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Abstract The electromagnetic probe is an excellent tool to investigate the structure of the nucleon. The

nearly 47 detector PANDA, will allow to make a precise determination of the electromagnetic form factors of

the proton in the time-like region with unprecedented precision. In the one-photon exchange approximation,

the center of mass unpolarized differential cross section of the reaction pp — e

e~ is a linear combination of

the squared moduli of the electric Gg and magnetic Gum proton form factors. The precise measurement of the

angular distribution over almost full angular range then directly gives these quantities. At present only two

experiments have provided the ratio R = |Gg|/|Gwm| but with large statistical uncertainties. It is shown that

with strict PID cuts and a kinematic fit, the dominant background, pp — 7

1, can be supressed to much less

than 1 % of the signal, without affecting the extraction of the ratio R. PANDA will therefore offer a unique

opportunity to measure the ratio with a precision ranging from <1% at low g2 up to 30 % for ¢* = 14 (Ge\//c)2
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1 Introduction

Elastic electromagnetic processes represent an im-
portant source of information about the hadron struc-
ture. Electromagnetic form factors of a hadron are
the most direct link to the structure of the hadron in
terms of its constituents.

Fig. 1.
tic scattering.

The Feynman diagram of ep — e'p’ elas-
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Fig. 2. +

annihilation.

The Feynman diagram of pp — e e™

Form factors are analytic functions of the four-
momentum transfer squared (¢?). These FFs can be
measured in two different types of reactions (Figs. 1,
2) corresponding to different kinematical regions. In
the space-like region, where ¢? is negative, the physi-
cal process is the elastic scattering of an electron on a
composite particle. In the time-like region, where ¢
is positive the physical process is the annihilation of a
lepton and an anti-lepton followed by the production
of a hadron and its corresponding anti-hadron, or the
inverse process. In the space-like region the form fac-
tors are real, while they are complex functions in the
time-like region.
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As a spin one half particle, the proton is described
by two form factors, the Pauli form factor (F;) and
Dirac form factor F, or equivalently electric and mag-
netic Sachs form factors Gy and Gy;.

The latter are defined as follows:

GE:F1+TF25
GM:F1+F2;
2

T= 4 .
4M?

Their values at zero momentum transfer are di-
rectly related to the charge and magnetization of the
hadron. According to the Phragmen-Lindeloef theo-
11 the space-like form factors and the time-like
form factors are the same as ¢*> — oo.

lim F%(¢*)= lim F"(g%). (1)

q2——o0 q2 —4o0

rem

Thus for very large ¢2, the time-like form factors
become real functions.

Already in 1962 Zichichi®® proposed to measure
the proton form factors by measuring differential
cross sections. In the one-photon exchange approxi-
mation the differential cross section can be expressed
in the following way:

do o>

dcosf 8M2y/7T(1—1)

G 2
|Gy (1+cos®6) + %sirf@ . (2)

X

where, 0 is the angle between the electron and the
proton in the center-of-mass system (CM), « the fine
structure constant and M the proton mass. At large
momentum transfer separation between Gg and Gy
becomes difficult, the relative sensitivity to the elec-
tric form factor decreases with incident energy as ¢°.

2 The PANDA experiment

The PANDA experiment! has a rich experimen-
tal program whose ultimate aim is to improve our
knowledge of the strong interaction and of the hadron
structure. The experimental setup is being designed
to fully exploit the extraordinary physics potential
arising from the availability of high-intensity, cooled
antiproton beams. Significant progress beyond the
present understanding of the field is expected thanks
to improvements in statistics and precision of the fu-
ture data. In order to address the different physics
topics, it is designed to fulfill many highly demanding
requirements: almost full solid angle coverage, mo-
mentum resolution on charged particles at a few %
level (for 1 GeV/c), capability of detecting with high

efficiency both charged and neutral particles in a large
momentum range, high rate capabilities and good pri-
mary and secondary vertex resolution. Detailed de-
scription of the PANDA detector can be found in®®,

The PANDA detector will be installed at the High
Energy Storage Ring (HESR!) at the future Facility
for Antiproton and Ton Research (FAIR®). An im-
portant feature of the HESR is the availability of two
modes: a high resolution (HR) one and a high lumi-
nosity (HL) one (see Table 1).

Table 1. Operation modes of the HESR.
mode HR HL
p range/(GeV/c) 1.5—9 1.5—15
v 4x1075 104
p
L/(em™2.571) 2x1031 2x1032

To achieve an almost 47t acceptance and a good
momentum resolution over a large range PANDA de-
tector is split into two parts: a Target Spectrome-
ter (TS) placed inside a solenoid magnet for high
pr tracks and a Forward Spectrometer (FS) with
dipole magnet for the forward reaction products. The
solenoid magnet is super-conducting and has a field
of 2 T, the dipole one has a field integral of 2 Tm.

The main components of the target spectrome-
ter will be a microvertex silicon detector, a central
tracker (based on a set of Straw tubes or on a TPC),
a time-of-flight telescope, a DIRC (Cherenkov detec-
tor), an electromagnetic calorimeter equipped with
Lead tungstate crystals and a set of muon counters
interleaved with iron plates and multiwire drift cham-
bers for tracking at intermediate angles. The forward
spectrometer will consist of tracking detectors (straw
tubes or multiwire chambers) before, inside and be-
hind the magnet, of a gas Cerenkov, of a time-of-
flight detector system and of a Shashlyk calorimeter
for hadron/electron identification.

Good particle identification (PID) for charged
hadrons and leptons plays an essential role for
PANDA and must be guaranteed over a large mo-
mentum range from 200 MeV/c up to approximately
10 GeV/c. Several subdetectors provide useful PID
information and momenta. While trackers provide
energy loss measurements, the DIRC detector is the
most suitable device for the identification of particles
with momenta above the Cherenkov threshold. Time
of flight detectors will also help separating the differ-
ent particle species. The electromagnetic calorime-
ter is the most powerful detector for an efficient and
clean electron identification. The Muon detector is
designed for the separation of muons from the other
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particle species. The best PID performance how-
ever can be obtained by taking into consideration all
available information of all subdetectors. Likelihood
for individual sub-detectors have been calculated and
parametrized as a function of momentum and angles.
When combined altogether, a global likelihood can be
obtained on which thresholds can put to do particle
identification.

A schematic view of the PANDA detector is
shown in Fig. 3.

Fig. 3.

Layout of the PANDA detector.

3 Electromagnetic form factors with
PANDA

3.1 Background channels study

The PANDA experiment will offer a unique op-
portunity to determine individually the moduli of the
two proton time-like form factors. There are two rea-
sons that limit the precision with which the two form
factors can be extracted. The first one is the presence
of a huge hadronic background, dominated by the re-
action pp — 7t7t—, about 10¢ higher on average. This
implies that a very careful study of the rejection ca-
pabilities is necessary. The second one has to deal
with the sensitivity of the angular distributions to
the ratio R = |Gg|/|Gn|. Whereas the cross section
decreases steeply with ¢?, thus limiting the overall
statistics, the 1/7 factor weighting the electric form
factor reduces drastically the sensitivity to |Gg| as
q? increases. Simulation were made to quantify the
precision for different ¢ values.

Figure 4" shows the ratio of the differential cross
section for the reaction pp — 7T~ with the one
for the signal as a function of the cosf for ¢? =
8.21 (GeV/c)®. One can clearly see that the cross
section for the reaction background channel is by 6
orders of magnitude higher. In this case a rejection
factor of at least 10® is necessary if one wants to keep

the pollution of the signal below 1%. For this reason,
in the first step we have simulated the background
processes for 7t~ with very high statistics for 3 ¢
values.
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Fig. 4. Ratio of the differencial cross-section for

the reaction pp — wrn topp —eTe™ for g% =

8.21 (GeV/c)?.

Using very strict PID cuts (combined PID likeli-
hood equal or larger than 99.8% for each pair can-
didate) allowed us to reach a rejection factor of the
order of few 107. In addition to PID, the Confidence
Level (CL) cut resulting from the kinematic refit was
used. It gives an independent rejection factor of the
order of 100, only slightly energy-dependant. Com-
bining the PID cut to the CL on the kinematic fit, a
global rejection factor of at least 10° can be reached.
The corresponding level of contamination of the elec-
tron signal is then below 0.3% in the considered angu-
lar range at any energy. Within these conditions, the
contamination of the e+e signal by w7t~ will be well
below 1% and will therefore not affect the precision
for extracting the magnetic and the electric proton
form factors.

The pp — 7°7° is also a source of possible back-
ground, when each of the two 71°’s either undergoes a
Dalitz decay or two photons, where one or both pho-
tons can convert in the detector material present in
front of the calorimeter. In the simulations we have
considered the following reactions involving 7t°:

pp — '’ —efey efey (v — efe),
pp — '’ —efeTy yy (y — efer),
pp — 7'’ —yy vy (v — een).
The first one scales as the 7t° Dalitz decay branch-
ing ratio I'y.—.+ squared. The second one scales as
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I, o+ times the conversion probability in the detec-
tor material. The third one scales as the conversion
probability squared. In all cases the final state is a 6-
body one (2e~, 2e*, 2y). From the first reaction, one
can deduce that kinematical constraints and PANDA
hermeticity provide a rejection factor of at least 10*
for cosf = 0. This factor applies as well to the case
with 2 y conversion. As a result, we can say that
the 71°7t° channel can be rejected by a factor of 108 at
cosf = 0 and by 10'? at cos§ = 1. This high rejection
power corresponds to a pollution of the signal by the
pp — 7°7t° events below 1%.

3.2 Signal channel study

The simulation of the signal reaction pp — ete~
have been performed at several ¢ values in order to
explore the full kinematical range of the reaction from
q¢*> = 5.4 (GeV/c)? up to ¢* = 22 (GeV/c)2

The cross section of the reactions have been taken
from data and extrapolated to high ¢? values. Three
hypotheses for G have been taken into account:
|G| =0, |G| = |G| and |G| = 3|Gu|. The first
two are inspired by the data and the last one is con-
nected with the theoretical estimates. Simulations
have been done assuming high luminosity mode of
HESR (L =2x10% ¢cm™2?s7* and o,/p ~107*) and
running period of 4 months for each ¢* point, thus
giving an integrated luminosity of 2 fb~*.

The same analysis chain as for the background
channels, i.e. with the same cuts on PID and CL,
has been applied to the signal events. Fig. 5 shows
the case ¢ = 8.21 (GeV/c)? value. Here one can see
reconstructed angular distribution, as well as one af-
ter efficiency correction. One can clearly see, that
after appling the efficiency correction (obtained from
a distinct simulation using an isotopic distribution)
we nicely reproduce the Monte Carlo distribution.

The integrated efficiency (cosf < |0.8|) of PID cuts
is decreasing with increasing ¢* (Fig. 6), from 40% for
the low ¢? region down to 17% fat ¢ = 22 (GeV/c)?.
The efficiency of the kinematical constrainsts is al-
most constant over the full ¢? range.

The reconstruction efficiency depends strongly on
cosf: backward/forward angles are then strongly sup-
pressed. Efficiency reaches very low values |cosf| >
0.8 region. These inefficiencies at high |cosf| gets
worse when going up in ¢

The efficiency corrected angular distributions
The ra-
tio R of the form factors and the corresponding error

were fitted using a 2 parameter function.

bars have been extracted. Fig. 7 shows the expected
errors on R for the |Gg| = |G| case. Expectations

for the measurement with the PANDA detector are
compared to the data points from the BaBar'® and
PS170® experiments. It is clear that the precision
that can be achieved with PANDA is an order of
magnitude better then reached so far in other exper-
iments. Moreover, PANDA will measure at higher ¢?
values where no data exist.
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Fig. 5.
tion of eTe™ pairs in the center os mass sys-
tem. The black stars denote the distribution
at the output of the event generator (Monte

The figure shows the angular distribu-

Carlo). The red squres denote the distribution
of the reconstructed ete™ pairs. An accep-
tance and reconstruction efficiency correction
(green triangle) has been determined from an
isotropically in the CM distributed e*e™ data
sample (right scale). The angular distribution
of the reconstructed and efficiency corrected
ete™ pairs in the center os mass system at

q® = 8.21 (GeV/c)? (pink dots).
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Fig. 6. Detection efficiency as a function of ¢.
The averaged number for |cosf| < 0.8 have

been taken into account.
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Fig. 7. The expected error of the ratio R =

|G| = |Gwm| is given as a function of ¢*. The
yellow band represents the errors from the fits
to the efficiency corrected ete™ distributions
at 8 ¢* values.

4 Conclusion

The electromagnetic probe is an excellent tool to
investigate the structure of the nucleon. The PANDA
experiment will offer the unique possibility for a pre-
cise determination of the electromagnetic form factors
in the time-like region with unprecedented accuracy
in a wide energy range. PANDA will measure the
ratio of the two proton form factors Gg and Gy, with

a precision ranging from <1% at low ¢> up to 30%
for the ¢* = 14 (GeV/c)?. While the analysis of the
shape of the cross section gives access to the ratio,
the precise luminosity monitor foreseen at PANDA
will allows the separate determination of |Gg| and
|Gypi]. Above 14 (GeV/c)?, the sensitivity for the ex-
traction of R will become very poor, but it will still
be possible to measure the cross section up to almost
27 (GeV/c)®. This will allow us to enter a region
where asymptotical behaviour might show up.

It is also interesting to investigate following re-
action pp — ete~7°. This reaction could allow us to
measure the form factors in the unphysical region, be-
low the pp threshold (¢* = 4M?). The energy range
is analog to the so called Initial State Radiation em-
ployed on the ete™ collider experiments (BaBar for
example). The pion is used to carry away energy and
momentum, therefore making ¢ ranges of the virtual
photon below threshold accessible.

Furthermore, a feasibility study of the use of a
transversely polarized target is being evaluated. Such
a target would give access to the relative phase of Gg
and Gy in the time-like region. This would be the
first measurement of the phase difference (the nu-
cleon form factors are complex in the time-like re-
gion). The main issue in this domain is to gather as
many results as possible in the time-like region and to
compare them with space-like measurements. There
are indeed predictions which establish clear relation-
ship between the time-like complex form factors and
the real space-like ones.
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