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New parametrizations for the electric and the magnetic form factors of a proton and neutron are
presented. The proton form factors describe well the recent measurements by the BABAR Collaboration and
earlier ones of the ratio of the form factors in a spacelike region. The neutron form factors are consistent
with earlier measurements of neutron pair production and ratio of the form factors in the spacelike region.
These form factors are implemented into the generator PHOKHARA, which simulates the reactions
eþe− → p̄pγ and eþe− → n̄nγ. The influence of final state radiation is investigated.
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I. INTRODUCTION

Nucleon form factors both in the spacelike and in the
timelike regions have attracted theoretical as well as
experimental attention from the early times of particle
physics [1–4]. Experiments for electron-proton scattering
give access to the spacelike region, and detailed analyses of
angular distributions without [2] and with [5] a polarized
beam and target allow us to separate the magnetic and
electric form factors. The cross section for proton-
antiproton production at electron-positron colliders (or
the inverse reaction pp̄ → eþe−) gives access to a specific
combination of form factors in the timelike region. The
additional analysis of angular distributions allows us to
separate magnetic and electric form factors. Recently,
discrepancies have been found between the ratio of
magnetic and electric form factors extracted in the space-
like region using the Rosenbluth method or, alternatively,
using a polarized beam and/or target (see [6] for a review).
The mentioned inconsistency was, to a large extent,
explained theoretically by enhanced contributions from
two-photon exchange (see [7] for a review). Nevertheless,
this has triggered a new experiment (OLYMPUS) [8] to
measure both electron and positron scattering off protons
and designed to resolve this issue experimentally. Form
factors in the spacelike and timelike regions are connected
via analyticity. Thus, measurements in eþe− collisions may
help to resolve this issue. Even more important, these
measurements are ideally suited to search for baryon-
antibaryon resonances close to production threshold as
well as at higher energies. Last but not least, the high
energy behavior has been predicted in the framework of
perturbative QCD [9], predictions that could be checked at
high energy. For recent reviews on nucleon electromagnetic
form factors, we refer the reader to [10,11].
There are three reactions that are currently used for

measurements in the timelike region: eþe− → pp̄,
pp̄ → eþe−, and the radiative return reaction
eþe− → pp̄γ. Given sufficiently large luminosity, the third

reaction allows us to measure the form factors in principle
from threshold up to the collider energy. The radiative
return has been employed successfully by the BABAR
experiment [12], which has measured the production rate
and the ratio of the form factors with a precision of 7% and
11%, respectively. In view of this improvement, we present
a parametrization of the nucleon form factors, which is
based on generalized vector dominance, similar to that from
[13] for the case of pion and kaon pair production.
Furthermore, we consider in detail the impact of final state
radiation to this measurement. In our simplified model, we
treat real radiation similar to the radiation from a pointlike
particle. As far as the virtual corrections are concerned, we
include the Coulomb enhancement factor, important close
to threshold and an infrared subtraction term to compensate
for soft real radiation. These ingredients are implemented
into Monte Carlo event generator PHOKHARA version 9.1,
and the effect of these modifications is studied in detail.
Additionally, the same modifications are added to the
description of proton-antiproton pair production in the
scanning mode (eþe− → pp̄) in PHOKHARA version 9.1.

II. NUCLEON FORM FACTORS

In the first implementation [14] of nucleon pair produc-
tion through the radiative return (eþe− → N̄Nγ) into the
event generator PHOKHARA a model of the nucleon form
factors was used, which had been taken from [15]. To
accommodate the experimental data, which are available
now, we propose a new improved model for the Dirac and
Pauli nucleon form factors

Fp
1;2 ¼ Fs

1;2 þ Fv
1;2; ð1Þ

Fn
1;2 ¼ Fs

1;2 − Fv
1;2; ð2Þ

which enter the electromagnetic current
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Jμ ¼ −iev̄ðp2Þ
�
FN
1 ðQ2Þγμ −

FN
2 ðQ2Þ
4mN

½γμ; Q�
�
uðp1Þ;

ð3Þ

where Q ¼ p1 þ p2. The indices s and v refer to isospin
zero and one, respectively.
We use the following ansatz:
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where ci0 ¼ 1 for i ¼ 1; 2; 3; 4. Following the Zweig rule,
we neglect the ϕ contributions. The Breit-Wigner function
is defined as

BWiðQ2Þ ¼ m2
i

m2
i −Q2 − imiΓiθðQ2Þ : ð8Þ

The step function θðQ2Þ sets the mesons’ widths to zero for
spacelike Q2. Above the proton-antiproton production
threshold, we use constant meson widths. The normaliza-
tion of electric and magnetic form factors in the limit of
s ¼ 0 to electric charges and magnetic moments of nucle-
ons fixes the parameters a ¼ μp − μn − 1 and b ¼
−μp − μn þ 1, where μpðμnÞ are the magnetic moments
of the proton (neutron). We impose the asymptotic (large
Q2) behavior of the form factors predicted in perturbative
QCD [9]

F1 ∼
1

ðQ2Þ2 ; F2 ∼
1

ðQ2Þ3 ; ð9Þ

which leaves six independent complex parameters to be
determined by experimental data. Below we rewrite them
using real parameters cji ¼ cjRi þ icjIi θðQ2Þ.
The asymptotic behavior Eq. (9) is enforced by choosing
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1

m2
ω4

X3
n¼0

m2
ωn
c1n; ð10Þ

c24 ¼ −
1

m2
ρ4

X3
n¼0

m2
ρnc

2
n; ð11Þ

c33 ¼
P

2
n¼0 m

2
ωn
c3nðm2

ωn
−m2

ω4
þ iðmω4

Γω4
−mωn

Γωn
ÞÞ

m2
ω3
ðm2

ω4
−m2

ω3
þ iðmω3

Γω3
−mω4

Γω4
ÞÞ ;

c34 ¼ −
1

m2
ω4

X3
n¼0

m2
ωn
c3n; ð12Þ

c43 ¼
P

2
n¼0 m

2
ρnc

4
nðm2

ρn −m2
ρ4 þ iðmρ4Γρ4 −mρnΓρnÞÞ

m2
ρ3ðm2

ρ4 −m2
ρ3 þ iðmρ3Γρ3 −mρ4Γρ4ÞÞ

;

ð13Þ

c44 ¼ −
1

m2
ρ4

X3
n¼0

m2
ρnc

4
n: ð14Þ

The Dirac and Pauli form factors for each nucleon N are
related to the electric GN

E and magnetic GN
M through

(τ ¼ Q2=4m2
N),

GN
E ¼ FN

1 þ τFN
2 ; ð15Þ

GN
M ¼ FN

1 þ FN
2 : ð16Þ

The masses and widths of the mesons and nucleons were
taken from the Particle Data Group [16] with the exception
of ρ3;4 and ω3;4 adopted from kaon form factor model [13]
(mρ3 ¼ 2.12 GeV, Γρ3 ¼ 0.3 GeV, mω3

¼ 2.0707 GeV,
Γω3

¼ 1.03535 GeV, mρ4 ¼ 2.32647 GeV, Γρ4 ¼
0.4473GeV, mω4

¼2.34795GeV, Γω4
¼ 1.173975 GeV).

The model parameters, namely, the complex VN̄N cou-
plings, were fitted to the following experimental data:
eþe− → p̄p cross section [12,17–23], p̄p → eþe− cross
section [24–29], eþe− → n̄n cross section [21], ratio of the
proton electric and magnetic form factors in the spacelike
[30–33] and timelike [12,24] regions, and ratio of the neutron
electric and magnetic form factors in the spacelike region
[34,35]. The cross sections of the reaction ep → ep, which
depend also on the form factors we model, contain also non-
negligible contributions from two-photonexchange diagrams
[7]. The modeling of these contributions is beyond the scope
of this paper, andwe adopted the following procedure to get a
reasonable description of this cross section as well: We
consider only one data set [36] covering a large range of
angles and kinematical invariant (Q2). In fit, we neglect the
contribution from two-photon exchange diagrams, and to
account for this,we enlarge the cross sectionerror bars used in
the fitting procedure to 10% of the cross section.
A fit to all the above experimental data leads to

unacceptable results (χ2 ¼ 214 for 177 data points). The
reason is that the PS170 [24–26] and DM2 [17,18]) data are
in conflict with the BABAR data [12]. It is quite implausible
that any model can accommodate PS170 and BABAR data
sets at the same time, as the ratio of the form factors is in
evident conflict and, even more important, both eþe− →
p̄p and p̄p → eþe− cross sections are proportional to the
same combination of the magnetic and electric form factors
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ðjGp
Mj2ð1þ cos2θÞ þ jGp

Ej2
τ sin2θÞ (where θ is the scattering

angle), and, thus, the same function is measured in
both cases.
The model accommodates well the whole data set if one

excludes either PS170 and DM2 (χ2 ¼ 124 for 150 data
points) or BABAR data (χ2 ¼ 107 for 133 data points). In
both cases, the χ2 values are excellent, but each of the
models is in strong conflict with the data set which was not
fitted. We report here only the details of the fit (Tables I
and II, Figs. 1–5), where PS170 and DM2 data were
excluded. Nevertheless, it would be highly desirable to
confirm the BABAR data by an independent measurement
with similar precision. One observes (Fig. 4) that for model
building, a more accurate neutron-antineutron cross section
would be desirable, as the presently available data give little
constraints on the model parameters.

III. FINAL STATE RADIATION (FSR)
CORRECTIONS TO eþe− → p̄pγ

The BABAR data set was obtained with the radiative
return method, and final state photon(s) emission was
argued to be negligible [12]. As an independent data set

TABLE I. Values of the chi-squared distribution for particular experiments: number of experimental points (nep), cross section (cs),
ratio of the electric and magnetic form factors (r). The PS170 and DM2 data were excluded from this fit (see text for details).

Experiment nep χ2 Experiment nep χ2

BABAR cs [12] 38 30 BABAR r [12] 6 0.6
PS1701 cs [24] 8 109 PS170 r [24] 5 16
PS1702 cs [25] 4 4 PS1703 cs [26] 4 52
E7601 cs [27] 3 0.5 E8351 cs [28] 5 1
E8352 cs [29] 2 0.03 DM2 cs [17,18] 7 26
BES cs [19] 8 10 CLEO cs [20] 1 0.4
FENICE cs [21] 5 5 DM1 cs [22] 4 0.7
JLab 05 r [30] 10 16 JLab 02 r [31] 4 1
JLab 01 r [32] 13 10 JLab 10 r [33] 3 6
MAMI 01 r [37] 3 2 JLab 03 r [34] 3 6
BLAST 08 r [35] 4 6 FENICE cs [21] 4 0.6

SLAC cs [36] 32 27

TABLE II. Parameters of the nucleons form factor for the fit, where the PS170 and DM2 data were excluded (see text for details).

c1R1 −0.45ð1Þ c1I1 −0.54ð2Þ c1R2 −0.27ð1Þ c1I2 0.18(1)
c1R3 0.42(2) c1I3 0.37(2) c2R1 −0.12ð1Þ c2I1 −3.06ð2Þ
c2R2 0.16(1) c2I2 2.53(1) c2R3 −0.32ð1Þ c2I3 −0.17ð1Þ
c3R1 −8.03ð5Þ c3I1 3.28(2) c3R2 10.6(1) c3I2 0.2(3)
c4R1 −0.845ð1Þ c4I1 0.364(1) c4R2 0.427(1) c4I2 −0.305ð1Þ

FIG. 1 (color online). The experimental data compared to the
model fits results.
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FIG. 2 (color online). The experimental data compared to the
model fits results.
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might be obtained, for example, via radiative return method
with higher accuracy, the role of final state emission has to
be reconsidered. As evident from the previous section,
photon-nucleon interactions are not well known. Modeling
of real photon emission from a proton is, thus, difficult. We
follow here the scheme adopted successfully in [38] for
final state emission from charged pions. For the proton, the
situation is more complicated due to the presence of the
Pauli form factor at leading order, and the model is not
renormalizable. Here we adopted the simplest model
assuming that real photon emission from a proton (anti-
proton) looks like emission from a pointlike charged
particle. This means that it is identical to the emission
from muons [39]. For the virtual corrections, one cannot
simply adapt the corrections from the muon case. Because
of the presence of the F2 form factor, they are not the same,
and the corrections proportional to F1 and F2 are not
expected to be identical. Moreover, as the theory based on
the interaction Lagrangian L ¼ AμJμ, with Aμ being the
electromagnetic field and Jμ defined in Eq. (3), is not
renormalizable, further complications arise. They will not
be addressed in this paper. For the virtual corrections, we
have used an overall factor, multiplying zero-, one-, and
two-photon emission parts:

CðQ2Þ ¼ fðπα=βÞ − fðπαÞ þ 1; ð17Þ

where

fðxÞ ¼ x
1 − exp ð−xÞ ; β ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m2

p=Q2

q
; ð18Þ

mp is the proton mass, and Q2 is the invariant mass of
proton-antiproton pair.
At small proton velocities, CðQ2Þ reproduces the usual

Coulomb factor which resumes the leading radiative
corrections for small velocities, while at large invariant
masses, CðQ2 → ∞Þ → 1. In addition, a correction of the
form

FIG. 3 (color online). The experimental data compared to the
model fits results. Ratio of the electric and magnetic proton form
factors in spacelike (upper plot) and timelike (lower plot) regions.

FIG. 4 (color online). The experimental data compared to the
model fits results. Neutron-antineutron production cross section
(upper plot) and ratio of the electric and magnetic neutron form
factors in the spacelike region (lower plot).

FIG. 5 (color online). The experimental data [36] compared to
the model fit results. The data points and fit results are overlaid
for most cases. On the horizontal axis, the entry number from
Table IV of [36] is given.
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Δfinal ¼
2α

π

�ð1þ β2Þ
2β

log
Q2ð1þ βÞ2

4m2
p

− 1

�
log 2w ð19Þ

with w ¼ Eγ;min=
ffiffiffi
s

p
was added, where Eγ;min is a separa-

tion parameter between the soft and hard parts of the
photon phase space. It compensates the divergences arising
from integration of a real emitted photon with energy
Eγ > Eγ;min. Technically, it leads to the replacement of
α
π η

VþS used for muons in [39] withΔfinal. The factor C takes
care of the proper threshold behavior. Both C and Δfinal
factors are generic for any model, which assumes that for
soft photon emission, the proton behaves like a pointlike
particle. In any more elaborated model for the virtual
corrections, there will be additional finite corrections
proportional to α=π, which will depend on the model
details. In our ansatz, we put them to zero. They are not
expected to be big, and their size can be tested using charge
asymmetries as proposed in [38,40,41] for pion pair
production. In our opinion, without experimental tests of
the FSR corrections, better modeling of these contributions
is not possible.
The size of the FSR radiative corrections depends both

on the energy of an experiment and on the event selection
used and can be both negative or positive. In Fig. 6 we show
its size for an event selection close to the one used by
BABAR. We show there a relative difference of the ISR

cross section calculated at next-to-leading order (NLO) and
the initial state radiation (ISR) cross section corrected with
Coulomb factor

CFðQ2Þ ¼ fðπα=βÞ: ð20Þ

The difference between the FSR correction calculated
with Coulomb factor only and FSR at NLO is also shown in
Fig. 6. Its typical size is of order 1%. In Fig. 7 we show the
same differences calculated at a possible BES III energy.
The FSR corrections not included in the Coulomb factor
CFðQ2Þ are here even lower than at BABAR energy, but still
of order of 1% at low proton-antiproton pair invariant
masses. As the FSR corrections for proton-antiproton pair
production were not tested experimentally, the 1% con-
tribution coming from our model should be taken con-
servatively as an estimate of the accuracy of the modeling
of the FSR.
FSR corrections were also implemented for the proton-

antiproton final state in the “scan” mode of the PHOKHARA

Monte Carlo event generator [42]. Only the Coulomb factor
Eq. (20) was taken into account. Its size is demonstrated in
Fig. 8. From this figure, one can see that in any scan
experiment in the region close to the threshold where, in
principle, one can test the resummation of radiative
corrections, the beam energy smearing effects (where the
beam spread is typically 1–2 MeV) will obscure the effect.
The distance between the first two points is taken as

FIG. 6 (color online). Relative difference between Q2 distri-
butions calculated at NLO with and without FSR radiative
corrections and between complete FSR corrections and FSR
corrections where only the Coulomb factor is included.

FIG. 7 (color online). Relative difference between Q2 distri-
butions calculated at NLO with and without FSR radiative
corrections and between complete FSR corrections and FSR
corrections where only the Coulomb factor is included.
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1.5 MeV, while between the second and the third point, the
step size is 2 MeV.
The event generator PHOKHARA 9.1, which includes the

new nucleon form factors and final state corrections is
available on the PHOKHARA web page [43]. The newly
added part of the code proportional to the Pauli form factor
with real photon emission was tested using an independ-
ently written code. In the distributed code, the helicity
amplitude method is used. Tests on the independence of the
cross section on the soft-hard photon separation parameter

w were also performed with the accuracy not worse
than 0.03%.

IV. CONCLUSIONS

We have constructed nucleon form factors on the basis of
generalized vector dominance which are consistent with
recent BABAR results for proton-antiproton production
through the radiative return, with older data for neutron-
antineutron production and with results for electron-
nucleon scattering. Furthermore, these form factors exhibit
the high energy behavior predicted from perturbative QCD.
We have considered the effect of final state radiation,
demonstrating its smallness for typical experimental cuts.
The new form factors and real as well as virtual final state
radiation have been implemented in the Monte Carlo
generator PHOKHARA.
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