and Ion Research,

is an international accelerator complex to be built in

Darmstadt, as an extension of the existing GSI ac-

celerator complex. It is designed for multipurpose re-

search in nuclear and atomic physics. High intensity

proton and ion beams will produce secondary beams.

Storage rings will allow the simultaneous operation of

up to five different experiments. Antiproton beams

will be stored in the HESR (High Energy Storage

Ring) and accelerated in the momentum range 1.5−15

GeV/c. Two options are foreseen: high luminosity

up to 2× 1032 cm−2s−1, with momentum resolution

∆p/p = 10−4 or high resolution mode ∆p/p = 10−5

and lower luminosity.

The PANDA detector is a 4π fixed target de-

tector, designed to achieve momentum resolution at

percent level for charged particles, high rate capabil-

ity up to 10 MHz and good vertex resolution ( 100

µm). It consists of two magnetic spectrometers: the

forward and the target spectrometers. The target

spectrometer is surrounded by a 2T superconducting

solenoid. A 2Tm dipole magnet analyzes the momen-

tum of the charged particles emitted at polar angles

smaller than 10◦.

Fig. 1. 3D-view of the PANDA detector.

Each spectrometer is equipped with detectors for

tracking, charged particle identification, electromag-

netic calorimetry and muon identification.

The internal target has to be installed in a limited

space, in the ultra-high vacuum of the storage ring.

The expected average luminosity L = 1.6 ·1032 cm−2

s−1 will be reached with a pellet target of thickness

4·1015 hydrogen atoms/cm2, and 1011 stored antipro-

tons in HESR.

The interaction point is reconstructed by a mi-
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crovertex detector (MVD), consisting of layers of ra-

diation hard silicon pixel detectors surrounded by sil-

icon strip detectors. Straw tubes (STT) or a time

projection chamber (TPC), with GEM detectors at

forward angles complete the charged particle track-

ing and identification. The time of flight of particles

emitted at large polar angles will be measured in a

time of flight barrel. The electromagnetic calorimeter

(based on PbWO4 crystals) will provide good energy

and time resolution for the detection of photons and

electrons at intermediate energy from a few MeV to ≃

10 GeV. Detectors based on Cherenkov light (DIRC),

which are very efficient for pion-electron separation

for momentum p < 1 GeV/c, will be used in a barrel

detector and a forward endcap detector.

For the identification of an electron pair in p̄p an-

nihilation, particularly important are physical quan-

tities such as momentum, ratio of energy loss to path

length in each straw tube (dE/dx), Cerenkov angle

in the DIRC detector, and the energy deposited in

the electromagnetic calorimeter (EMC). In particu-

lar, EMC provides the ratio of the measured energy

deposit to the reconstructed momentum. Electrons

deposit all the energy in an electromagnetic shower,

while muons and hadrons loose in average a much

lower fraction of their kinetic energy.

The most important background for the reaction

of interest is represented by hadronic reactions like

the annihilation in two pions, with a cross section

which is six order of magnitudes larger. To discrim-

inate pions from electrons, severe cuts should be ap-

plied to the PID combined likelihood for the assump-

tion that the detected particle is an electron. Real-

istic simulations, including acceptance and efficiency

of the detector show that after applying such cuts

together with kinematical selection, one can reach a

background suppression factor of the order of few 109

in the angular range |cos(θ)|< 0.8 (see Refs. [1, 6]).

3 Time-like Form Factors with

PANDA

At PANDA TL FFs will be accessible through the

annihilation reaction:

p̄+p→ e+ +e−. (1)

The differential cross section for the annihilation pro-

cess (1) was first obtained in Ref. [7] and all the po-

larization observables were derived in [8, 9]:

dσ

d(cosθ)
=

πα2

8M 2τ
√

τ(τ −1)
[τ |GM |2(1+cos2 θ)+

|GE |
2 sin2 θ

]

, τ =
q2

4M 2
, (2)

where M is the proton mass. The linear depen-

dence in cos2 θ of Eq. (2) results directly from the

assumption of one-photon exchange, where the spin

of the photon is equal to one and the electromag-

netic hadron interaction satisfies C invariance. Any

deviation from linearity can be attributed to contri-

butions beyond the Born approximation. Eq. (2) can

be rewritten as a linear function of cos2 θ [10]:

dσ

d(cosθ)
= σ0 [1+Acos2 θ] , (3)

in terms of the angular asymmetry A:

A=
τ |GM |2−|GE |

2

τ |GM |2 + |GE |2
=

τ −R2

τ +R2
, R=

|GE |

|GM |
. (4)

σ0 is the differential cross section at 90◦:

σ0 =
πα2

2q2

√

τ

τ −1

(

|GM |2 +
1

τ
|GE |

2

)

. (5)

3.1 Determination of electric and magnetic

form factors

We estimated the counting rates on the basis of a

realistic parametrization of FFs, assuming the nom-

inal luminosity. Simulations, including acceptance

and efficiency, were done for reaction (1) in different

kinematical conditions. For each q2 value, the ratio

R was determined from a two parameter fit to the re-

constructed spectra for the differential cross section

issued from the simulation procedure. The results are

shown in Fig. 2, where the expected uncertainty on

R is plotted as a function of q2 as a yellow band for

the case R= 1, to be compared with the existing val-

ues from Refs. [11] (squares) and [12] (triangles). In

the low q2 region, the expected precision at PANDA

is at least one order of magnitude better than for

the existing data and a meaningful value for R can

be extracted up to at least q2 ∼ 14 (GeV/c)2. Nu-

cleon models are presently little constrained and pre-

dictions display a large dispersion, as shown in Fig.

2. As an example, three models originally built in

the SL region have been analytically extended to the

TL region [9], readjusting the parameters in order to

fit the world data in all the kinematical region (i.e.,

in SL region, the electric and magnetic proton and

neutron FFs, and in TL region, the magnetic FF of

the proton and the few existing data for neutron).
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A QCD inspired parametrization, based on scaling

laws, predicts R= 1, as it depends only on the num-

ber of constituent quarks (dashed line). The solid

line is based on a vector meson dominance (VDM)

approach, and grows up to q2 ∼ 15 (GeV/c)2. The

blue-dotted line is a prediction based on an extended

VDM model which includes the proper asymptotic

behavior predicted by QCD. Although these models

reproduce reasonably well the FFs world data, they

give different predictions for the form factor ratio and

for all polarization observables.
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Fig. 2. Expected precision on the determina-

tion of the ratio R, (yellow dashed band) as

a function of q
2, compared with the existing

data and to theoretical predictions.

With a precise knowledge of the luminosity, the ab-

solute cross section can be measured up to q2 ∼ 28

(GeV/c)2 allowing to extract a generalized FF, |FP |.

Comparing with the world data, one expects an im-

provement of at least a factor of ten.

3.2 The asymptotic region

The EM hadronic current is more simply

parametrized in terms of the Dirac F1 and Pauli

F2 FFs. PQCD predicts the asymptotic behavior

F1 ∼Q−4 and F2 ∼Q−6 which is compatible with the

Rosenbluth measurements, but not with polarization

data, which suggest instead F2/F1 ∼Q−1.

The values of GM in the TL region, obtained un-

der the assumption |GE |= |GM |, are larger than the

corresponding SL values. A difference up to a factor

of two in the absolute values in SL and TL regions

can be seen also for other hadron FFs, including pi-

ons and neutrons, up to the largest value at which TL

FFs have been measured. This has been considered

as a proof of the non applicability of the Phràgmen-

Lindelöf theorem, or as an evidence that the asymp-

totic regime is not reached [8].

A general illustration of the world data for the

proton form factors is given in Fig. 3, where proton

FFs are shown as function of |q2|, allowing a straight-

forward comparison in the whole kinematical region.

In order to eliminate the steep q4 dependence, all FFs

are rescaled by the dipole function.

From top to bottom, one can see the general-

ized form factor, FP (more exactly the magnetic

proton FF under the assumption |GE | = |GM |) ex-

tracted from the total cross section in TL region,

the magnetic proton FF in SL region which is ob-

tained for q2 ≥ 8.8 (GeV/c)2 under the assumption

|GE | = 0 (blue circles) and the electric FF in SL re-

gion. Two series of data clearly show the discrep-

ancy between unpolarized (red triangles) and polar-

ized (green stars) measurements.

The analyticity of FFs allows to apply the

Phragmèn-Lindelöf theorem which gives a rigorous

prescription for the asymptotic behavior of analytical

functions, constraining FFs in TL and in SL regions

to have the same value at large q2:

lim
q2

→−∞

F (SL)(q2)= lim
q2

→∞

F (TL)(q2). (6)

This means that, asymptotically, FFs have the fol-

lowing constraints: - the imaginary part of FFs, in

TL region, vanishes: ImFi(q
2)→ 0, as q2 →∞; - the

real part of FFs, in TL region, coincides with the cor-

responding value in SL region, because FFs are real

functions in SL region, due to the hermiticity of the

corresponding electromagnetic Hamiltonian.

Unfortunately, this theorem does not indicate the

physical value of q2, starting from which it is valid at

some level of precision. For this aim one needs some

additional dynamical information. The assumption

of the analyticity of FFs allows to connect the nu-

cleon FFs in SL and in TL regions and to extend a

parametrization of FFs available in one kinematical

region to the other kinematical region. Dispersion re-

lation approaches, which are based essentially on the

analytical properties of nucleon electromagnetic FFs,

can be considered as a powerful tool for the descrip-

tion of the q2 behavior of FFs in the entire kinematical

region as well as the quark-gluon string model.

For p̄+ p ↔ e+ + e−, in order to test asymptotic

requirements, polarization data have to be known

in addition to the differential cross section. T-odd

polarization observables, which are determined by

ImF1F
∗

2 , are especially interesting. The simplest of
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these observables is the Py component of the pro-

ton polarization in e+ +e− → p̄ = p which in general

does not vanish, even in collisions of unpolarized lep-

tons. Another is the asymmetry of leptons produced

in p̄+p→ e++e−, where one of the hadron is polarized

normally to the scattering plane. These observables

are especially sensitive to the different parametriza-

tions of FFs, which suggest that the asymptotic re-

gion where the conditions of Phràgmen-Lindelöf the-

orem are satisfied, is reached at very large q2 values,

where present techniques do not allow measurements

to be done [13].
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Fig. 3. World data on proton form factors, in

time and space-like regions, as functions of

|q2|, rescaled by dipole function. From top

to bottom, magnetic FF in TL region in-

cluding PANDA simulated results (black solid

squares), magnetic FF in SL region (blue cir-

cles), electric FF in SL region, from unpo-

larized (red triangles) and polarized (green

stars) experiments. The expected errors for

PANDA (full black squares) correspond to an

integrated luminosity of 2 fb−1, which can be

obtained in four months of data taking.

The expected precision of the future measurements

with PANDA (black solid squares) is shown in com-

parison with the existing data in Fig.3. One can see

that PANDA will cover a large kinematical range and

bring useful information with respect to the determi-

nation of the asymptotic region. The simulation has

been performed using an extrapolation of FFs from

the existing data. If such trend are proved to be real-

istic, PANDA will reach the q2 region where SL and

TL data of the magnetic FF (which represents the

dominant contribution) overlap. Note that there is

no reason a priori that the electric and magnetic FF

follow the same behavior and converge for q2 ≥ 25

(GeV/c)2.

3.3 The reaction mechanism

As stressed in the introduction, the expression

of the cross section, Eq. (2), assumes one-photon

exchange. In principle, the interaction can occur

through two photon exchange (TPE). Although TPE

is suppressed by a factor of α, it could play a role at

large q2, due to a possible enhancement from other

mechanisms. It was suggested, that, if the trans-

ferred momentum is equally shared between the two

virtual photons, the decrease of the cross section due

to α counting could be partially compensated by the

steep decrease of FFs with q2. Recently, the possibil-

ity of a sizable TPE contribution has been discussed

as possible solution to the discrepancies between ex-

perimental data, on elastic electron hadron scattering

[5].

The model independent analysis of experimental

observables taking into account the TPE contribu-

tion, for ep scattering and for the crossed annihilation

channels can be found in Ref. [14–16]. The presence

of TPE induces a more complicated spin structure of

the matrix amplitude. In the scattering channel, in-

stead of two real FFs, functions of one kinematical

variable, q2, one has to determine three amplitudes,

complex functions of two kinematical variables, and

the ǫ linearity of the Rosenbluth formula does not

hold anymore. However, it is still possible to measure

the real FFs, using electron and positron scattering

on the proton in the same kinematical conditions, or

measuring three T-odd or five T-even polarization ob-

servables. In the annihilation channel, the contribu-

tion of the one–photon–exchange diagram leads to an

even function of cosθ, whereas the TPE contribution

leads to four new terms reduced by an order of α with

respect to the dominant contribution. At the reaction

threshold where q2 = 4M 2, one has GM = GE and the

differential cross section becomes independent on θ in

the Born approximation. This is not anymore true in

the presence of TPE terms. The terms of the cross

section due to TPE are odd functions of cosθ. There-

fore, they do not contribute to the differential cross

section for θ = 900.

The non linearity of the Rosenbluth fit in the scat-

tering channel and the presence of odd cosθ terms in

the annihilation channel can be considered as model

independent signatures of TPE (more exactly, of the

real part of the interference between one and two pho-

ton exchange). Evidence of TPE, based on these sig-
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natures has not been found in the experimental data

in the limit of their precision [17]. The present simu-

lations show that the future PANDA experiment will

be sensitive to a TPE contribution ≥ 5% of the main

(one photon) contribution [6].

Let us stress that the main advantage of the search

of TPE in TL region is that the information is fully

contained in the angular distribution. TPE effects

cancel (are singled out) in the sum (difference) of the

cross section at complementary angles, allowing to

extract the moduli of the true FFs [15, 16]. TPE ef-

fects also cancel if one does not measure the charge

of the outgoing lepton.

4 Conclusions

The FAIR accelerator complex and the PANDA

detector will allow new test of perturbative QCD,

and in particular the measurement of the proton

form factors in a large kinematical domain where

FFs are complex, through the annihilation channels

p̄+p↔ e+ +e−. In the near future the knowledge of

electromagnetic proton FFs will be extended in a wide

kinematical region, allowing a unified description in

both SL and TL regions. It will be possible to clarify

both issues, the reaction mechanism and the proton

electromagnetic structure at short distances. More-

over, the individual determination of FFs moduli will

be possible in TL region, at least for moderate q2 val-

ues. These data are expected to strongly constrain

nucleon models. For q2 ≥ 20 (GeV/c)2, where the

electric contribution should become negligible, the va-

lidity of asymptotic properties predicted by QCD will

be tested.

Due to crossing symmetry properties, the reac-

tion mechanism should be the same in SL and TL

regions, at similar values of the transferred momen-

tum. If TPE is the reason of the discrepancy between

the polarized and unpolarized FFs measurements in

SL region, a contribution of 5% is necessary to bring

the data in agreement in the |q2| range between 1

and 6 (GeV/c)2. Such level of contribution will be

detectable in the PANDA experiment. In Ref. [18]

the discrepancy has been attributed to the method

of calculating radiative corrections. Radiative correc-

tions are specific for each of these reactions, therefore

a comparison of the data issued from the three chan-

nels, ep scattering, e+e− and p̄p annihilation, will

shed light on the reaction mechanism. Polarization

would allow to access a larger set of observables. Sin-

gle spin observables (in case of polarized beam or tar-

get) give information on the relative phase of FFs.

The full determination of FFs requires at least the

measurement of two spin observables. In case of ab-

sence of polarized beams, information on the phase of

hadron FFs can be obtained for ΛΛ̄ final state, which

is self-polarizing through the weak decay Λ→ pπ−.

The same information can be accessed by the time

reversed reaction e+ +e− → p̄+p and BES3 can also

bring important and complementary information:

one can access in principle the neutron-antineutron

final state and investigate the near threshold region

where one expects a the contribution a possible NN̄

bound state.

The considerations on FFs were developed in col-

laboration with Prof. M.P. Rekalo, and benefit of a

fruitful collaboration with Dr. G. I. Gakh and Prof.

E. A. Kuraev. The PANDA group of IPN Orsay is

acknowledged for interesting discussions and remarks.
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