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Abstract

In the framework of the extended Nambu—-Jona-Lasinio model, the processes 7 — 7mn(n’)v, and
7 — mnn(n')v; are considered taking into account mesons in the ground and first radially excited in-
termediate states. It is shown that in the processes 7 — wmn(n’)v, the vector channel is dominant, and
in the processes 7 — mnn(n’)v; the main contribution is given by the axial-vector channel. The scalar
meson ag plays a dominant role in processes with two n mesons in the final state. The significance of
the relative phase between the ground and first radially excited states for these processes is shown. The
obtained results for the 7 — w7y, process are in satisfactory agreement with the recent experimental
data from BaBar and CMD-3, which differ from the averaged values given in the PDG tables.
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1. Introduction

The processes related to the nonperturbative region of the theory of strong interactions are
the objects of intensive research in modern electron—positron collider centers such as SLAC
(BaBar), KEK (Belle), BEPC II (BES III), VEPP (SND, CMD-3) and others. It is important
to note the current experiments of BES III, Belle II, and the planned super Charm-Tau factories
that add relevance to the study of the processes of strong interactions. The planned 7-decay
experiments at the lepton colliders, particularly at the super Charm-Tau factory, provide high
statistics and accuracy. The study of processes of meson production in 7 decays is a good
laboratory for the analysis of strong interaction effects at low energies.

However, the theoretical description of the processes in this energy region causes difficulties
related to the inapplicability of the QCD perturbation theory. The spectral functions and the
meson 7-decay widths can be calculated on the basis of phenomenological models taking into
account the quark structures of mesons and the chiral symmetry of strong interactions. Among
such models one can note the chiral perturbation theory [1, 2] and the Nambu-Jona-Lasinio
(NJL) model [3-13], and various extended versions of these models.
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The NJL model is based on the chiral symmetry of strong interactions that is partially
broken by the current masses of the u, d and s quarks. When considering the 1 mesons, it is
important to take into account the mixing of the light v and d quarks with a heavier s quark.
Such mixing appears as a result of accounting for the gluon anomaly that is well described in
the NJL model by using the 't Hooft interaction [14, 15]. In the description of the decays of the
7 lepton with the production of the /1" mesons, the effect of chiral symmetry breaking plays
an important role.

One can note the recent success of the NJL model in the description of a series of four-particle
7 decays with three pseudoscalar mesons with kaons and 1 mesons in the final states [16-18].

Currently, the process 7 — mmnu, is actively studied experimentally. In recent experiments
on this decay, the results have been obtained that differ from the values given in the PDG:
Br (1 = mmnv; ) gapar = (1.63£0.08)-1073 [19], Br (7 — 7mnv; ) cyp.s = (1.68+£0.17)-1073 [20],
and Br (1 — 7mnv; )ppg = (1.39£0.07)-1073 [21]. This gives relevance to the theoretical study
of processes of this type. The 7 — w7 (n')v, decays are closely related to the electron—positron
annihilation processes, since the vector channel is decisive in both cases. Therefore, the widths
of the 7 decays can be estimated from the ete™ data using the conservation of vector current
hypothesis (CVC) [22]. However, for a deeper understanding of the internal structure of the
decays, it is definitely of interest to provide direct calculations.

The present work is devoted to the description of the decays 7 — wmn(n)v, and 7 —
mm(n' vy in the NJL model. For this purpose, both the ground and first radially excited
meson states are taken into account as intermediate resonances. Besides, when considering the
processes T — mnn(n')v,, the scalar states are taken into account, the contribution of which
turns out to be significant, unlike most other processes of this type. An important role is played
by taking into account the phase factor, which determines the phase shift between the ground
and first radially excited states of mesons. The presence of such a phase factor was established
in experimental studies of meson production processes in ete™ annihilation [19, 20, 23].

2. Lagrangian of the NJL model

The extended NJL model used in the present work was formulated in [24, 25]. In this model,
quark-meson Lagrangian was obtained as a result of the mixing of the ground and first radially
excited meson states:

AL =q {Z N (Aayg” + Bagtic?) +i7" > AT (Ax7! + By#7) —|—%’y“ > N (Appl, + Bop),) +

j== j==+ j==
1 . v , .
+ 57 DN (Awal, + Budd,) +i0° Y AuaMM}q, (1)
Jj=%£ M=n,n’

where ¢ is a triplet of the u, d and s quarks with the masses m, ~ my = m = 270 MeV,
ms = 420 MeV; X\ are the linear combinations of the Gell-Mann matrices. The first radially
excited states are marked with a hat. The factors Ay, and B, are defined through the mixing
angles:

1 ) , .
Ay = < (269 (290 ) [gM sin (6a7 + 9%4) + ng(ki) sin (0 — 9%4)],
M
(2)
_1 ,
By = pRNCTIRY 207 ] [gM cos (Oar + 6%,) + ghs f (kL) cos (Or — «9?\4)],
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Table 1. The values of the mixing angles of the ground and first radially excited mesons.

™ P al ag
O 59.48° 81.80° 81.80° 72.0°
6%, 59.12° 61.50° 61.50° 61.50°

where M designates the appropriate meson. The values of the mixing angles are given in
Table 1.

In the case of the n mesons, the four states are mixed: 7, n, and their first radially excited
states. In this regard, the factors a, take the following form:

ay = 0.71g, + 0.11g) f(k?),

3
ay, = —0.32g, — 0.48¢, f (k7). ®)

The scalar mesons are considered here as quark—antiquark chirally symmetric partners of
the pseudoscalar mesons.

The form factor f(k%) = 1+ dk? was included in the model to describe the first radially ex-
cited meson states; d is the slope parameter determined from the requirement that the inclusion
of excited states does not change the quark condensate.

The coupling constants of the initial non-physical mesons with quarks appear as a result of
the renormalization of the Lagrangian:

4 N\ V2 2\ —1/2
Gr = gy = (Z_]2> . =g, = <4I{> :

9 —1/2 9 .\ /2

— _ _ _ f 4

9p = Ga; = (512) ) g;) - g!/ll - (512 ) ; ( )
_ 2\ —1/2

Jag = (4]2) 1/27 g(llo = <4]g ) )

where 7, = <1 — 6"‘—2) 1 is the additional renormalization constant appearing while taking
into account the m—a; transitions.

The integrals I/™ appear in quark loops during the renormalization of the Lagrangian and
take the following form:

" = —¢(2NW§4 / (wf:%g)n@(/\g — k)d*, (5)

where A3 = 1030 MeV is the three-dimensional cutoff parameter [13].
3. The amplitude of the process 7 — v,

The diagrams of the process 7 — manv, are given in Figures 1 and 2.
The amplitude of this process in the NJL model takes the following form:

M =8GrVyam {./Vlcp + M+ Mo+ M+ M, + Mgy +
+ Mcb + Mpb + Mf)b} Lue,uu)\(?pry]pj\r*pfr()a (6)

where G is the Fermi constant, V4 is the element of the Cabibbo-Kobayashi—-Maskawa matrix,
L# is the weak lepton current, and p,, p,- and pro are the momenta of the final mesons.

3
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T ™
n(n')
W
v, T

Figure 1. The contact diagram of the decays 7 — 27n(n')v;. The shaded circle represents the sum
of subdiagrams shown in Figure 3.

T

Figure 2. The diagram with the intermediate vector mesons p and p = p(1450) for 7 decays. The
shaded circle represents the sum of subdiagrams shown in Figure 3.

p; P

T — 77(77/)

Figure 3. The vertices Vrrn(n') with the box quark diagram and two triangle quark diagrams
connected by the virtual vector mesons p and p.

The terms M,,, M,;, M;, and M,; describe the contributions from the diagrams with
the intermediate p mesons in the ground and first radially excited states. The first and second
indices refer to the first and second intermediate states. The index b denotes a box diagram.
The index ¢ denotes the contact contribution. These terms take the following form:

M, = AT Z e BWS = P50

C,
M,, = 49—”[5””[5’”ZMWQQBW§BW5”’ B0,

P
J— ﬁﬂ léﬂ-ﬂ- p7r7+p7r0
Mcﬁ — 4[3 IQ Zﬁﬂ-ﬂ-BWpA 5

C
M = g—p]?fpnlg’”Z,gmeW,j’BWlf"‘ 0

p
Cs oom omr _
Mﬁp = 4g_ﬂj§m7[5 ZpﬂﬂquWﬁqBW/?ﬁ +pﬁ07 (7)
p
Ch rm ppmr 2 117a R Pre PO
My = g—p]3 1" Zpnnq" BW;BWS ,
Mcb = L71T7”77
CP prmn 2
Mpb = _I4 q Bng
9p
Cp rommn 2 q
My = 9—14 q"BW,
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where

IfT I8 m?2

. 8
[2pﬂ'7'l' Mgl ( )

Zper =1 —14

Here the intermediate states are described by the Breit—Wigner propagator

B~ ! (9)

meson . .
Mr%eson - p2 — p2Fmeson

The integrals that arise in the amplitude with meson vertices take the form

’ N, Ay ... Byr.. .
MM Tl M M A2 — E2)g4 1
n Z(271_)4 / <m2 . k2)n @( 3 kj_)d k? ( O)

where A and B are the factors from the Lagrangian (1) relating the quark and meson fields
and containing the mixing angles.

The branching fraction of the process calculated using the amplitude given above turns out
to be lower than the experimental data presented in the PDG:

Br (7 — mmnv, )y, = (0.75 £0.11) - 1072, (11)
Br (1 — 7y, = (1.39 £ 0.07) - 1072 [21]. (12)

exp

The theoretical uncertainty of the NJL model can be estimated approximately at the level
of 15% [26, 27].

According to the works [19, 28|, the phase factors ¢’ with ¢ = 180° describing the phase
shift between the ground and first radially excited states are of great importance. However,
this factor is not described by the NJL model and can be included on the basis of experimental
data by redefining the Breit-Wigner propagator for excited meson states:

BWY, — €’ BW?. (13)

Then the absence of this factor is appropriate for the case ¢ = 0°.

While taking into account €™, the branching fraction of this process in the NJL model turns
out to be higher than the average value given in the PDG but close to recent BaBar and CMD-3
data:

Br (7 — mmnv, )y, = (1.84 £0.27) - 107° (¢ = 180°),
Br (7 — 7700, ) apa: = (1.63 £0.08) - 1072 [19], (14)

Br (1 = mmnv;) onpos = (1.68 £ 0.17) - 1072 [20].

The theoretical result obtained with '™ is in agreement with the experimental data [19, 20]
in the framework of the theoretical and experimental uncertainties. The phase in the range
of ¢ = 150°-180° leads to values of the branching fractions Br (7 — wmnr,) = 1.30 - 1073
1.84 - 1073, As was noted above, the NJL model does not describe the relative phase between
different states. Therefore, in this paper we use the phase value in accordance with the BaBar
and CMD-3 data: ¢ = 0° and ¢ = 180° [19, 28]. Note that the inclusion of the phase factor
previously led to a noticeable improvement in the results obtained for the processes of 7 decays
and ete” annihilation containing intermediate channels with radially excited mesons [26].

The structure of the amplitude of the decay 7 — w7n/v, almost coincides with the structure
of the amplitude of the decay 7 — mmny, with the replacement of vertices related to the n
meson by the vertices related to the 7" meson under the integrals.

5
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The experimental limit on the branching fraction of this process is [21]
Br (1 — 7m0V )ppe < 1.2-107° (15)

at the 90% confidence level.
The theoretical results in the case ¢ = 0° satisfy this constraint:

Br (1 — mrn'v,) = (0.32 £ 0.04) - 107° (¢ = 0°). (16)
However, the use of the phase ¢ = 180° leads to exceeding the experimental threshold:

Br (1 — mmn'v,) = (2.45 £ 0.36) - 107> (¢ = 180°). (17)

600

500 F

400 |

300 F

Events / 15 MeV

200 ¢

100 F

0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8
M GeV

nmT

Figure 4. The invariant mass distribution for 7=mmnyr, decay. The experimental data are taken
from [29]. The solid line describes NJL result with the phase ¢ = 180° corresponding to formula (13).
The results with zero phase are shown by the dotted line.

The invariant mass distribution for the 7 — 7wy, process and a comparison with the Belle
data are shown in Figure 4. Our peak corresponding to the intermediate resonance p’(1450) is
shifted somewhat to the right compared to the Belle data [29]. In addition, this resonance is
larger in magnitude than the experimental data. It is interesting to note that a similar situation
for the differential decay width was obtained in [30] analyzing the eTe™ — 7wy and 7 — 7NV,
data using CVC.

4. The decay 7 — 7 2nv,

The total decay amplitude of 7 — 7~ 2nv, consists of the contributions from the intermediate
axial-vector and pseudoscalar channels in the ground and first radially excited states. For these
channels, we take into account a(980) as the second intermediate state. The total decay
amplitude can be written as

M(T — 7T—277VT) = 64GFVudLu {Mcao + Mayag + Mayag + Maay + Mfmo}u ) (18)
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where the hadronic part of the amplitude is presented in curly brackets. Here the first three
terms correspond to the contributions from the axial-vector channels, i.e., the contact channel
and the channel with the axial-vector mesons a; and a; in the first intermediate state. The last
two terms correspond to the pseudoscalar channels. In all channels, the scalar meson aq(980)
is represented as the second intermediate state, which decays into final products through the
strong vertex agmn. The expressions for the hadronic parts of this amplitude of the contact,
axial-vector, and pseudoscalar channels have the form

agmn ra —+ M
Mcao = muIQO nIQOUZalﬂnBWLILgr K g,ul/(pﬂ* +pn(1) - pn@))u + (pn(U <~ pn(Q))>

Ca apgT ala — (1)
Malao =My g 1120 T]Izl OnZalwnBWz%r P (g,w(cf - 6mi) - quy) X
o
X BWI (pr— + 0oy — 2y + (Py0 < Py@),
Cay ragmn ra. —+p)
Malao = mug_l_]go n]ézmonZalmBng, +py (g,w(QQ _ Gmi) — qﬂqy) X (19)
o

X Bng (pw— + Ppy — pn@))y + (pnu) e pn(z)),
agTn Fagm -+ )
Mgy = 4F L™ 1™ Z, BWIBWar ™™™ " + (pyay 4 pyo),s
Ta agT -+ (v
Miag = AP 3" 137" 2y BWIBWag ™" g 4 (py) < D),

where ¢ = pr +p,a) +p,@. Here the factors Z,,, and Z, arise when taking into account the
non-diagonal m—a; and n— f; transitions. The expressions for these factors take the form

aiaon raim ( - —{—p(1)>2 — M? fraom 7f1n (p _ +p(1)>2 — M2
LD " ! o LD " K n

Zayrn = 1 TEo M2, 150 M3, ’ (20)
. oo pfin P — (pﬂ_ +p7(71>)2 e <p7r— +p7(71))2 — M? o
Igom M]%I 15‘07”7 Mc%l
W) _ 32 ) - a2
|, ];10077];177 <p7r_ +py ) _ ]\477 - Igmoﬂlgm (pw— + Pn ) - M: (21)
Igoﬂl M]%I 12ao7”7 M]%I

As a result, in the extended NJL model for the branching fractions of decay 7 — 7 2nv,

we obtain
Br (7 — mnr,) = (6.0£0.9)-107% (¢ = 180°),

22
Br (1 — mmy,) = (8.80 £1.32) - 107% (¢ = 0°). (22)

The experiment only provides an upper limit on the decay branching fractions [21]
Br (1 — v, )ppg =< 7.4 -107°. (23)

The result in the NJL model for the phase ¢ = 180° satisfies these data.

The decay amplitude of 7 — mnn/v, can be obtained from formula (18) with the replacement
of the vertices n — 7’ and the mass M, — M,,, respectively. The calculations within the
extended NJL model lead to the following result for the decay branching fractions 7 — mnn'v,

Br (1 — mm'v,) = (4.04£0.6) - 107", (24)

7
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5. Conclusion

In this paper, three-meson 7 decays with the participation of 7/n’ mesons in the final
state have been considered within the extended NJL model. The amplitudes for the contact
channels and channels with intermediate vector, axial-vector and pseudoscalar mesons in the
ground and first radially excited states were calculated. The results are obtained with the phase
angle between the ground and first radially excited meson states. In the case of the 7 — wmnv,
process, the angle value ¢ = 180° leads to a result that does not agree with the PDG data but is
consistent with the recent results of the BaBar and CMD-3 collaborations [19, 20|. Calculation
of the process 7 — wmn'v, with a given value of the angle leads to exceeding the threshold given
in PDG. However, there is reason to believe that further experimental study of this process
may lead to a correction of this threshold, since analysis of the latest BaBar and CMD-3 data
provides branching fractions somewhat larger than the average value given in PDG.

The decays 7 — wnr, and 7 — 7wn'v,; occur only through vector channels. These decays
were previously described in the NJL model in the paper [31]. However, the decay width can
be calculated based on the ete-annihilation process using the phase volume transformation.
Similar calculations of the decays 7 — wan(n')v, within the CVC hypothesis were performed in
the paper |22| where the decay widths were estimated as Br (7 — nmrnr,) = (1.53+£0.18) - 1073
and Br (1 — mmn'v,) < 3.2-107°.

The 7 — mmnv, process was considered in the theoretical work [32| within the chiral per-
turbation theory with resonances. However, the calculations were performed without taking
into account the contribution of the intermediate radially excited p(1450) meson. The spec-
tral function for the invariant mass M, was fitted by model parameters based on the Belle
data [29]. At the same time, the calculations in the present work in the NJL model show that
the contribution from the intermediate p(1450) meson is important for describing the decay
widths.

In the paper [32] the 7 — n7nn/'v, decay was also considered. However, the theoretical
estimate for the partial width of this decay is in the range Br (7 — nmn/v,;) = (1 — 4.5) - 10~*
and exceeds the experimental threshold. It is important to note that the estimates for the
T — mrn'v, decay obtained using the CVC hypothesis and within the NJL model exceed the
experimental limit for the decay width. All this may indicate the need for a more thorough
experimental and theoretical study of this process.

The results of calculations in the NJL model for the decays 7 — mnn(n')v, are given in
Section 4. In contrast to the above processes, the matrix elements of these decays are determined
by the axial current. The calculations show that the main contribution to the decay width of
T — mnnu, is given by the axial-vector channels with the intermediate states a;(1260) and
a1(1640) containing the scalar meson a((980). Note that among the numerous 7 decays, the
decay 7 — mnnu, is unique where the scalar isovector meson ag plays a dominant role in
determining the decay width.

In a recent paper [33], a theoretical estimation of the contribution of the intermediate scalar
meson fo(500) to the total decay width 7 — 7 7°7%, was given. It was shown that the
contribution of the intermediate channel fy(500)7 is 13% of the total decay width, which is
consistent with the CLOE II data (16.18 & 3.85) % [34]. Moreover, taking into account the
scalar channel in this decay turns out to be important for a correct description of the invariant
mass distribution function of three pions. All this demonstrates the importance of taking into
account channels with intermediate scalar mesons for a number of three-meson 7 decays.
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