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Production of pp and n pairs in e*e™ 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 NN pair production at small distances. The effective optical potential, which describes a
sharp dependence of the NN production cross sections near the threshold, consists of the central potential for
S and D waves and the tensor potential. These potentials differ for states with isospin / = O and I = 1 of the
NN pair. The optical potential describes well NN scattering phases, the cross sections of pp and nii
production in e*e™ annihilation near the threshold, and the electromagnetic form factors G and Gy, for
protons and neutrons, as well as the cross sections of the processes eTe™ — 6z and e"e™ > K"K nt7n".
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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
ete” - pp [1-8], eTe™ = nin [9-11], eTe™ — A(C)/_\(c)
[12-15], eTe™ — BB [16], and eTe™ — ¢pAA [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
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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 NN pair production in e*e” 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 NN 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 pp and nn production, the
Coulomb interaction of p and p 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 p p and n# 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 nn pair production. Recently, new data have
appeared on n71 pair production in e " ¢~ 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.

Published by the American Physical Society
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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 NN real
and virtual pair production in e*e~ 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 NN scattering phases (see Ref. [30] and references
therein), the energy dependence of the cross sections of pp
and nn pair production near the threshold [1-11], and the
electromagnetic form factors G and G, for protons and
neutrons in the timelike region [1-5,8], as well as the
anomalous behavior of the cross sections of the processes
ete” - 6 [6,31-33] and ete™ » K"K~z 7z~ [6,34,35].

II. DESCRIPTION OF THE MODEL

The wave function of the NN system produced in e*e™
annihilation through one virtual photon has quantum
|

[p? 4+ uV - K% = 0,

2
2 (kp]I 0 ) .
0 kI

1
H :E(mp +mn>’

where the superscriptindex 7 denotes a transposition of a row,
pr=—-L222 ur(r),wr(r)andu"(r), w"(r) are the radial
wave functions of the pp or ni pair with L = 0 and L = 2,
respectively, m, and m,, are the proton and neutron masses,
respectively, E is the energy of a system counted from the p p
threshold, and 7 = ¢ = 1. For the sake of simplicity of
notation, in ¥ we have pointed out only the radial parts of the
components of the wave function. Obviously, the angular
parts of the corresponding terms are different and well known

kf, = uk,

numbers JP¢ =17~ and contains four components,
namely, pp pair in § and D waves and nn pair in S and
D waves with the total spin s = 1. The NN pair with other
quantum numbers can be produced via two-photon et e~
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 pp and n# pairs together in the wave
function due to the charge-exchange processes pp <> nii.
Contributions of § and D waves must be taken into account
together due to a tensor potential, which, for total angular
momentum J = 1 and total spin s = 1, leads to mixing of
states with orbital angular momenta L =0 and L = 2. In
the absence of the effects violating the isotopic invariance
(the Coulomb pp interaction and the proton and neutron
mass difference), the potential in the states with a certain
isospin / = 0, 1 has the form

VI =Vi(r)0 + V(1o + Vi(r)[6(s -n)* = 4], (1)

where s is the spin operator of NN pair (s = 1), n =r/r,
and r = ry —ry. The potentials V4(r), V4,(r), and VL(r)
correspond to interaction in the states with L =0 and
L =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 NN pair. Since the
corresponding amplitudes strongly depend on quantum
numbers of the NN 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 NN
production through one-photon e*e™ 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 ¥ (see Ref. [24] for more
details):

¥ = (uP,wP,u", w7,

10)
0 1)’

k2 = u(E - 2A), A=m,—m,, (2)

|
(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 potential V is the matrix 4 x 4 which accounts for the p p
interaction and n# interaction as well as transitions p p <> nii.
This matrix can be written in a block form as

Ve ppn
V= (Vpn y ) ’ (3)
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where the matrix elements read

1 1
W:E(ww”)—guucﬂ V= (U U Uy

1
V= (U0 -U'),

VL =2V2V] 6 (00
1:< V2 r>7 Ucf=—2< ) (4)
—-2V2Vh Vi —-2vh 01

Gl — {g,,u‘f(O) 4 g (0) +

1[
u
29p2

and « is the fine-structure constant, U, is the matrix of the
centrifugal potential (its component is nonzero only for
D-wave), and I is the unit matrix 2 x 2.

Equation (2) has four linearly independent regular at
r — 0 solutions ¥; (i = 1-4) with asymptotics at r — oo
given in Ref. [24]. The proton and neutron electromagnetic
form factors are expressed in terms of the components of
these wave functions as follows:

+gnu2 }FD
)

q n
G1E7 = Z{gpuf(()) + gnul(O) \/_[g,,uz (O) + gnuz(o }}FD(
1
Gy = {18(0) + 9,8(0) + s a0) + g0l (0]} o

n q n
Ot =3, {9,u5(0) + g,u3(0)
1
722’

(1-%)

4o

Fp(q) =

q=2u+E,

= V2[g,u} (0) + g,u(0)]} Fp(q

o = 840 MeV. (5)

Here, Fp(g) is the phenomenological dipole form factor that takes into account the energy dependence of the amplitude of
the hadronic system production at small distances, u? (0) and u”(0) are the energy-dependent components of the wave
function at r =0, and g, and g, are energy-independent fitting parameters.

The cross sections of pp and n# pair production, which we refer to as the elastic cross sections, have the form

2
o — 4zrkpa
el — 3

4zrknoc2
oh =
el

In the absence of the final-state interaction, we have
ul(0) = u%(0) =1, and the remaining «?(0) and u’(0)
vanish. The functions u} (0) and u (0) differ from zero due
to the charge-exchange process, while nonzero values of
ub (0), u4(0), uf (0), and u%(0) are the consequence of the
tensor forces. Note that |G%/GY,| and |G%./G",| differ from
unity solely due to the tensor forces. For E = 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 o and o7 near the threshold, a strong energy
dependence reveals also in the cross sections of meson
production in e e~ annihilation near the NN pair produc-
tion threshold [6,31-35]. Such a behavior is related to the
production of a virtual NN pair below and above the
threshold with the subsequent annihilation of this pair into
mesons. Since the probability of virtual NN pair production
strongly depends on energy, then the probability of meson

F(9)llgyut (0) + g,u} (0)]* + |g,u5 (0) + g,u3(0) ],

F(q)[lg,uf (0) + g,ui (0)* + |g,uf (0) + g,u (0)]. (6)

I
production through the intermediate NN state also strongly
depends on energy. Meanwhile, the probability of meson
production through other mechanisms has weak energy
dependence near the NN threshold. To find the cross
section ¢! of meson production through the NN inter-
mediate state (the inelastic cross section) with a certain
isospin 7, one can use the optical theorem. Because of this
theorem, the cross sections ol = o/, + ¢! are expressed
via the imaginary part of the Green’s function D(r, r’|E) of
the Schrodinger equation:

2ra?

o == 5 Fb(a)Iml(¢') D(0.0|E)G)
(@) =219 1.0.1,0).
(@) =" (1,0.-1,0). (7)
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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 nonrelativistic NN pairs to the

|

021 = 4ﬂ/;§02 »(q) w 2
M )| 2522

o =5 py | 5t
4ﬂ/;;a2 (o] 22 ;gn :

The Green’s function satisfies the equation
1
[P} + WV = K2D(r, ) = —8(r=r)  (9)

and is expressed in terms of regular and irregular solutions
of the Schrodinger equation (2) (see Ref. [24] for details).
III. RESULTS AND DISCUSSION

The optical potentials V(r) in Eq. (1) are expressed in
terms of the potentials U°(r) and U'(r) associated with
isoscalar and isovector exchange:

V(r) = 0°(r) + (7, - 1) U (1), (10)

where 7, , are isospin Pauli matrices for the nucleon and
antinucleon, respectively. Therefore, V§ ,, ;- in Eq. (1) have
the form
1(, — f70 7 0(\ — 70 71
Vi(r)=U;(r) + Uj(r), Vi(r)=U;(r) =3U;(r),
j=58.D,T. (11)

In our model, we use the simplest parametrization of the
potentials U (r):

0Y(r) = (U = iw9)6(al - r),
Uj'(r) = (U]1 - iW})Q(a} =)+ U5 (r)0(r - al),
j=S.D.T, (12)

where 6(x) is the Heaviside function, U§, Wj-, and a§ are
free real parameters fixed by fitting the experimental data,
and U7 (r) 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]].

[|us

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

[147(0) + uf (0)> + [u3(0) + u3 (0)[]
[145(0) + u3(0)]* + |45 (0) + u (0) .
(0) = uf (0)* + [u5 (0) — w3 (0) %]

(0) = w5 (0)> + [ (0) — w3 (0)?]. (8)

[

To fit the parameters of our model, we use the following
experimental data: NN scattering phases obtained by the
Nijmegen group (see Ref. [30] and references therein), the
cross sections of pp and ni production near the threshold
[2-6,10,11], and modules of electromagnetic form factors
|G%| and |GY,| [4], as well as the ratios |GL/GY,| [2-5,8]
and |G%/G%,| [11]. The resulting values of parameters are
given in Table I. For these parameters we obtain
2*/Nas = 98/85, where N,y is the number of degrees
of freedom. The values aj. given in the table are of the order

of 1 fm except of a. However, the corresponding tensor
potential U} — iW9 is very weak, and the specific value of

a? is not important for our predictions. We have checked

this statement explicitly by reduction of the radius a%
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 g, and g, but not on its
individual phases. This is why we set the phase of the
constant g,, to be zero.

Figure 1 shows a comparison of our predictions for
partial cross sections of pp 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.

Ug Up Uy Uy U, Up

U; MeV) -—196 808 -22 =363 4016 152
W; MeV) 1673 2254 =2 —-164 2172 1.5

a; (fm) 0.701 1.185 2.704 1.294 0.739 1.289
Ji g, = 14.1 g, =3.6—1.1i

074012-4



NN PRODUCTION IN

PHYS. REV. D 106, 074012 (2022)

SEG E 0.5
100 7er (51
0.4
80 3 0.3
60 F 3 .
40 F E 0.2
20k E 0.1
0 B 0.0
0 50 100 150 200 0 50 100 150 200
400 g 10 1 4 e
300 Otot ( Sl) E 8F E 3E  Ocex (3D1—>351) E
=) 6F e ] ]
é 4: B 2
b 2 Ttot (3D1) e
0 RTINS TS S S S S S S SR |
0 50 100 150 200 0 50 100 150 200
4 1.0 prerrerr e T 3.0 prerr T ™
3 08; Ucex( Dl) ] 25? Tcex ( Sl _>3D1) E
: 2.0 E
0.6 ¢ o E Uk
2 £ 15EA° o 3
04¢F E 10E ° 3
1 Ee N YE ° 3
0.2¢ . 0.5 E 3
0 = 00 FRRRI S U S S S ST S S B | O'Oxxxxlxxxxlxxxxlxxxxl
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
E (MeV)
FIG. 1. The predictions for the cross sections of pp scattering compared with the Nijmegen data [30].

checked that our predictions for the cross sections of NN
pair production in e e~ annihilation are stable with respect
to slight modifications of the parameters of the model.
Figure 2 shows the energy dependence of pp and nn pair
production cross sections. Figure 3 shows |G%| and |GY,|,

as well as the ratios |G%/GY,| and |G}/ G?%,|. Good agree-
ment of the predictions with the available experimental data
is seen everywhere. Note that a kink in the cross section of
pp production at an energy of about 3 MeV is related to the
threshold of nn production (2m,, —2m, = 2.6 MeV).

As mentioned above, the optical theorem allows one to
predict the contributions ¢ to the cross sections of meson
production in e*e” annlhllatlon associated with the NN
pairs in an intermediate state. In Fig. 4, the cross sections
o!,, and ¢! are shown. It can be seen that in the channel
with 7 = 1 there is a large dip in the cross section ¢! at the
threshold of real NN pair production. At the same time, in
the channel with 7 = 0 this dip is practically invisible.

A dip was found in the cross sections of the processes
ete” = 3(ntn) [6,31,32], ete” = 2(xtn7°) [31,33],
and ete” —» KTK 77~ [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 NN threshold is related to
a strong energy dependence of the amplitude of virtual NN
pair production in an intermediate state. We also suppose

1
Oiots

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

O-{nesons:a'U{n+b'E2+C‘E+d, (13)
where a, b, ¢, and d are some fitting parameters, which
depend on the specific final states.

The 6z final state has isospin / =1 due to G-parity
conservation. A comparison of our predictions for the 6z
production cross section with the experimental data is
shown in Fig. 5. For these processes, the fit shows that we
can set b = 0, and the remaining parameters are a = 0.14,
¢ =3.3x1073 nb/MeV, and d =0.84 nb for 3(zt7")
production and a =04, ¢c=2x 1073 nb/MeV, and
d = 3.8 nb for the 2(z"7~7") 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 2(z 7z~ 7") production would be useful,
since the data obtained by BABAR and CMD-3
Collaborations differ noticeably from each other.

Consider now the process ete™ — KTK~z"z~. Unlike
the 67 state, the state K™K~z "z~ may be in both isospin
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FIG. 2. The energy dependence of the cross sections of pp (left) and n# (right) pair production in e e~ 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].

06 L e e B L 06 L . S B e e s B S L B B B B S B B
0.5F A BESIT 0.5F A BESII 4
0.4F : 0.4F
¥ 0.3} I 1 ¥ 03t ]
0.2F ] 0.2F —
0.1f 1 0.1F 3
0.0:‘H‘xH"1““1““1““1““‘ O.O:HHxH"1““1““1““1““‘
0 50 100 150 200 250 300 0 50 100 150 200 250 300
E (MeV) E (MeV)
2.0
B L5
5 S
= = 1.0
s OBABAR | & |
0.5F e CMD-3 0.5F
i A BESIII [
0.0 Lo 0.0 L

50
E (MeV)

FIG. 3.

100 150 200 250 300

100 150 200 250 300
E (MeV)

0 90

The energy dependence of the form factors |G%| and |G}, as well as the ratios |G5/GY,| and |G /G?%,|. The experimental data

are taken from BABAR [2], CMD-3 [3], SND [11], and BESIII [4,5,8].
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FIG. 5.

The energy dependence of the cross sections for the processes ete™ — 3(ztz™), ete™ — 2(ztz~2%), and

ete” - K"K n"n~. The experimental data are taken from Refs. [6,31-35], respectively.

states I/ = 1 and / = 0. Since our calculations show that the
cross section ¢\ has no sharp energy dependence near the
NN threshold, then the contribution of state with 7 =0
can be taken into account in the parameters b, ¢, and d.
Thus, we can compare the cross section of the process
ete” - K"K ntz~ with formula (13) for I = 1. The
fitting parameters for this process are a =0.11,
b =-6.1x107 nb/MeV?, ¢ = 1.7 x 1073 nb/MeV, and
d = 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 pp
and ni pairs in ete” annihilation, a simple model is
suggested that successfully describes the cross sections of
a few processes with production of real or virtual NN
pairs. These processes are ete™ — pp, ete™ — ni,
ete” — 6r, and ete” - K*K~n"n~ near the NN pro-
duction threshold. Moreover, this model describes well
the energy dependence of partial cross sections for
nucleon-antinucleon scattering in states with L =0, 2,
s=1, and J =1, as well as the electromagnetic form
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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 NN production threshold, an
effective dipole form factor was introduced. It accounts
for the energy dependence of the amplitude of real or
virtual NN pair production at small distances. Since the
new data on nn 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 NN threshold is related solely to a strong energy
dependence of the amplitude of virtual NN pair produc-
tion in an intermediate state.
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