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Production of pp̄ and nn̄ pairs in eþe− annihilation near the threshold of the process is discussed with
account for the new experimental data that appeared recently. Since a significant part of these new data was
obtained at energies noticeably exceeding the threshold, we also take into account the form factor describing
the amplitude of NN̄ pair production at small distances. The effective optical potential, which describes a
sharp dependence of theNN̄ production cross sections near the threshold, consists of the central potential for
S andDwaves and the tensor potential. These potentials differ for states with isospin I ¼ 0 and I ¼ 1 of the
NN̄ pair. The optical potential describes well NN̄ scattering phases, the cross sections of pp̄ and nn̄
production in eþe− annihilation near the threshold, and the electromagnetic form factors GE and GM for
protons and neutrons, as well as the cross sections of the processes eþe− → 6π and eþe− → KþK−πþπ−.
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I. INTRODUCTION

A strong energy dependence of the cross sections of
baryon-antibaryon and meson-antimeson pair production
has been observed in many processes near the thresholds of
the corresponding reactions. Some of these processes are
eþe− → pp̄ [1–8], eþe− → nn̄ [9–11], eþe− → ΛðcÞΛ̄ðcÞ
[12–15], eþe− → BB̄ [16], and eþe− → ϕΛΛ̄ [17]. This
anomalous behavior can naturally be explained by small
relative velocities of the produced particles. Therefore, they
can interact strongly with each other for a sufficiently long
time. As a result, the wave function of the produced pair
changes significantly (the so-called final-state interaction).
The idea of the final-state interaction as a source of
anomalous energy dependence of the cross sections near
the thresholds has been expressed in many papers [18–28].
However, the technical approaches used in these papers
were different. It turned out that in almost all cases the
anomalous behavior of the cross sections is successfully
described by the final-state interaction.
Unfortunately, information on the potentials, which are

responsible for the final-state interaction, is very limited.
However, instead of trying to find these potentials from first
principles, one can use some effective potentials, which are
described by a small number of parameters. These

parameters are found by comparison of the predictions
with a large amount of experimental data. Such an approach
has justified itself in all known cases.
One of the most complicated processes for investigation

is NN̄ pair production in eþe− annihilation near the
threshold. To describe the process, it is necessary to take
into account the central part of the potential for S and D
waves and the tensor part of the potential. In addition,
these potentials are different in the isoscalar and isovector
channels. Another circumstance, that is necessary to take
into account, is a large number of NN̄ annihilation
channels to mesons. As a result, instead of the usual real
potentials, one has to use the so-called optical potentials
containing the imaginary parts. Note that, in a narrow
region near the thresholds of pp̄ and nn̄ production, the
Coulomb interaction of p and p̄ should also be taken
into account as well as the proton and neutron mass
difference.
The details of the approach that allows one to solve the

specified problem are given in our paper [24]. However, in
that paper the parameters of the potentials and the corre-
sponding predictions for various characteristics of the
processes were based on the old experimental data on the
production of pp̄ and nn̄ pairs. Moreover, a significant part
of the uncertainty in the parameters of the model was related
to a poor accuracy of the experimental data on the cross
section of nn̄ pair production. Recently, new data have
appeared onnn̄ pair production in eþe− annihilation near the
threshold [10,11]. These data differ significantly from the
previous ones and have a fairly high accuracy compared to
the previous experiments. Therefore, it became necessary to
perform a new analysis of the numerous experimental data
within our model.
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The approach in Ref. [24] was based on the assumption
that the amplitude of a hadronic system production at small
distances weakly depends on the energy of the system near
the threshold of the process. Therefore, in Ref. [24] this
amplitude was considered as energy independent, and
strong energy dependence of the cross section has appeared
via the energy dependence of the wave function due to the
final-state interaction. In order to use the new data obtained
at energies significantly above the threshold (but in the
nonrelativistic approximation), in the present paper we
introduce the phenomenological dipole form factor which
describes the amplitude of hadronic system production at
small distances. More precisely, we consider the total
kinetic energy of two produced particles less than
200 MeV, that provides the applicability of nonrelativistic
approximation. There is also an interesting problem con-
cerning the oscillations of the nucleon form factors in the
timelike region (see Ref. [29] and references therein).
However, these oscillations are significant in the energy
region outside of that considered in our paper.
The aim of the present work is the analysis of NN̄ real

and virtual pair production in eþe− annihilation with the
new experimental data taken into account. We show that
our model, which contains a relatively small number of
parameters, successfully describes the energy dependence
of NN̄ scattering phases (see Ref. [30] and references
therein), the energy dependence of the cross sections of pp̄
and nn̄ pair production near the threshold [1–11], and the
electromagnetic form factors GE and GM for protons and
neutrons in the timelike region [1–5,8], as well as the
anomalous behavior of the cross sections of the processes
eþe− → 6π [6,31–33] and eþe− → KþK−πþπ− [6,34,35].

II. DESCRIPTION OF THE MODEL

The wave function of the NN̄ system produced in eþe−
annihilation through one virtual photon has quantum

numbers JPC ¼ 1−− and contains four components,
namely, pp̄ pair in S and D waves and nn̄ pair in S and
D waves with the total spin s ¼ 1. The NN̄ pair with other
quantum numbers can be produced via two-photon eþe−
annihilation, but the corresponding cross section is strongly
suppressed by the fine-structure constant and we do not
consider this contribution in our paper. It is necessary to
take into account pp̄ and nn̄ pairs together in the wave
function due to the charge-exchange processes pp̄ ↔ nn̄.
Contributions of S andD waves must be taken into account
together due to a tensor potential, which, for total angular
momentum J ¼ 1 and total spin s ¼ 1, leads to mixing of
states with orbital angular momenta L ¼ 0 and L ¼ 2. In
the absence of the effects violating the isotopic invariance
(the Coulomb pp̄ interaction and the proton and neutron
mass difference), the potential in the states with a certain
isospin I ¼ 0, 1 has the form

VI ¼ VI
SðrÞδL0 þ VI

DðrÞδL2 þ VI
TðrÞ½6ðs · nÞ2 − 4�; ð1Þ

where s is the spin operator of NN̄ pair (s ¼ 1), n ¼ r=r,
and r ¼ rN − rN̄ . The potentials VI

SðrÞ, VI
DðrÞ, and VI

TðrÞ
correspond to interaction in the states with L ¼ 0 and
L ¼ 2, as well as the tensor interaction. Note that the
imaginary parts of the effective potentials in Eq. (1) account
for the annihilation channels of the NN̄ pair. Since the
corresponding amplitudes strongly depend on quantum
numbers of the NN̄ pair, it is impossible to compare the
effective optical potentials for different partial waves. This
is why we consider in Eq. (1) only the terms relevant to NN̄
production through one-photon eþe− annihilation.
With account for the effects violating the isotopic

invariance, we have to solve not two independent systems
for each isospin but one system of equations for the four-
component wave function Ψ (see Ref. [24] for more
details):

½p2
r þ μV −K2�Ψ ¼ 0; Ψ ¼ ðup; wp; un; wnÞT;

K2 ¼
�
k2pI 0

0 k2nI

�
; I ¼

�
1 0

0 1

�
;

μ ¼ 1

2
ðmp þmnÞ; k2p ¼ μE; k2n ¼ μðE − 2ΔÞ; Δ ¼ mn −mp; ð2Þ

where the superscript indexT denotes a transposition of a row,
p2
r ¼ − 1

r2
∂

∂r r
2 ∂

∂r,u
pðrÞ,wpðrÞ andunðrÞ,wnðrÞ are the radial

wave functions of the pp̄ or nn̄ pair with L ¼ 0 and L ¼ 2,
respectively, mp and mn are the proton and neutron masses,
respectively,E is the energy of a system counted from thepp̄
threshold, and ℏ ¼ c ¼ 1. For the sake of simplicity of
notation, inΨwe have pointed out only the radial parts of the
components of the wave function. Obviously, the angular
parts of the corresponding terms are different andwell known

(see, e.g., Ref. [18]). However, an account for these angular
parts is trivial and is performed in the potential V in Eq. (2).
This potentialV is thematrix4 × 4which accounts for thepp̄
interactionandnn̄ interaction aswell as transitionspp̄ ↔ nn̄.
This matrix can be written in a block form as

V ¼
�
Vpp Vpn

Vpn Vnn

�
; ð3Þ
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where the matrix elements read

Vpp¼1

2
ðU1þU0Þ−α

r
IþUcf; Vnn¼1

2
ðU1þU0ÞþUcf;

Vpn¼1

2
ðU0−U1Þ;

UI ¼
�

VI
S −2

ffiffiffi
2

p
VI
T

−2
ffiffiffi
2

p
VI
T VI

D−2VI
T

�
; Ucf¼

6

μr2

�
0 0

0 1

�
; ð4Þ

and α is the fine-structure constant, Ucf is the matrix of the
centrifugal potential (its component is nonzero only for
D-wave), and I is the unit matrix 2 × 2.
Equation (2) has four linearly independent regular at

r → 0 solutions Ψi (i ¼ 1–4) with asymptotics at r → ∞
given in Ref. [24]. The proton and neutron electromagnetic
form factors are expressed in terms of the components of
these wave functions as follows:

Gp
M ¼

�
gpu

p
1 ð0Þ þ gnun1ð0Þ þ

1ffiffiffi
2

p ½gpup2 ð0Þ þ gnun2ð0Þ�
�
FDðqÞ;

Gp
E ¼ q

2μ
fgpup1 ð0Þ þ gnun1ð0Þ −

ffiffiffi
2

p
½gpup2 ð0Þ þ gnun2ð0Þ�gFDðqÞ;

Gn
M ¼

�
gpu

p
3 ð0Þ þ gnun3ð0Þ þ

1ffiffiffi
2

p ½gpup4 ð0Þ þ gnun4ð0Þ�
�
FDðqÞ;

Gn
E ¼ q

2μ
fgpup3 ð0Þ þ gnun3ð0Þ −

ffiffiffi
2

p
½gpup4 ð0Þ þ gnun4ð0Þ�gFDðqÞ;

FDðqÞ ¼
1

ð1 − q2

q2
0

Þ2
; q ¼ 2μþ E; q0 ¼ 840 MeV: ð5Þ

Here, FDðqÞ is the phenomenological dipole form factor that takes into account the energy dependence of the amplitude of
the hadronic system production at small distances, upi ð0Þ and uni ð0Þ are the energy-dependent components of the wave
function at r ¼ 0, and gp and gn are energy-independent fitting parameters.
The cross sections of pp̄ and nn̄ pair production, which we refer to as the elastic cross sections, have the form

σpel ¼
4πkpα2

q3
F2
DðqÞ½jgpup1 ð0Þ þ gnun1ð0Þj2 þ jgpup2 ð0Þ þ gnun2ð0Þj2�;

σnel ¼
4πknα2

q3
F2
DðqÞ½jgpup3 ð0Þ þ gnun3ð0Þj2 þ jgpup4 ð0Þ þ gnun4ð0Þj2�: ð6Þ

In the absence of the final-state interaction, we have
up1 ð0Þ ¼ un3ð0Þ ¼ 1, and the remaining upi ð0Þ and uni ð0Þ
vanish. The functions up3 ð0Þ and un1ð0Þ differ from zero due
to the charge-exchange process, while nonzero values of
up2 ð0Þ, un2ð0Þ, up4 ð0Þ, and un4ð0Þ are the consequence of the
tensor forces. Note that jGp

E=G
p
Mj and jGn

E=G
n
Mj differ from

unity solely due to the tensor forces. For E ¼ 0 these ratios
are equal to unity, since at the threshold the contribution of
the D wave vanishes.
In addition to the strong energy dependence of the cross

sections σpel and σnel near the threshold, a strong energy
dependence reveals also in the cross sections of meson
production in eþe− annihilation near the NN̄ pair produc-
tion threshold [6,31–35]. Such a behavior is related to the
production of a virtual NN̄ pair below and above the
threshold with the subsequent annihilation of this pair into
mesons. Since the probability of virtualNN̄ pair production
strongly depends on energy, then the probability of meson

production through the intermediate NN̄ state also strongly
depends on energy. Meanwhile, the probability of meson
production through other mechanisms has weak energy
dependence near the NN̄ threshold. To find the cross
section σIin of meson production through the NN̄ inter-
mediate state (the inelastic cross section) with a certain
isospin I, one can use the optical theorem. Because of this
theorem, the cross sections σItot ¼ σIel þ σIin are expressed
via the imaginary part of the Green’s function Dðr; r0jEÞ of
the Schrödinger equation:

σItot ¼
2πα2

q3
F2
DðqÞIm½ðGIÞ†Dð0; 0jEÞGI�;

ðG0ÞT ¼ gp þ gn
2

· ð1; 0; 1; 0Þ;

ðG1ÞT ¼ gp − gn
2

· ð1; 0;−1; 0Þ: ð7Þ
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In fact, the optical theorem allows one to express the cross
section of hadron production in one-photon annihilation via
the imaginary part of the photon polarization operator.
However, the contribution of nonrelativisticNN̄ pairs to the

photon polarization operator is proportional to the non-
relativistic Green’s function of the NN̄ system [36]. The
cross sections σIel have the form

σ0el ¼
4πkpα2

q3
F2
DðqÞ

���� gp þ gn
2

����
2

½jup1 ð0Þ þ un1ð0Þj2 þ jup2 ð0Þ þ un2ð0Þj2�

þ 4πknα2

q3
F2
DðqÞ

���� gp þ gn
2

����
2

½jup3 ð0Þ þ un3ð0Þj2 þ jup4 ð0Þ þ un4ð0Þj2�;

σ1el ¼
4πkpα2

q3
F2
DðqÞ

���� gp − gn
2

����
2

½jup1 ð0Þ − un1ð0Þj2 þ jup2 ð0Þ − un2ð0Þj2�

þ 4πknα2

q3
F2
DðqÞ

���� gp − gn
2

����
2

½jup3 ð0Þ − un3ð0Þj2 þ jup4 ð0Þ − un4ð0Þj2�: ð8Þ

The Green’s function satisfies the equation

½p2
r þ μV −K2�Dðr; r0jEÞ ¼ 1

rr0
δðr − r0Þ ð9Þ

and is expressed in terms of regular and irregular solutions
of the Schrödinger equation (2) (see Ref. [24] for details).

III. RESULTS AND DISCUSSION

The optical potentials VðrÞ in Eq. (1) are expressed in
terms of the potentials Ũ0ðrÞ and Ũ1ðrÞ associated with
isoscalar and isovector exchange:

VðrÞ ¼ Ũ0ðrÞ þ ðτ1 · τ2ÞŨ1ðrÞ; ð10Þ

where τ1;2 are isospin Pauli matrices for the nucleon and
antinucleon, respectively. Therefore, VI

S;D;T in Eq. (1) have
the form

V1
jðrÞ ¼ Ũ0

jðrÞ þ Ũ1
jðrÞ; V0

jðrÞ ¼ Ũ0
jðrÞ− 3Ũ1

jðrÞ;
j¼ S;D;T: ð11Þ

In our model, we use the simplest parametrization of the
potentials ŨIðrÞ:

Ũ0
jðrÞ ¼ ðU0

j − iW0
jÞθða0j − rÞ;

Ũ1
jðrÞ ¼ ðU1

j − iW1
jÞθða1j − rÞ þUπ

j ðrÞθðr − a1jÞ;
j ¼ S;D; T; ð12Þ

where θðxÞ is the Heaviside function, UI
j, W

I
j, and aIj are

free real parameters fixed by fitting the experimental data,
andUπ

j ðrÞ are the terms in the pion-exchange potential. We
do not present here the explicit form of the pion-exchange
potential, since it is well known [see, e.g., Ref. [37] and
Eq. (19) in our previous paper [23]].

To fit the parameters of our model, we use the following
experimental data: NN̄ scattering phases obtained by the
Nijmegen group (see Ref. [30] and references therein), the
cross sections of pp̄ and nn̄ production near the threshold
[2–6,10,11], and modules of electromagnetic form factors
jGp

Ej and jGp
Mj [4], as well as the ratios jGp

E=G
p
Mj [2–5,8]

and jGn
E=G

n
Mj [11]. The resulting values of parameters are

given in Table I. For these parameters we obtain
χ2=Ndf ¼ 98=85, where Ndf is the number of degrees
of freedom. The values aIj given in the table are of the order
of 1 fm except of a0T . However, the corresponding tensor
potential U0

T − iW0
T is very weak, and the specific value of

a0T is not important for our predictions. We have checked
this statement explicitly by reduction of the radius a0T
from 2.7 to 1 fm. Note that the cross sections of the
processes discussed in our paper depend only on the
relative phase of the constants gp and gn but not on its
individual phases. This is why we set the phase of the
constant gp to be zero.
Figure 1 shows a comparison of our predictions for

partial cross sections of pp̄ scattering with the results of
partial wave analysis [30] carried out by the Nijmegen
group. Note that the accuracy of predictions in Ref. [30] is
not well established, since these predictions differ slightly
from the predictions of other groups (see, e.g., Ref. [38]).
Therefore, there is not much sense to find a fit which is
closer to the predictions of Ref. [30]. However, we have

TABLE I. The parameters of the model.

Ũ0
S Ũ0

D Ũ0
T Ũ1

S Ũ1
D Ũ1

T

Ui (MeV) −196 80.8 −2.2 −36.3 401.6 15.2
Wi (MeV) 167.3 225.4 −2 −16.4 217.2 1.5
ai (fm) 0.701 1.185 2.704 1.294 0.739 1.289
gi gp ¼ 14.1 gn ¼ 3.6 − 1.1i
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checked that our predictions for the cross sections of NN̄
pair production in eþe− annihilation are stable with respect
to slight modifications of the parameters of the model.
Figure 2 shows the energy dependence of pp̄ and nn̄ pair
production cross sections. Figure 3 shows jGp

Ej and jGp
Mj,

as well as the ratios jGp
E=G

p
Mj and jGn

E=G
n
Mj. Good agree-

ment of the predictions with the available experimental data
is seen everywhere. Note that a kink in the cross section of
pp̄ production at an energy of about 3 MeV is related to the
threshold of nn̄ production (2mn − 2mp ¼ 2.6 MeV).
As mentioned above, the optical theorem allows one to

predict the contributions σIin to the cross sections of meson
production in eþe− annihilation associated with the NN̄
pairs in an intermediate state. In Fig. 4, the cross sections
σItot, σIel, and σ

I
in are shown. It can be seen that in the channel

with I ¼ 1 there is a large dip in the cross section σ1in at the
threshold of real NN̄ pair production. At the same time, in
the channel with I ¼ 0 this dip is practically invisible.
A dip was found in the cross sections of the processes

eþe− → 3ðπþπ−Þ [6,31,32], eþe− → 2ðπþπ−π0Þ [31,33],
and eþe− → KþK−πþπ− [6,34,35]. Since in our approach
we cannot predict the cross sections in each channel, for
comparison of our predictions with experimental data we
use the following procedure. We assume that strong energy
dependence of the cross sections for the production of
mesons in each channel near the NN̄ threshold is related to
a strong energy dependence of the amplitude of virtual NN̄
pair production in an intermediate state. We also suppose

that the amplitudes of virtual NN̄ pair transitions to specific
meson states weakly depend on energy near the threshold
of NN̄ production. Evidently, other contributions to meson
production cross sections, which are not related toNN̄ in an
intermediate state, have also a weak energy dependence.
Therefore, we approximate the cross section σImesons of
meson production in a state with a certain isospin by the
function

σImesons ¼ a · σIin þ b · E2 þ c · Eþ d; ð13Þ

where a, b, c, and d are some fitting parameters, which
depend on the specific final states.
The 6π final state has isospin I ¼ 1 due to G-parity

conservation. A comparison of our predictions for the 6π
production cross section with the experimental data is
shown in Fig. 5. For these processes, the fit shows that we
can set b ¼ 0, and the remaining parameters are a ¼ 0.14,
c ¼ 3.3 × 10−3 nb=MeV, and d ¼ 0.84 nb for 3ðπþπ−Þ
production and a ¼ 0.4, c ¼ 2 × 10−3 nb=MeV, and
d ¼ 3.8 nb for the 2ðπþπ−π0Þ case. It can be seen that
there is good agreement between our predictions and
experimental data. However, new experimental data for
the cross section of 2ðπþπ−π0Þ production would be useful,
since the data obtained by BABAR and CMD-3
Collaborations differ noticeably from each other.
Consider now the process eþe− → KþK−πþπ−. Unlike

the 6π state, the state KþK−πþπ− may be in both isospin

FIG. 1. The predictions for the cross sections of pp̄ scattering compared with the Nijmegen data [30].
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FIG. 2. The energy dependence of the cross sections of pp̄ (left) and nn̄ (right) pair production in eþe− annihilation. The near-
threshold energy region is shown in more detail in the bottom row. The experimental data are taken from BABAR [2], CMD-3 [3,6], SND
[11], and BESIII [4,5,10].

FIG. 3. The energy dependence of the form factors jGp
Ej and jGp

Mj, as well as the ratios jGp
E=G

p
Mj and jGn

E=G
n
Mj. The experimental data

are taken from BABAR [2], CMD-3 [3], SND [11], and BESIII [4,5,8].
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states I ¼ 1 and I ¼ 0. Since our calculations show that the
cross section σ0in has no sharp energy dependence near the
NN̄ threshold, then the contribution of state with I ¼ 0

can be taken into account in the parameters b, c, and d.
Thus, we can compare the cross section of the process
eþe− → KþK−πþπ− with formula (13) for I ¼ 1. The
fitting parameters for this process are a ¼ 0.11,
b ¼ −6.1 × 10−5 nb=MeV2, c ¼ 1.7 × 10−3 nb=MeV, and
d ¼ 4.2 nb. Comparison of our predictions with experi-
mental data is also shown in Fig. 5. Again, there is good
agreement of our predictions and experimental results.

IV. CONCLUSION

Using new experimental data on the production of pp̄
and nn̄ pairs in eþe− annihilation, a simple model is
suggested that successfully describes the cross sections of
a few processes with production of real or virtual NN̄
pairs. These processes are eþe− → pp̄, eþe− → nn̄,
eþe− → 6π, and eþe− → KþK−πþπ− near the NN̄ pro-
duction threshold. Moreover, this model describes well
the energy dependence of partial cross sections for
nucleon-antinucleon scattering in states with L ¼ 0, 2,
s ¼ 1, and J ¼ 1, as well as the electromagnetic form

FIG. 4. The energy dependence of the cross sections σItot (solid line), σIel (dashed line), and σIin (dotted line) for isospins I ¼ 0, 1.

FIG. 5. The energy dependence of the cross sections for the processes eþe− → 3ðπþπ−Þ, eþe− → 2ðπþπ−π0Þ, and
eþe− → KþK−πþπ−. The experimental data are taken from Refs. [6,31–35], respectively.
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factors of the proton and neutron in the timelike region.
Since new experimental data were obtained at energies
noticeably exceeding the NN̄ production threshold, an
effective dipole form factor was introduced. It accounts
for the energy dependence of the amplitude of real or
virtual NN̄ pair production at small distances. Since the
new data on nn̄ production have noticeably better

accuracy compared to the previous ones, our predictions
became more accurate. The analysis of meson production
in different channels shows that the strong energy
dependence of the meson production cross sections near
the NN̄ threshold is related solely to a strong energy
dependence of the amplitude of virtual NN̄ pair produc-
tion in an intermediate state.
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