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For the study of the structure of baryons it is necessary to investigate the production of a baryon pair in
e " e annihilation. The baryon-antibaryon pair production at the electron-positron linear collider makes it
possible to investigate in detail the basic structure of the Standard Model. The creation of baryon-
antibaryon pairs in electron-positron annihilation provides an increasingly powerful tool at higher c.m.

energies. We present phenomenological results for Z°Z° production in e*e™ interaction at the BESIII

and BABAR Colliders. In the present work, we investigate a hyperon pair produced in the reaction

ete™ — X0¥0. We calculate the total cross section of the process e*e~ — X0 taking into account the
contributions of the D-meson loop and three gluon loops as well as the interference of all diagrams to the

Born approximation. For these contributions large relative phases are generated with respect to the pure
electromagnetic mechanism. For the large momentum transferred region we obtain as a byproduct a fit of

the electromagnetic form factor of the £ hyperon.
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I. INTRODUCTION

It is understandable that the Universe consists of bary-
ons, the lightest baryons and nucleons account essentially
for all of the observable matter. In fact, understanding the
structure of nucleons is of high importance for the whole set
of baryons forming the lowest SU(3) octet. To understand
the strong interaction in the confinement domain, i.e.,
where quarks form hadrons is one of the most challenging
questions in contemporary physics.

The study of the electromagnetic structure of hadrons,
which began with the pioneering work of Hofstadter [1,2],
up to now remains an open and interesting field of research
in high energy physics. We can say that one of the most
basic tools for studying the structure of the nucleon is the
production of hadrons in electron-positron interaction at
high energies.

The electromagnetic form factors (EMFFs), which can
be investigated using the process of electron-positron
interaction, are among the most basic quantities containing
information about the internal structure of the nucleon.
The electromagnetic form factors of nucleons with a large
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momentum transfer provide valuable information about
their structure. In [3], the cross section of the reactions
pp — ete” and ete” - pp are analyzed in the near-
threshold region and are used for the proton of the effective
form factor (form factors Gy and G,,) at energies close to
the pp threshold. The authors of [4] highlighted the
presence in the BABAR data of deviations in the timelike
form factors of protons from the point behavior of the
proton-antiproton electromagnetic current in the reaction
eTe™ — pp. Therefore, in this work, a form factor was
used in the form of Fy + F ., where F, is a parametriza-
tion expressing the long-term trend of the form factor, and
F . 1s a function of the form exp(-Bp)cos(Cp), where p is
the relative momentum of the final pp-pair. In [5], the
effective EMFFs of the proton and neutron in the timelike
region are investigated at the electron-positron annihilation
into antinucleon-nucleon (NN) pairs, which are treated in
the distorted wave Born approximation. In [6], the method
of effective optical potential that well describes the NN
scattering phases and a sharp dependence of the NN
production cross sections was used for the pp and nn
production in e + e annihilation near the threshold. The
authors of this work used the electromagnetic form factors
Gr and Gy, for protons and neutrons near the threshold.

In [7,8] it was proposed that the electromagnetic form
factors of hadrons can be studied for timelike region
momentum transfers, g> > 0, through measuring hadron
pair production cross sections in electron-positron colli-
sions process.
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The electromagnetic form factor in the timelike region in
terms of available data [9-17] is consistent with naive
quark counting rules and the perturbative QCD (pQCD)
prediction at large g* [18,19]. In this case, the use of the
timelike form factors can offer a unique opportunity to
study the inner structure of hadrons and the electromagnetic
property of hyperons.

Today, most of our knowledge of the experimentally
established nucleon resonances listed in [20] is mainly from
the electron-positron and proton-proton (proton-antiproton)
interaction experiments.

It is necessary to note that in the transition region
between the perturbative and nonperturbative regimes the
w(3770) has a mass of the charmonium resonance.
Therefore, to study the structure of baryons one should
investigate the production of a baryon pair in eTe~
annihilation. Therefore, the study of strong and hadronic
decays of the y(3770) will provide knowledge of its
structure in perturbative and nonperturbative strong inter-
actions in this energy region [21].

It must be emphasized that the BESIII have collected the
largest data sample of eTe™ collisions at 3.773 GeV. After
analyzing samples together with data, it became possible to
theoretically investigate exclusive decays of y(3770) tak-
ing into account the interference of resonant and nonreso-
nant amplitudes.

The charmonium states with J°¢ = 17, such as J/y,
w(3770), and others, are productions through electron-
positron annihilation into a virtual photon at electron-
positron colliders. This is followed by a decay in these
charmonium states, i.e., decay into light hadrons through
either the three-gluon process (eTe™ — w — ggg —
hadrons), or the one-photon process (ete™ =y —
y* — hadrons).

According to the Okubo-Zweig-lizuka (OZI) rule, the
w(3770), the lowest lying 1=~ charmonium state above the
DD threshold, is expected to decay dominantly into the DD
final states [22,23]. In [24], it was shown that the binary
with two particles produced in the final states give the
possibility to further simplify the consideration of the
processes with charmonium in the intermediate state.

The study of the process of y(3770) production in e*e™
annihilation and its subsequent decay into two hadron is a
test of the prediction of QCD, which can be understood
based on quark distribution amplitudes in hadron-hadron
pairs, and the total hadron helicity conservation. Due to its
richness of c¢ states the y(3770) is one of those prominent
structures in the hadronic cross section, that are of great
interest to theory [20].

At the energy around 3.770 GeV, the well-established
w(3770) resonance is the only observed structure, i.e., the
w(3770) is the lowest mass charmonium resonance above
the open charm pair DD production threshold. It is
expected that the y(3770) resonance can decay almost
entirely into a pure DD [25] and the baryon-antibaryon pair

production at an electron-positron collider can be tested by
fundamental symmetries in the baryon sector, in particular
when the probability of the process is enhanced by a
resonance such as the J/y (or y) [26].

It is necessary to note that the BESIII Collaboration
performed high-precision studies of a possible threshold
enhancement in the ete™ — T*ET [27] and E-2+ [28]
processes and also showed that the cross section is non-
vanishing near the threshold. This means that the threshold
effect obtained in this way will be useful for measuring the
near-threshold pair generation of hyperons £°%°, which
was observed in the BESIII [29] and BABAR [13]
experiments.

We should note that the ete™ — Z°Z° process has been
studied in detail by many authors, and several experiments
are extremely important for modern high-energy physics
[13,29-41].

In the present paper, the first problem is the calculation
of the total cross section with allowance for the D-meson
loop and three gluon contributions within the framework of
QED and the SM.

Our aim in this paper is to study the characteristics of the
¥9%0 production process with taking into account the
contributions of the D-meson loop and three gluon loops
in the Born approximation.

II. THE PROCESS e*te~ — X030
IN BORN APPROXIMATION

In this section, in the leading order we want to consider
the X% production in the process electron-positron
annihilation. The process is written in the form,

et (p1) + e (p2) = Z%q1) +2%(q2), (1)

where p;, p, are 4-momenta of the positron and electron in
the initial state; ¢, g, are 4-momenta of the X% and Z° in
the final state.

The kinematics for the process can be written in terms of
the following Mandelstam invariants:

s=(p1+p2)? = (g1 +q)%

t=P1-a)=(P2-0)%
u=(p1—-q)=(pP2—a) (2)
In this process, it follows from (2) that the sum of

Mandelstam invariants, which we will use, can be con-
nected, in the form

s+ t+u=2m+2M%, (3)
where m, and My are the electron and X° hyperon masses,

respectively. In this work, we neglect the mass of the
electron m,.
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FIG. 1. The definition of the scattering angle 0y from (5) in the
c.m. system.

The “master formula” for evaluating the cross section for
the process (1) has the form,

1 2
d0:§Z|M| d(I)2s (4)

spins

the square of the matrix element is summed over all
possible spin states of the initial and final particles.

The phase-space element of final particles d®, can be
written in the following form:

dq dq
®, = (27)*6(p1 + P2 — 41 — 4) (27 )312E1 (2”)3;)52
1 dpidp, _ |p|
:—6 - A AL
e (Pr+P2—q1— 92)2E 2E, 16772\/_
:%dcosﬁz, (5)

where dQy = d¢sdcosOs = 2rdcosfs, and ¢y and
Os are the azimuthal and the polar angles of the final
2-hyperon momentum in the c.m. system, that is Oy is
the angle between the directions of the momenta of the
initial electron p, and the final X-hyperon q; (Fig. 1).
The modulus of three momenta of the final X°-hyperon
(or %-hyperon) is fixed in this case by the 6-function in the
phase volume, i.e.,

SN AT
R

Pl = lqi| = |q| = 5 )

4 2
p=yf1-Ms (6)

N

where /3 is the velocity of the £%-hyperon in the e*e™ c.m.
system, s is the square of the c.m. energy, and My is the
mass of the X°-hyperon.

The four-momenta of the leptons and X-hyperons are
given by

N
< S
h(q)
ss==d<===
D %
¢ %)
(b)

FIG. 2. The Feynman diagrams describing for the ete™ —
080 process corresponding to the Born approximation (a) and

the intermediate state y(3770) charmonium (b).

Pzzg(l,o,o,l), Plz%g(l,o,o,—l),
q1 = %(1 fsinfy, 0, fcos by),
9> = %(1 —psin Oy, 0, —f cos Oy).

The Feynman diagram for e* e~ annihilation into a virtual
photon, with further production of the X°Z° pairs in the
Born approximation of the process (1) is illustrated in
Fig. 2(a).

In the Born approximation, the process (1) is described
by a cleanly electrodynamic diagram with Fig. 2(a). We can
write the matrix element corresponding to the Feynman
diagrams for the process et (p;)+ e (py) = Z%(q) +
3%(g,) in the Born approximation as follows:

62

Mp =— 5 [2(p1)y,u(p2

Na(g)Cu(@)v(g2)),  (7)

where the quantity e is the elementary electric charge, i.e.,
e = V4na, a~ 1/137 is the fine structure constant [20],
and s is the squared the total invariant mass of the lepton
pair. To describe the composite nature of the hyperons
(baryons), form factors have been introduced. As shown in
Fig. 2(a), for the annihilation process, the yX°%° (yBB)
current can be written in terms of the Pauli form factors F;
and F,. The vertex function I',(g), which describes the
vertex of the photon with hyperons [Fig. 2(a)] can be
written as follows:

F 2
L) = P = e
where My is the hyperon (baryon) mass, ¢ is the transferred
momentum. Here, for § we will use the notation g = ¢,y".
In (8) the functions F(q?) and F,(q?) are the form factors
of X-hyperons and are usually normalized as follows,
Fi1(0) =0 and F,(0) = us, where us is the X-hyperon
anomalous magnetic moment.

However, in the work [42] the authors showed that this
pointlike behavior of the proton near the threshold is not so
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unambiguous, i.e., the nontrivial structure of the baryon
starts to manifest itself even at relatively low ¢> and thus
one must take into account the structure of these effects.
Moreover, a comparison of the Born cross section with the
data below will show that we cannot do without a form
factor. However, it should be noted here that in the timelike
region, due to small statistics and, consequently, due to
large errors in experimental data, it is not possible to
distinguish between the electric Gz and magnetic G, form
factors in the experiment.

Therefore, we, like many authors, will use the approxi-
mation |Gg| =|Gy|, from which it follows that
F,(¢*) = 0. Thus, we introduce the effective form factor
F\(q*) = G(q?*), which was used on the basis of QCD
in [18,43].

For the square of the matrix element by (7), after
calculating the trace and taking into account the form
factor F,(q*) = G(q*) the following formula can be
obtained:

> M2 = 6472 |G(s)] (2 - B sin’O5).  (9)

spins

Using (9) and taking into account the expressions for the
phase volume in (5), the differential cross section (4) can be
written in the following form:

2
dog(s) = % G(s5)]>(2 = B sin® Oy )d cos . (10)

To obtain the total cross section, it is necessary to integrate
this expression (10) over all possible scattering angles
d cos 0y = sin Oy dOs. The integration limits for the angles
are determined as follows:

Osezsﬂ'.

After integrating over the angle fy, we obtain an expression
for the total cross section in the Born approximation in the
following form:

2o

op(s) :Tﬁﬁ—ﬁz”(}(mz- (11)

The form factor G(s), for which we use the pQCD form
from [18,43], which takes into account the running of the
QCD coupling constant «,

c

G(s)=5——5 >
2 SZIOgZ(S/AéCD)

(12)

where C is a free parameter, Agcp is the QCD scale
parameter. It is necessary to note that the constant C should
be fitted to the experimental data for hyperon-antihyperon

60 - E
Born
50 + BES III +—e— 1
BABAR —e—
40 + g
e}
2
g 30 J
20 i .
10 H .
L]
0 L L L 5 T a
24 26 29 31 34 36 39 41 43 46
Vs, GeV
FIG. 3. The total cross section for the process e*e™ — %0 as

a function of the c.m. energy. Black line is the total cross section
in Born approximation (11). The curve errors origin from the
form factor constant (13) fitting errors.

production in the energy range of the corresponding
experiment.

In the present work of %0 pair production, we fix this
constant using the BESIII measurement [29] presented in
Fig. 3. At the value A = 300 MeV for the parameter C after
fitting in the Born cross section from (11) with respect to
these data we have the value,

C = (59.12 + 1.6) GeV*, (13)

which we will use further for the X-hyperon electromag-
netic form factor (12). It should be noted that the equation
for the form factor G(s) (12) with the constant C from (13)
works for a relatively large momentum transferred g>.
Here, it does not pretend to work near the threshold, since
the Coulomb-like enhancement factor with many delicate
features plays an important role [3,44], or a manifestation
of the wavelike nature of hyperon (baryon) of the stabi-
lization after its emerging from the vacuum [45].

III. THE QUARKONIUM w(3770)
INTERMEDIATE STATE

We would like to note that in the process (1) the main
task in this work is to describe the effect of excitation of the
w(3770) charmonium resonance. As seen in Fig. 3, the
total cross section in the Born approximation (1), which
includes only the electromagnetic mechanism, cannot
describe this delicate behavior near the charmonium
resonance y(3770). Therefore, in this region, it is neces-
sary to take into account the additional contribution to the
amplitude that appears from the diagram with y(3770) in
the intermediate state [Fig. 2(b)] and is enhanced by the
Breit-Wigner propagator. Thus, we can calculate the con-
tribution of the additional mechanism, when the y(3770)
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[16(JP€) = 0=(177)] charmonium resonance is excited in
the intermediate state. In this case, the total amplitude of the
process (1) will be the sum of two amplitudes,

M :MB +M1//’ (14)

where My is the amplitude (7) of the process (1) in the
Born approximation [Fig. 2(a)], and M, already takes into
account the contribution of the intermediate state of
w(3770) charmonium, the enhanced by the Breit-Wigner
factor [Fig. 2(b)],

1 2 q"q"\ x50

M, =——>——J.""(q) (9"”——)1'” (9)

v 2 u 2 ) ’
s—M%+iM,T, M2

(15)

where M, = 37737 MeV and I', = 27.2 MeV [20] are
the mass and total decay width of y(3770) resonance;
ee—y w—20T0 .
Ju 7" (q) and J} (g) are the currents that describe the
transition of an electron-positron pair into the y(3770)
resonance and the transition of the y(3770) resonance into
a X°%0 pair, respectively. We take into account the fact that
the currents J5°"¥(q) and JZ’_’ZOEO(q) in (15) have to be
conserved, that is g*J; "V (q) = q”J}’,’_’ZOZO(q) = 0. Here,
following the paper [46], we assume that the vector current

J57%(g) will have the same structure as in the case of a
photon according to (7), i.e.,

T (q) = go[0(qy )7,u(q)], (16)

Y050 . .
only with another constant g, = FY = (M3,), which is

equal to the value of the form factor F 'f’_)zozo (M3,) on the
mass of charmonium, i.e., is the value of the form factor of
the vertex y — X0 at the y/(3770) mass shell [here we
accept the same approximation as in the Born case and

assume that F' Z’_’Eoio (M;,) = 0]. Knowing the total decay
width of y — e*e”, which is equal to ', ,+,- = 261 eV
[20], one can calculate this constant g,,

12ﬂrw_,e+e—

= 1.6 x 1073, (17)
M

Ge =
174

It is shown in [47] that the possible imaginary part of the
vertex ee — y is small, less than 10% of the real part.
Therefore, we neglect such a possible imaginary part.

We can now calculate the contribution of the intermedi-
ate charmonium to the cross section. If we substitute the
total amplitude from (14) in the general formula for the
cross section (4), then for the total cross section, we obtain
the following expression:

o~ [M? = |[Mpg| + M, ||?
= |[Mg|* + 2 cos p| Mp| - M, | + |/\/ll,,|2
~0pg + iy + 0y, (18)

where ¢ is the relative phase between the Born contribution
M and the additional contribution M,,. Thus, we need to
calculate only the contribution of charmonium 6, to the
cross section and the contribution of the interference of
charmonium with Born 6;,. Evaluating 6,, and taking into
account the Born cross section o from (11) and the
interference contribution oy, with the phase ¢, one can
calculate the total cross section including both contribu-
tions using (18) in the following form:

Oint 2
o= (Zcosqﬁ\/@) ’ (19)

Thus, we need to calculate the interference of the Born M
contribution with the contribution that takes into account
charmonium in the intermediate state of the M,,.
According to the general formula (4), the interference
contribution to the cross section of the process can be
written in the standard form,

1
dojy = o > 2Re[MFM,,]dD,. (20)

spins

In order to obtain the contribution to the total cross section,
we need to integrate in (20) over the phase space of the final
particles,

1 JOETY R JeEY
)= e B

45> | s — My +iM, T,
'Z/dq)Z(']g—EUiO)*J:/—»ZOiO}’ (21)
s

where > and ) are the summations over the spin states
of the initial and final particles, respectively. We now use
the method of invariant integration over the total final phase
volume, the second term in (21) can be written in the
following form:

Z/dq)z(ﬂ;_,zoio)*‘]:,ﬁzoio

1 3050
_§<gﬂv_ )Z / A0y (" 0so) e T (22)

Using the explicit form containing lepton currents J5° 7

from (7) and J¢~* from (16), and applying the conserva-
tion of the currents, we can calculate

q9"q"
q2
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FIG. 4. D-meson loop mechanism of the Feynman diagram
contributing to the °%° production in the process e*e™ — 00
at the one-loop level.

Z(J/ié_)y)*‘]'zé—»y/
=—eg.> _[@(p2)7,(q)v(p)I[B(p1)r*u(p,)]

s

~ —eg,Sp[par.piv"] & deg,s. (23)

Substituting this result into (21) and using the explicit
form of the two-particle phase volume of the final particles
from (5) and the invariant integration method from (22),
we obtain the interference contribution to the total
cross section in the following expression in a simplified
form:

Oint (S)

eg.p { 1
= Re 3
487s s =M, +iM,T,
1

x/dcosGzoZ(J‘y"_)EOZO)*J:’l’ezoio}. (24)

s

In formula (24), the subintegral expression describes all the
dynamics of the transformation of charmonium into the
030 pair and can be expressed in a separate form,

1

e e a % — 050
Si(s) = 4277{ dcos&zoZ(Jy_)Z()io) JUTEE L (25)

~1 5

Thus, the interference contribution to the total cross
section (24) can be written in the form,

Sils) ) (26)

2 .
s—M2+iM,T,

on(s) = Re

FIG. 5. Three-gluon mechanism of the Feynman diagram
contributing to the £°Z° production in the process ete™ — 020,

The subscript index i in (25) denotes different possible
mechanisms of this transition. For example, the usual
OZI-permitted mechanism through the D-meson loop,
shown in Fig. 4, is quite possible. Since the mass of the
charmonium (3770) is above the threshold for the
production of the DD-pair, it is natural to expect that
the D-meson loop will be the main mechanism in this
reaction. However, since the excess over the thresholds is
minor (Mw —2Mp =39 MeV, i.e., relative to the char-
acteristic energies in the problem, this value is about 1%),
we expect this contribution to be small and it is also
necessary to consider other possible mechanisms. We
think that a significant contribution will be made by the
OZI-forbidden mechanism shown in Fig. 5, which occurs
due to the three-gluon annihilation of charmonium into a
2030 pair.

Using the procedure, which is described in [48]
[Egs. (15) and (16)], and with the help of the interfer-
ence contribution (26) with the total relative phase
between the Born amplitude My and the charmonium
contribution Mw’ we can reconstruct the total cross
section.

IV. THE D-MESON LOOP MECHANISM

In this section, we will calculate the contribution of the
intermediate charmonium with the transition to the final
state °Z° hyperon pair through the D-meson loop,
which is presented in Fig. 4. In order to calculate the
contribution of the D-meson loop to the cross section, we
need to calculate the quantity of Sp from (25), which
enters into (26). For this, we have to construct the
amplitude of the M, corresponding to Fig. 4, and then
extract the value of the S, from it. Now we can write,
according to Feynman’s rules, the D-meson loop con-
tribution to the amplitude corresponding to the diagram
in Fig. 4,
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Mp

g [0(p)rau(py)] ,/ﬁ [(q1)7s (k + Mz=)ysv(q2)](2k + g5 — q1)"
o l6nt g’ =My, +iM, T, [ in® (K = M2)((k = q,)* = Mp)((k + q2)* = M})

X Gypp(q*. (k+ ¢2)*. (k= q1)*)Gzps (K. (k= q1)*)Gapx (K, (k + 2)?). (27)

where My, M,,, and Mz are the masses of the D-meson, y(3770)-charmonium and E-hyperon, respectively. Thus, we
use the following dependence of the form factor on the wDD vertex:

M3, log(M3,/A3,)
- 2 2 - D ll/ ll/ D
GWDD(S, My, Mp) = 9yDD Tm’

where the constant Ap is fixed on the characteristic value of the reaction Ap =2Mp. Comparing this

(28)

expression with the general form of the amplitude from (15), we can determine the current JZ’_’EOEO((]) in the
following form:

7 —»2020( ) = 1 /ﬁ [@(g1)7s(k + Mz)ysv(g2)](2k + g2 — q1)"
z 1622 i (2~ M2)((k— 4,)2 — M) (k + g7 — M)

X Gy,pp(q*, (k+ q2)% (k= q1)*)Gps (k*, (k — q1)?*)Gzps (K%, (k + ¢5)%). (29)

and it is possible insert it into (25). In this case, for Sp (25) we obtain the following expression:

5p(s) = 29PO) / dk SpD(s, k%)
P T 482 ) in? (= M2)((k — q1)F — M3)((k + 42)? — M3)

X Gypp(q*. (k+ q2)*. (k= q1)*)Geps (K*. (k= q1)*)Gapx (K, (k + ¢2)*
= ap(s)Zp(s). (30)

Here, ap(s) and Zp(s) has the following forms:

_ ag.pG(s)
ap(s) = 487>
1 [ dk SpD(s, k?)
20000 =3 | i M0 - MG T =)
X Gypp(q*, (k+ q2)%, (k= q1)*)Geps (K, (k= q1)*)Gapx (K, (k + ¢2)*, (31)

where SpD(s,k?) is the trace of the Dirac matrices over the baryon line that can be written as follows:
SpD(s, k) = Sp[(q, + My)ys(k + Mz)ys(q, — Ms) (k — My)]
=2((K*)* + k*(s = 2(M} + MsMz)) — sMsMz + cp). (32)
where cp has the following form:
cp = M} + 2MsM=M? + 2M=M3 — M%. (33)

In (30), the quantities GWDE and Ggpy in [13,29] are the form factors for the vertices w — DD and D — ZX.

From (31) we can calculate the quantity of Z,(s). By using the Cutkosky rule [49] the D-meson propagators are
equivalently replaced with the delta function,

1
(k—q,)* = Mp
1
(k+ q2)* = Mj,

— =271 8((k — q,)* — M3)0(—(k — q1)p).

— =271 5((k + ¢,)* = MB)O((k + q2)o). (34)
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By using these two S-functions (34) in (31), we obtain the imaginary part of this quantity from Zp(s),

(=2mi)? %SpD(s,kz)
s in® k* — M2

2iIm Zp(s) =

Gypn(s. (k+q2)*, (k—q1)?)

X Gzps (K, (k — q1)*)Gzps (K2, (k + q2)*)8((k + q2)* = M},)5((k — q,)* — M},)

x O((k + g2)0)0(=(k = q1))-

(35)

After replacing these two S-functions in (35) and performing loop integrations, we obtain the final expression for the

imaginary part of this quantity,

1
2 de

ImZD(S) = _WGWDD(S’MZD’MZD)

G

2 2
| VD1 Ky + M2
k

SpD(s. k() Gaps (k]

Gy Mb). s >4Mm3,  (36)

(1)

where Ci = cos 6y is the polar angle. The definitions of the quantities k(;, Dy, and C;’ we will be written in the

following form:

1
ki12) = E(ﬁﬂck +/Dy).

To evaluate ImZ, from (36), we need to consider an
explicit form factor expression. Thus, for the w — DD
vertex, we need only the dependence over charmonium
virtuality ¢> = 5. It is only in this region that we will
be interested in the dependence of the function
G, pp(s. M}, M7,). We need to note that when computing
the imaginary part of the Z,, quantity using expression (36),
D-meson legs are on mass shell.

We need to note that the details of the calculation of the
quantity Zp(s) can be found in [46,48]. Here we techni-
cally calculate the imaginary part of this quantity and then
restore its real part by using the dispersion relation with one
subtraction at g> = 0. It must be noted that the X-hyperon
(which is the uds quark state) does not have open charm
and, therefore, the vertex y — X0 at ¢> = 0 is zero.

First, we fix the normalization of this vertex function
G, pp(s. M3, M3) in the decay y/(3770) into DD. For this,
it is convenient to use the quantity of the decay width of
w — DD, which fixes the functions,

gy/DDEGwDD(szM%)’MzD)' (38)

Cutting the diagram by D-meson propagators, we get
the vertex w — DD with the only dependence on the
charmonium virtuality g> = s, whose D-meson legs are
on mass shell.

To find the value of the constant g,,p, we need to
calculate the width of the y — DD charmonium decay.
After calculating the decay width with the use of the
standard formula, we obtain an expression for the total
decay width in the following form:

2 M3 — M2
Dy = s CL -4y = M), G = oy 2R (37)

giDDMlI/ﬁSD

From here, knowing the experimental value for the width of
the decay of the charmonium I'),55 = 25 MeV [20], we
can find the quantity of the constant g, ,p as

Gupp = 4y | 2¥PD 18 4, (40)
wDD My,ﬁ%)
where f, = /1 —4M3/M}, is the D-meson velocity in

this decay.

Now we will consider the function Gzpy(k?, p?) from
(31). Once again, the only dependence in the imaginary part
of Zp, is the off mass shell of the =Z baryon in the #-channel,
since k2 < 0.

In [46,48,50], we used the following form of the ADP-
vertex based on the results of [51,52]. However, in this
work we will use a form of the EDX-vertex that corre-
sponds to the results of [52,53].

The SU(4) symmetry leads us to the same result for
Gzps,

fpYzps
Gzps (K>, M?3) = ﬁ K <0, (41)
where fp ~ 180 MeV and
9=px ® gxsz = —1.02. (42)
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For quark masses, the following values are used: m, ~
280 MeV and m, = 1.27 GeV [20].

V. THE THREE-GLUON MECHANISM

In this section, we will consider the contribution of the
intermediate charmonium with the transition to the final
¥9%% pair through the mechanism of three-gluon annihi-
lation. To calculate the contribution to the cross section, we
need to calculate the quantity of S, from (25), which is
included in (26). The corresponding Feynman diagrams
for the three-gluon mechanism is presented in Fig. 5. We
would like to note that the three-gluon mechanism was
considered for the first time in [46,48]; it was refined and
some typos and minor errors were corrected. In this paper,

we simply apply this mechanism to the production of the
¥0%% hyperon pair through a three-gluon exchange.

According to the Feynman diagram (Fig. 5), we write
the following contribution to the quantity S3, from (26)
[which coincide with Egs. (16) and (17) from [46] ] to the
interference of a charmonium state with the Born amplitude
[see (25)]:

4 dk, dk- dk
Z39(S)ZE/ | dky dks

where g, is the color factor, g.,(1/4) =
2-hyperon and the c-quark lines,

B8 (0

S3(s) = a3y(8)Z34(s), (43)
where
amw’
0(39(5‘) - 2T§9€9001¢ﬁG(s)Gw(s>’ (44)
|
Sp3g0(q — ki — ky — k)
=) = M) (42~ ko — M)’ )

(Z|dV*T'TITH|Z) = 15/2. In (45), Sp3g is the product of traces over the

Sp3g = Sp[Qup, (ke + m)y* (ke = m.)] - Spl(@1 + Ms)y™ (a1 — ki + My)yP (= + ks + Ms)y" (G, — My)y,).
where
Q 77}/( +k3+m>}/ (kc_]/él"i_mc)ya ( k +k2+m>y(c ]%1+mc)}/a
P (ke = ka)? = m2) (ke = kp)> = m?) ((ke = ko)? = m2) (ke = ky)* = mg)

L= +k3+mc>7a(c—k2+m)7ﬂ Val—ke + ky + mc)?’y(c—k2+m)7ﬂ
(ke = k3)* = m2) (ke = kp)* = ((kz — ky)? = mg)((ke = ky)* — mg)

Yﬁ( k + k2 + mc)ya( c k3 +m )y}/ Ya + kl mc)yﬂ( c k3 +m )yy

e~ k) = ) ((k, — h) - (e =) =)k, T =) (40

In order to correctly normalize the color wave function, we
use Eq. (5) in [54]. The color wave function normalized to
unity should have the form,

1 1
—4qi9;i = —= (0191 + 4292 + G393),
ﬁq q ﬁ(QIQI 929> + 4393)

where the factor 1/+/3 provides the correct normalization
of this state by 1.

We would like to note that the parameter of ¢ in (44)
is related to the charmonium wave function and can be
written as

w(r=0)| o«

= M3,/2 _3\/37z’

(47)

this quantity is obtained from yw — 3g decay rate on
mass shell. From Eqgs. (44) and (47) it can be seen that

I
the three-gluon mechanism is very sensitive to this value,
since at the charmonium scale (for s ~ M2) it depends to
a rather high degree on its value. We would like to note
that in the calculation we use the value a,(M,) = 0.28,
which is expected by the evolution of a, in QCD from
the b-quark scale to the c-quark scale. We should like to
note that for the charmonium J/y, a much smaller value
ag(M.)=0.19 [54], was used which differs from
our case.

It is to be noted that one of the most important
corrections concerns the final X0 state. At the
w(3770) decays, three gluons are obtained, which produce
three quark-antiquark pairs and further they form X°%° in
the final state. In order to implement this mechanism, we
need to reproduce the absolute value of the cross section.
One of the purposes of this mechanism is the transition of
three gluons (with the total angular momentum equal to 1)
into the final X°%0 pair.
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Based on the work of [48,50], we assume that this
mechanism has much in common with the production of a
proton-antiproton and AA pairs from a photon in a timelike
region. We accept that the factor G, (s) in (44) is the
form factor which describes the mechanism of transition of
three gluons into the final X°%° pair. Therefore, we can
insert into (44) an additional form factor similar to (12) but
with a different value of the C,, parameter,

C
G =t 48
6o = o taTAT) (48)
In this work, when calculating the constant C,,, we use the
same value as in the case of the production of the proton-
antiproton and the X°X° pair [48,50], since gluons do not
feel the flavour of the quarks in the final baryons,

C, = (45+9) GeV*. (49)

Using the technique of the dispersion relation, we restore
the real part of Z;, by (31) and Z3, by (45). All details of
these calculations are described in [46]. Thus, for the real
part of Zp and Z3,, we obtain the following expression:

-2

2 2
n min _ﬂ

ReZi(f) = & {Im Z:($) log

' 2p,dp,
F-P

'min

+

ImZi(81) - ImZi(B) } (50)

Here, we want to note that the imaginary part ImZ(f) of
(36) for the D-meson loop contribution is nonzero above
the threshold (s > 4M 2D); in this case, the lower integration
limitin (50) is Byin = \/1 — M%/M?3,. However, the thresh-
old of the imaginary part ImZ;,(f) for the three-gluon
contribution coincides with the reaction threshold, i.e.,
Smin = 4M%, and therefore, the lower limit of integration
i8S Pmin = O.

VI. THE NUMERICAL RESULTS

In this section, we present numerical results by explicitly
considering the distribution of the total cross-section from
the total energy in electron-positron collisions at the
BESII [29] and BABAR [13] energies. The results obtained
by us are compared with the experimental data of the
BESIII and BABAR. We calculate the total cross section
using formula (11) for £°Z° pair production processes as a
function of the collider c.m. energy +/s in the range from
2.3864 GeV to 4.6 GeV.

In Fig. 3, we plot the dependence of the total cross
section on c.m. energy /s for ete™ — X%° in the Born
approximation. It can be seen that with growth in energy,
the total cross section increases sharply and in the value of

0.35
0.30 -
0.25 1
0.20
0.15 1
0.10 1
0.05 -
0.00 4

23 25 28 3.0 33 35 3.8 4.0 43 45
Vs, GeV

Zp

FIG. 6. The quantity Z,(s) from (31) as a function of the c.m.
energy +/s starting from the threshold /s = 2M%. In this figure
the vertical dashed line shows the position of y(3770).

energy +/s =2.4806 GeV, the cross section reaches a
maximum, further, with increasing energy, the cross section
decreases. The obtained result on the total cross section in
the Born approximation is shown in Fig. 3. The obtained
theoretical result is compared with experimental data from
the BESIII and BABAR.

We want to note that the main parts for the general cross
section are the quantities Z,(s) from (31) and Zs,(s)
from (45), which give the corresponding (D-meson loop
and three-gluon) contributions. The dependence of Zj(s)
on the total energy of /s in the range starting from the
reaction threshold /s = 2M% to 4.6 GeV is shown in
Fig. 6. It is seen that in the real and imaginary parts of
Zp(s) the quantity remains the same as in the case of the
pp [Fig. 7(a) in [48] ], and AA [Fig. 6 in [50] ] final states.
In Fig. 7, we illustrated the dependence of the real and
imaginary parts of Z3,(s) from the total energy /s. It can
be seen from this figure that the same general behavior of

0-0 T T T
—0.5 |
? —1.0 +
S
« —1.5F
<
N —20F
—25+

'0 | | | | | | | | |
23 25 28 3.0 33 35 3.8 40 43 4.5
Vs, GeV

FIG. 7. The quantity Z5,(s) from (45) as a function of the c.m.
energy +/s starting from the threshold /s = 2MY. In this figure
the vertical dashed line shows the position of y(3770).
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18 iy \
| Born - - - -
16 | \ Born+D 4+ 39 —— _
| BES III +—e—
14 | v BABAR ——— i
12 .
o 10F .
2
£ gl 4
6 4
4 4
2 F 4
0 1
2.6 2.9 3.1 3.4 3.6 3.9 4.1 4.3
Vs, GeV
FIG. 8. The total cross section in energy region around

2.6-4.5 GeV including two mechanisms (D-meson loop and three
gluon) in comparison with the BESIII [29] and BABAR [13] data.

the curves as in the case of the pp [Fig. 7(b) in [48] ], and
AA [Fig. 7 in [50]] final states, but the difference in the
numerical results is much more noticeable. However, the
characteristic large negative values of the quantity Z5,(s)
remains, which gives a large relative phase with respect to
the Born contribution to the amplitude. Figures 6 and 7
show that the position of the y(3770) resonance is marked
with a vertical dashed line.

In Fig. 8, we plot the dependence of the total cross
section in energy region around 2.6-4.5 GeV, including
the D-loop and three-gluon mechanisms into the Born
cross section, in comparison with the BESIII [29] and
BABAR [13] data. We made this graph, to show the peak
near of the w(3770) charmonium resonance, which is now
clearly visible. It should be note that in our model, we
consider only the vicinity around y(3770). Thus, we have
only this charmonium in the intermediate state. If one
wants to see the plot over a wide interval, then he must
include additional charmonium states, such as w(2S) or
w(4040), for example. At the moment, we do not want to
extend our calculation in such a complicated way.
Therefore, our prediction is valid only in a narrow interval,
say M(2S) < /s <4040 MeV. We want to note that our
models works in the vicinity of charmonium y(3770), so
we show only this region.

Since the bin width of the BABAR data is very large, to
make a comparison, one should calculate the following
convolution:

fé:"iix o(s)dx

, (51)

Xmax ~ *min

TABLE 1. The numerical results of Born + DD-loop + ggg
cross sections for the c.m. energy /s a comparison BABAR data.

\/E, GeV Gexp ([)b) GgloerDDlooer,(],(]g (pb)

2.800-3.000 34785, 14.14
3.200-3.600 <25 3.03

where x = /S, Xpaxmin are the limits of bin. Using the
formula (51), we calculated the total cross sections over a
wide range of 3.2-3.6 GeV (also in the range 2.8-3.0 GeV)
and compared our theoretical results with the experimental
BABAR data in the energy ranges of 2.8-3.0 GeV and
3.2-3.6 GeV. In Table I one can see the corresponding
comparison of our results with BABAR data.

In this work, we need to remind that we are not doing any
additional parameter fitting. All parameters of our model
are fixed by calculation for the ete™ — pp process [48].

Figure 9 shows the dependence of the total relative phase
¢,, as afunction of the c.m. energy \/s, which is determined
by the charmonium contribution of M,, to the amplitude
with respect to the Born contribution of M without taking
into account the Breit-Wigner factor, that is,

Sp(s) + S3y(s) = IS(s)|e"r. (52)

where Sp,(s) is defined from (30) and Ss,(s) from (43). It
also shows that the position of the y(3770) resonance is
marked with a vertical dashed line. It should be noted that,
as is seen from Fig. 9 at the point of the w(3770)
charmonium the relative phase, and the corresponding
total cross section (18) at the point of y(3770) charmonium
are obtained,

o, = 1.102 pb, ¢y = 194°. (53)
It can be assumed that such a feature is common for the
decay of charmonium of two baryons into the final state.
This was shown in the pp and AA final states for the

210

205 - 9

200 - 1

195 B

Py ©

190 - B

185 1

2.4 2.6 2.9 3.1 3.4 3.6 3.9
Vs, GeV

FIG. 9. The total relative phase of the charmonium (3770)
contribution as a function of the center-of-mass energy /s.
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charmonium y(3770) in [46,48,50] and for the charmo-
nium y,(1P)(3556) in [47].

VII. CONCLUSION

In this paper, we have studied the process of electron-
positron annihilation into a £°X pair in the vicinity of the
charmonium (3770) resonance. In the e*e™ — X0 + X0
process, besides the Born mechanism, which represents
is the pure QED, we also investigated two more contribu-
tions associated with the intermediate state of the charmo-
nium (3770). One of them represents the contributions of
the D-meson loop and the other is the contributions of the
three-gluon mechanism. Here we must remind that the
reaction e*e~ — X0 4 20 can also be initiated by a vector-
charmonium state such as the y. Since the photon and the y
are both vector mesons, the structures of the corresponding
cross section distributions are similar.

It has been shown that both mechanisms make a
significant contribution and give a large part of the final
result. It is also important to note that the curve we obtained

reproduces a minor (low) slope of the experimental
points on the left and right shoulders with respect to the
central point. Once again, we want to note that in this
calculation we do not use any fitting procedures. All
the parameters were fixed for the pp production channel
in [48]. We wanted to perform an accurate scan of the
energy region around the y(3770) charmonium resonance
with small steps. From this we can get a basis for
concluding that during the decay of charmonium the
phases of the vertices y — pp, y = AA, and y — X0%0
are large (¢, ~200°) and can be accurately measured in
these channels. It should be noted that the large-
phase generation is also shown by us and in other series
of papers [46-48,50]. In the future, we plan to consider
other binary processes of formation of final states induced
by annihilation of charmonium.
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