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Abstract—As part of the Standard Model (SM), we present new theoretical predictions for the branching ratio
and differential distributions for the  decay. We take into consideration the contributions

 and  of resonances; the main contributions of four charmonium resonances: ,
, , and ; the contributions of the tails from  and  resonances; and the non-

resonant contribution of the  pairs, bremsstrahlung, and the contribution of the weak annihilation. We use
the model of vector meson dominance (VMD) for calculating resonances contributions.
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INTRODUCTION
The investigation of four-lepton decays of neutral

 mesons is one of the main methods for testing the
predictions of the Standard Model (SM) in higher
orders of perturbation theory. From the structure of
the Lagrangian describing the interaction of quarks
with gauge bosons and the Higgs boson, it follows that,
in the SM in the first order of the perturbation theory,
neutral currents that change f lavor (FCNC) are for-
bidden. Neutral currents that change the f lavor of
quarks can go into the SM in higher orders of pertur-
bation theory due to loop corrections. Examples of
FCNC processes are the decays of neutral  mesons.
This work is devoted to the study of decays of neutral

 mesons into four light charged leptons of different
flavors in the final state, in particular, ultrarare decay

. There are currently two theoretical
predictions for the characteristics of this decay [1, 2].
The experimental study of ultrarare decays of neutral

 mesons in the last 10 years has been carried out at
the LHC [3–5].

1. DECAY AMPLITUDES 

Six main types of diagrams contribute to the decay
amplitude . The first
corresponds to the situation when a virtual photon is
emitted by a valence  quark of a  meson in one
channel by a four-momentum and, in the other, the
formation of a lepton pair occurs due to FCNC (see
Fig. 1).
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Fig. 1. Diagrams corresponding to the emission of a virtual photon by the  quark of a  meson.
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Fig. 2. Diagrams corresponding to the emission of a virtual photon by the  quark of a  meson.
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Fig. 3. Penguin diagrams corresponding to loop contributions of  and  quarks.
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The second type of diagram refers to similar pro-
cesses for a  quark. In this case, the virtual photon is
emitted by the valence  quark of a  meson. Dia-
grams corresponding to these processes are shown in
Fig. 2.

The third and fourth types of diagrams are “pen-
guin” diagrams arising from contributions of  and

 pairs (see Fig. 3). Based on the general form of the
Hamiltonian for the FCNC transition , the
amplitude corresponding to the processes of emission
of a virtual photon by the  quark and contributions of

, , and  pairs can be represented in the follow-
ing form:
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where M1 is weight, Bd is a meson, and four-momen-
tums are given by equalities  and

. The expressions for the currents are
defined as

Form factors , 

,  ,

and  are dimensionless, where

, , and . In this

article, due to its cumbersome nature, the explicit
form of these functions is not given.

The fifth kind of diagrams refers to bremsstrah-
lung, when a virtual photon is emitted by a lepton in
the final state (see Fig. 4).

As an example of the amplitude of the bremsstrah-
lung process, which contributes to the decay ampli-
tude , we can give an expression
describing the contribution the  pair emitted by
the electron and positron in the final state:

(2)

= +1 2q k k

= +3 4k k k

μ μ α

α

μ αμ

α

= μ γ μ −
= γ −

= μ γ γ μ −
= γ γ −

2 1 2 1 4 3

4 3
5 55

2 1 2 1 4 3
5

4 3

( , ) ( ) ( ), ( , )

( ) ( );

( , ) ( ) ( ), ( , )

( ) ( ).

j k k k k J k k

e k e k

j k k k k J k k

e k e k

≡( ) ( )
12 34( , )IJ IJ

a a x x ≡( )IJ
b

( )
12 34( , )IJ

b x x ≡( ) ( )
12 34( , ),IJ IJ

c c x x ≡( ) ( )
12 34( , )IJ IJ

d d x x

≡( ) ( )
12 34( , )IJ IJ

g g x x

= { , , , }IJ VV VA AV AA =
2

12
1

q
x

M
=

2

34
1

k
x

M

+ − + −→ μ μdB e e
+ −μ μ

μ μ

μ
ν α β

μναβ

= α μ γ μ −
× γ −

+ ε γ γ − 

( ) 2
F 2 1

( ) 5
12 123 124 4 3

( )
12 123 124 4 3

*2 ( ( ) ( ))

( , , ) ( ( ) ( ))

( , , ) ( ( ) ( )) .

fi em tb ts

VP

VT

i G V V k k

id x x x k e k e k

f x x x p e k e k

}

. 20  No. 3  2023



338 DANILINA, NIKITIN

Fig. 4. Diagrams corresponding to the emission of a virtual photon by one of the leptons in the final state.
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A similar expression to describe the contribution

of , pairs emitted by  and  in the final state,
is obtained by replacing in the expression (2) of muon

masses with electron masses in form factors  and

.

The sixth kind of diagrams corresponds to the con-
tribution  and  pairs associated with weak annihi-
lation processes (see Fig. 5).
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Fig. 5. Diagrams corresponding to weak annihilation pro-
cesses.
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Accounting for the contribution of weak annihila-
tion processes gives the following amplitude structure:

where .

2. NUMERICAL RESULTS 
FOR DECAY 

Taking into account the contributions of all the
diagrams discussed above, we calculated the partial
width of the decay . When obtaining
the numerical value of this quantity, the EvtGen soft-
ware package was used [6]. The expression for the par-
tial decay width  can be given as

(3)

where  is the total number of events obtained by
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Fig. 6. (1) One-dimensional distribution of the partial decay width  variable  (  channel), (2) one-dimen-

sional distribution of the partial decay width  by variable  (  channel), (3) distribution of the partial decay

width  by variable , and (4) distribution of the partial decay width  by variable
.
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events, and  is the dimensionless maximum of the
matrix element. Numerical values of parameters ,

, and  are obtained within the EvtGen software
package. When calculating the partial decay width of

, areas  and  resonances
were excluded in accordance with the conditions

.
The value of the partial decay width

, calculated in the EvtGen package,
turns out to be equal to

(4)

This value was obtained taking into account the
contributions of  and  resonances.

Based on the theoretical study for the decay
, a model for the Monte Carlo genera-

tor EvtGen was created. With the help of this model, a
set of differential characteristics of decay

 was obtained. When calculating the
differential characteristics, the contributions 
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and , , ,  and reso-
nances and tails from  and  resonances were
considered; areas  and  resonances were
excluded in accordance with the conditions given
above. The relative phase between all resonances in all
calculations is equal to zero.

Distributions of the partial decay width
 by variables  and  are shown in

Fig. 6 (1, 2). The distributions for both variables are
presented in the range ; i.e., distribution
shapes for the electron and muon channels in the
region of small values  should be similar, as is shown

in Fig. 6 (1, 2). In area  there is a

peak from the  meson. Contributions from
 resonances appear as a wide substrate to a nar-

row peak . Fig. 1 (3, 4) shows the distributions
of the partial width of the decay  in
angular variables  and ,
respectively.
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3. CONCLUSIONS

The main results of the work are presented in this
section.

(i) As part of the SM, a prediction is obtained for
the partial width of the decay  taking
into account resonance contributions  and

, , , , resonances, tails
from  and  and nonresonant contributions,
bremsstrahlung, and weak annihilation processes.
Partial decay width :

(ii) Various differential distributions for the decay
 are built using a new Monte Carlo

model created on the basis of the EvtGen generator.
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