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In this work, we study the strong decays of ¢(2170) to final states involving the kaonic resonances
K(1460), K;(1270), and K;(1400), on which experimental data have recently been extracted by the
BESIII Collaboration. The formalism developed here is based on interpreting ¢(2170) and K(1460) as
states arising from three-hadron dynamics, which is inspired by our earlier works. For K(1270) and
K (1400), we investigate different descriptions, such as a mixture of states belonging to the nonet of axial
resonances, or the former one as a state originating from the vector-pseudoscalar dynamics. The ratios
among the partial widths of K+ (1460)K~, K{ (1400)K~, and K{ (1270)K~ obtained are compatible with
the experimental results, reinforcing the three-body nature of ¢»(2170). Within our formalism, we can also
explain the suppressed decay of ¢(2170) to K*(892)K*(892), as found by the BESIII Collaboration.
Furthermore, our results can be useful in clarifying the properties of K(1460), K;(1270), and K, (1400)

when higher statistics data are available.

DOI: 10.1103/PhysRevD.103.016018

I. INTRODUCTION

The BESIII Collaboration has recently [1] studied some
properties of ¢(2170) [2-9] via the process ete™ —
K*K~7°72°, where a signal with a mass of 2126.5 4 16.8 +
12.4 MeV and a width of 106.9 £32.1 +28.1 MeV is
observed and identified with ¢»(2170). The cross sections
for different configurations of the final state KK~ z%z°
are obtained, and the product Brl"f{"i is determined, where
I'4" ¢ corresponds to the partial decay width of ¢(2170)
to ete” and Br is the branching fraction of ¢(2170)
to a specific configuration of the final state. In parti-
cular, the decay channels K*(1460)K~, K (1400)K",
K*(1410)K~, K{(1270)K~, and K*"(892)K*~(892)
are investigated. To determine BrFf;e_ in Ref. [1], the
data are fitted under the assumption that the signal observed
for ¢(2170) in the different decay channels should have the
same mass and width. While a peak or a dip which can be
related to ¢(2170) is seen in the cross sections of
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ete” - K (1460)K~, K (1400)K~, K{ (1270)K~,  no
evident peak/dip for ¢(2170) is observed in the cross
section for ete” — K**(892)K*~(892) [1]. Also, the
decay to K*"(1410)K~ is found to have a statistical
significance less than 3c. In view of these results, it is
concluded in Ref. [1] that if the signal observed in the
process e*e” — KTK~7%2° is a manifestation of ¢(2170)
the decay of this state via K*7(892)K*(892) and via
K*T(1410)K~ is suppressed as compared to the other three
modes, i.e., K*(1460)K~, K{ (1400)K~, and K| (1270)K .

In this work, we are going to determine the partial
decay widths of ¢(2170) to the channels K*(1460)K~,
K{(1400)K~, and K| (1270)K~ and compare their ratios
with the experimental results obtained in Ref. [1]. These
decay widths depend on the nature of the states involved,
ie., ¢(2170), K*(1460), K{ (1400), and K; (1270), and
several theoretical models considering them as standard
quark-antiquark states, tetraquarks, hadrons molecules, or
hybrid states have been proposed in the recent years [see,
for example, Refs. [10-20] for ¢(2170), Refs. [21-26] for
K(1460), and Refs. [27-31] for K(1270) and K(1400)].
It is discussed in Ref. [1] that the experimental findings on
the decays of ¢(2170) are incompatible with the predic-
tions of the models considering a s5 or hybrid description
for it. Indeed, a 33S, s5 description [32] (where the
spectroscopy notation n?S*t1L, is used to denote the nth
state with total angular momentum J, spin S, and orbital
angular momentum L) leads to a large width for ¢(2170),
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~300 MeV, which is not compatible with the experimental
findings. Within a different quantum number attribution
to the s5 system, treating ¢»(2170) as a 23D, state, the
partial decay widths of ¢(2170) to different channels were
investigated in Ref. [13]. Within such a model, ¢(2170) has
a larger decay width to K*(892)K*(892) and K*(1410)K
than to channels like K(1460)K, K,;(1400)K, and
K (1270)K. Such a decay pattern does not seem to be
compatible with the findings of Ref. [1]. A different nature
for ¢p(2170), a hybrid s3¢ state, was proposed in Ref. [11].
According to the calculations performed in Refs. [11,13],
the partial decay width of ¢(2170) to K*(1410)K is larger,
or of similar order, as compared to the corresponding value
for K,(1270)K, with the mode K(1460)K forbidden for
decay due to a spin selection rule [33]. These properties of
$(2170) appear to be in disagreement with those found in
Ref. [1], as mentioned by the BESIII Collaboration. Also,
such a hybrid interpretation for the internal structure of
¢(2170) seems not to be supported by Lattice QCD studies
[34] and QCD Gaussian sum rules calculations [18]. In case
of a tetraquark nature assigned to ¢(2170) [12,15,35], a
difficulty in obtaining a mass compatible with the exper-
imental data has been reported in Ref. [12] while using
standard QCD sum rules. Though no predictions are
available for the decay widths to the channels studied by
BESIII [1] within a tetraquark model for ¢(2170), it has
been argued in Ref. [13] that such an interpretation would
imply a dominant decay to ¢ (1), which cannot be inferred
from the experimental findings [36].

Therefore, the properties of ¢(2170) observed in Ref. [1]
seem to rule out the quark-antiquark or hybrid nature for
¢(2170), while the tetraquark picture faces a challenge
[13,34]. In this work, we are going to consider the model of
Ref. [14], in which ¢(2170) is interpreted as a state
generated from the dynamics involved in the pKK system,
with KK resonating in the f((980) region. To calculate
the partial decay widths of ¢(2170) to K*(1460)K~,
K7 (1400)K~ and K| (1270)K~, we also need a model
to describe the properties of K (1460), K (1400), and
K (1270). In case of K(1460), we follow Ref. [23] and
interpret K (1460) as a KKK state with a large coupling to
the Kfy(980) configuration of the system, while for
K[ (1270) and K (1400), we are going to adopt three
different approaches:

(i) First, we treat K (1270) and K| (1400) as a mixture

of states belonging to the nonet of axial resonances.
The experimental data on K (1270) and K| (1400)
[37-40] are often analyzed by considering them as a
mixture of two states [27,37-39,41], typically
named K;4, and Kz, which correspond to the
strange partners of a;(1260) and b, (1235), respec-
tively. Although the exact value of the mixing angle
is not well known, it could correspond to something
between approximately 20°-45° [27,37-39,41-43].

(i) We treat K{(1270) as a molecular state. In recent
years, a double pole nature for K(1270) has been
claimed [29,30]. In these latter works, K (1270) is
interpreted as a superposition of two states generated
from the unitarized dynamics of vector-pseudoscalar
channels like ¢K, pK, and 7K*(892). Within the
approach of Refs. [29,30], K| (1400) does not
appear, but we can determine the partial decay width
of ¢(2170) to each of the poles related to K (1270).

(iii) Alternatively to the previous two approaches, we can
consider a phenomenological model based on the
known data related to K;(1270) and K, (1400) [36].
Using such a model, we can determine the decay
widths of ¢(2170) - K (1400)K~, K{ (1270)K".

As we will show, by considering ¢(2170) as a ¢KK

state, we obtain branching fractions which are compatible

with those determined from the available BrT% ¢ results
of Ref. [1].

II. FORMALISM

We calculate the decay of ¢(2170) to the channels
K*(1460)K~, K| (1410)K~, and K (1270)K~. To do this,
we rely on the findings of Ref. [14], where ¢(2170) is
found to arise as a result of three-body interactions. In
Ref. [14], three-body scattering equations were solved for
the KK system, allowing each of the subsystems to
interact in the s-wave. As a consequence, a resonance
was found to appear with mass around 2150 MeV when the
KK subsystem interacts in isospin zero with an invariant
mass approximately 980 MeV. In other words, the ¢(2170)
resonance is found when the $KK system acts effectively
as ¢f(980). A study of a different three-body system,
replacing ¢ by a kaon, was done in Ref. [23]. In this case, a
resonance with mass approximately 1460 MeV was found
when the KK system assembles itself as f;(980). The state
obtained in Ref. [23] was associated with K(1460). Using
the findings of Refs. [14,23] for ¢(2170), K(1460) and
keeping in mind that K;(1270) and K,;(1400) decay to
vector-pseudoscalar channels with large branching ratios,
we consider that ¢(2170) decays to the aforementioned
channels through the diagrams shown in Fig. 1.

As can be seen, due to the nature and properties
of the states involved, the processes ¢(2170) —
K*(1460)K~,K{ (1400)K~,K (1270)K~ proceed through

¢ _ ¢ .
(k+q) ots® htq) o
#r (P) K@ 3P K@

0 > 0 >
P-k—q9 K} P-k—q) K(p
FIG. 1. Decay mechanism of ¢(2170) to K™ (1460)K~ (left)
and K| (1400)K~ and K| (1270)K~ (right). We use the nomen-
clature ¢ = H(2170), fo = f4(980), Kx = K(1460), and K,
can represent either K(1400) or K, (1270).
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FIG. 2. Some of the decay mechanisms of ¢$(2170) to
K" (892)K*~(892).

a triangular loop of a virtual ¢, f(980) and K* [hence-
forth, for the sake of convenience, we shall denote ¢(2170)
as ¢, K(1460) as Kz, f0(980) as f, and use K, for
K(1400) and K(1270) whenever there is no need to
distinguish them].

Considering ¢ as a ¢f(980) resonance, the situation is
different for the decay process ¢pp — K**(892)K*~(892)
(see Fig. 2). In this case, the ¢f((980) structure of ¢p
suppresses the decay to K**(892) K*~(892) as compared to
the ones shown in Fig. 1. This is because the former process
involves more than one loop (of triangular or higher
topologies), as can be seen in Fig. 2. Thus, within a
¢f(980) molecular type description for ¢(2170), one of
the main conclusions of Ref. [1] gets naturally explained.

Let us now determine the amplitudes for the processes
shown in Fig. 1 to calculate the corresponding partial decay
widths. To do this, we use the Lagrangian [44]

L =—ig(V,[P,d"P]) (1)

to describe the K™ K~ vertex, where g = My /(2f,) (with
My ~M, and where f,~93 MeV is the pion decay
constant) and V, and P are matrices having as elements
the vector and pseudoscalar meson fields,

L+ﬂ_ zt K+

Ve V2
K~ K° - %}1
ﬂéo ot K
Ve=1| ,- w\;g" Ko | . (2)
K= K0 ¢

u

The contribution of the vertices ¢prpfo, KrKfo, K 1¢pK,
and fyKK can be written in terms of the corresponding
fields as

Lpr—tto = Jpx—dfo€or "~ €b>
Iki—K*fo = IK;—K* for
Lrosk+*K~ = 9fo—K K>

Ikf—pk* = 9K —~pk*€K} " €¢> (3)

where g,_.; represents the coupling of the state a =
dr Ky, K{.fo to the channel g=¢fo, K fo ¢K",
K"K, respectively. The coupling constants related to each
vertex in Eq. (3) depend on the properties of the hadrons
involved in the vertex. In the following, we discuss the
evaluation of these coupling constants.

A. fy(980)K* K~ vertex

There exists growing evidence on the dominant role
played by the KK dynamics in describing the properties of
f0(980) (see the review on “Interpretation of the scalars
below 1 GeV” of Ref. [36]). Based on the degrees of
freedom of the different models, f,(980) is often described
as a s state surrounded by a KK meson cloud or as a KK
bound state [36].

To determine the coupling gr _x+x-, we follow the
chiral unitary approach of Ref. [45], where f, is generated
from the interaction of two pseudoscalars, in particular, KK
and zz, in the isospin / = 0 configuration. In this way,
9r,—(kk), (Where the subscript indicates the isospin con-
figuration of the system) can be calculated from the residue
of the T-matrix in the complex energy plane, where a pole
for f(980) is found. The value obtained is

Gf0o (), = 3895 + i1328 MeV. (4)
Using the isospin phase convention |[K~)=—|I =1,
I3 =— %) the couplings gy, _. ki), and gy, k- - are related

through a Clebsch-Gordan coefficient,

9fo—(KK
9fo—K+*K- = —%- (5)

The coupling in Eq. (4) leads to a branching fraction
[(fo = zx)/[0(fo = am) + T(fo — KK)] [45] compat-
ible with the values known from experimental data [36].

B. ¢(2170)¢f((980) vertex

Motivated by the findings of our previous work [14],
we describe ¢(2170) as an effective ¢f(980) state. In
Ref. [14], ¢(2170) is generated from the ¢KK interaction,
with KK forming f;(980) in the energy region of the
three-body resonance. The coupling of ¢(2170) to
¢f(980) can be determined in the following way [14]:
we assume that around the peak position the scattering
matrix Tz 4, Which depends on the invariant mass of
the ¢£¢(980) system (,/Sy7,), is proportional to the three-
body amplitude 7y xk) —pkk), When /s ~ My170) and

VSkk ~ My 950, 1.,

Tyry—pro = T gk R))—p(KR),y- (6)
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In Eq. (6), a is a constant determined by imposing the
unitary condition for Im{Tg}o_, 45, ) treating the ¢£(980)
system as an effective two-body system, i.e.,

Py
—1 _ g
{7 f i} =g e @

877,'1 /s‘/’f() ’

with |p,s,| being the modulus of the center of mass
momentum for the ¢fy system at /sy~ M, . If we
assume now a Breit-Wigner form for Tz _skk),
around /s ~M,, and /sgx ~M;, we can obtain the
coupling g,,_.4r, in terms of the three-body amplitude
given in Ref. [14] as

2 s _ _
g¢R_,¢(K1'<)O - lMlﬁRFl/)RTl/'(KK)U-"/’(KK)o' (8)

In this way, by using Eq. (6), we can get the coupling of
$(2170) to ¢pf,(980) as

2 _
Ipr—afo = “gﬁsmwk)o' ©)

In the model of Ref. [14], the partial decay width of
#(2170) — ¢(KK), was found to be of the order of
30 MeV. However, since the relation in Eq. (6) is mean-
ingful for \/s ~My_ and \/sgg ~M;, we should admit
certain uncertainty in the partial decay width of ¢(2170) —
#£0(980) and, thus, in the coupling g, _.,, - To do this, we
have considered that the partial decay width of ¢(2170) —
¢f(980) could change in the range 30-50 MeV, while
keeping the strength of T kg) ki), around the peak
position. We then determine the average value and the
standard deviation of g, s when changing Iy _,;/ ~
30-50 MeV and find

|9puapse] = 3123 £ 561 MeV. (10)

Since the partial decay widths of ¢(2170) depend, among
other variables, on | g‘/’R_)(/J’fO" it is important to show the
reliability of the value in Eq. (10). To do this, we evaluate
the cross sections for the ¢f((980) configuration of the
final state K*K 7t (2%)n(z°), ie., for the process
ete™ — ¢f(980), which is precisely the reaction in which
¢(2170) was observed for the first time. The cross sections
forete™ — ¢f(980) have been determined by the BABAR
Collaboration in Refs. [2,6].

In Fig. 3, we show the results found for the eTe™ —
¢f(980) cross sections. The different datasets correspond
to the BABAR data for the cross sections of ete™ —
@f0(980) collected over different years (empty circles
and triangles are taken from Ref. [2]; filled circles and
squares are from Ref. [6]). The dark (light) shaded region
represents the cross sections obtained within our model
(described in Appendix A) by considering a partial decay

Ot 6 ¢, (980)(ND)

Vs(GeV)

FIG. 3. Model results for the cross sections e™e™ — ¢ f(980).
The data points are taken from Refs. [2,6], where the ¢f(980)
final state is reconstructed from K™K~z "z~ (solid triangles [2]
and squares [6]) or from KtK=7%7° (open [2] and solid circles
[6]). The dashed (dotted) line represents the background used in
Ref. [14] (Ref. [6]). The lower and upper limits of the shaded
regions are obtained by using the above-mentioned backgrounds
when implementing the final state interaction to generate
¢(2170). The partial decay width of ¢ — ¢f, is changed
between 30 (dark shaded region) and 50 MeV (light shaded
region).

width of ¢(2170) — ¢f,(980) of ~30(50) MeV. The
lower (upper) bound of these regions represents the result
obtained with the background found in Ref. [46] (Ref. [6])
for the process ete™ — ¢f((980) and a peak position for
@(2170) of 2150 (2175) MeV, as in Ref. [14] (Ref. [6]). As
can be seen in Fig. 3, the data on ete™ — ¢f are well
reproduced, which shows the suitability of the interpreta-
tion of ¢(2170) as a ¢f((980) state and the value obtained

for gy, ps,-

C. K*(1460)K*£,(980) vertex

To get the coupling IK:—K* fo» W rely on the findings of

Ref. [23], where three-kaon scattering equations were
solved within two different formalisms. One of the methods
in Ref. [23] consisted of solving Faddeev equations with
unitarized chiral two-body amplitudes for KKK, Kz, and
Knn coupled systems. All the two-body interactions were
kept in the s-wave. Within a second method, a non-
relativistic potential model was used to study the three-
kaon system to obtain the corresponding wave function
through the variational approach. In both cases, a three-
body resonance was found with mass in the range of
1420-1460 MeV and width varying between 50-100 MeV,
when one of the KK system forms f,(980). The state was
related to K(1460). The KKK s-wave interactions have
been studied within several approaches different to the one
used in Ref. [23] (see Refs. [22,24-26]), and a kaon state
has always been found to arise with mass approximately
1460 MeV but with widths ranging between 50-200 MeV,
depending on the model.

With the findings of Ref. [23] at hand, one would imagine
that, analogously to the case of ¢(2170)¢f((980), the
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coupling Ik —K*f, can be obtained by relating the 7-
matrices T'g (ki) -k (kk), ad Tkf,—ky, Via Eqs. (6) and (7).
However, K(1460) is below the Kf((980) threshold, con-
trary to ¢»(2170), and, thus, relations based on the unitary
condition cannot be used. A different strategy to calculate
9k —k*f, 1 to consider that since the T-matrix for the

K(KK), system depends on /s and | /5gz)
Tk (ki) —k(kk), ad Ty, ks, can be related via [47]

2
Tkfo=kfo»

(11)

for \/s ~ Mk, and | /s(xg) ~ My, . By considering a Breit-
Wigner form for T, gy, around | /Sgxz ~ Mg,,

9fo=(KK),
_ 2 :
SKR — Mfo + leOFfO

Tk(kR)~K(KK), =

2
IK p—KF, (12)
Sk, = Mk, + iMg Tk, —s,

Tkpy—kp, =

we can determine the value of gk, from Eq. (11).
Interestingly, this way of finding g, ks, if applied to the
case of ¢(2170) and the ¢f, system, results in a value of
|94x—as,| similar to the one given in Eq. (10).

Keeping in mind that the peak position and width
of K(1460), in Ref. [23], varies between 1420-1460 and
50-110 MeYV, respectively, depending on the model used,
we compute the corresponding uncertainties in the value of
Jk—Kf,+ This is done by using a Breit-Wigner description
(Tﬁ?;( x),) for the three-body amplitude Tk (k) -k k&),
obtained in Ref. [23], considering that |T§ZG_{)O| ~
Tk (kk),~k(kK),| around the peak position, while varying
the width in the range 50-110 MeV. Using the mass and
width for f((980) within the model [45] discussed in
Sec. 1T A, we get the following average and standard
deviation for |gg,_x,|:

ks kg, = 4858 & 1337 MeV. (13)

To end this subsection, a brief discussion on the width
of the state obtained in Ref. [23] is in order here. We
determine Eq. (13) considering that the state found in
Ref. [23] corresponds to K(1460) [36], though the width of
the state in Ref. [23] is smaller than the one listed in
Ref. [36] for K(1460), approximately 250-330 MeV.
A possible reason for such an apparent discrepancy could
be the fact that the width obtained in Ref. [23] comes
from three-body channels, considering s-wave interactions
between the different pairs. According to Ref. [36],
K(1460) decays to Kzz in the s-wave as well as to
7nK*(892) in the p-wave. Such p-wave channels can
increase the decay width of K(1460), even though they
are not essential for the generation of K(1460) in the

approach of Ref. [23]. From the study of Ref. [48], the
partial decay widths of K(1460) to Kz in the s-wave and
to 7K*(892) in the p-wave are similar. Thus, the partial
decay width of K(1460) to Kzx in the s-wave could be of
the order of 100 MeV, in line with the findings of Ref. [23].
And it is the K f,, coupling to K(1460) which is relevant for
the study of the ¢(2170) decay, with the latter being
interpreted as the ¢ f, state. Alternatively, it may be that the
width of K(1460) is overestimated in the partial wave
analyses when fitting the data. For example, an interesting
feature can be noticed in Figs. 1 and 3 of the supplemental
material of Ref. [1], which shows the data for the eTe™ —
KtK~7%7° reaction, for center of mass energies 2125 and
2396 MeV. It can be seen that the energy dependence of the
K*7°2° invariant mass distribution passes from having a
broad distribution around 1460 MeV to a much richer
structure, as the total energy increases. Further, though the
K*z° invariant mass distribution shows the formation
of K*(892) at both the center of mass energies, a clear
signal of £,(980) in the z°z° invariant mass distribution is
observed only at the center of mass energy of 2396 MeV.
And it is at this center of mass energy, where, within the
uncertainties in the K*z%z% data, a clearer structure at
1460 MeV seems to appear, which could have a width
narrower than the extracted value of 230 4+ 35 MeV. This
indicates that experimental data with higher statistics can be
useful to clarify the properties of K(1460).

D. K pK* vertex

The nature of K;(1270) and K,(1400) is still under
debate. One of the approaches frequently used to describe
the properties of these states is to consider that they are
both a mixture of the K, and K states, belonging to the
nonet of axial resonances. In the last decades, a different
nature has been proposed for the axial resonances
[28-31,49,50]. In these models, axial resonances are found
to arise from the interaction of pseudoscalar and vector
mesons. Alternatively to the above two approaches, we can
consider a phenomenological model using the known data
related to K;(1270) and K;(1400) [36] to study the decay
of ¢(2170).

Thus, in this work, to evaluate the couplings
9K+ (1270)— K+ and 9K (1400)—gpKk+ WE have considered the

three different aforementioned approaches. We discuss
more details on the determination of IK+(1270) =K+ and

K+ (1400) K * in the following subsections.

1. Model A: K{(1270) as a state arising
Jfrom meson-meson dynamics

In Refs. [28-31,49,50] (mainly in Refs. [28,29], with the
other references being works following the latter one), two
poles have been found around 1270 MeV with the quantum
numbers of K;(1270). However, the interpretation of the
poles is different in Refs. [28,29]. While the former work
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associates the two poles with K;(1270) and K;(1400),
both poles have been related to K (1270) in the latter one,
and it is argued that the superposition of the two poles
should be interpreted as the signal observed in the exper-
imental data for K;(1270). Further, it has been shown in
Ref. [30] that the double pole nature for K;(1270)
describes well the WA3 data on K~p - K~ ztz p. To
consider the influence of the molecular nature of K (1270)
on the decay of ¢(2170) to K,;(1270)K, we use the
information given in Ref. [30] on the K;(1270)¢K cou-
plings, since it is straightforward to implement in our model
describing ¢(2170) as a ¢f, resonance. For the conven-
ience of the reader, we list here the poles, as found in
Ref. [30],

7, = 1195 — i123 MeV,
2, = 1284 — i73 MeV, (14)

and their couplings to the ¢K channel

() _ :
9k (1270, = 2096 = 1208 MeV,

Tk 1270) g = 1166 = 774 MeV., (15)
with the superscript being related to the poles in Eq. (14).
When calculating the decay width of ¢(2170) —»
K (1270)K~, we consider the contribution of each pole
separately as well as the superposition of the two poles.

Since the state K;(1400) is not generated within the
approach of Ref. [30], the decay width of ¢(2170) —
K{(1400)K~ is not determined within such an
interpretation.

2. Model B: K,(1270) and K,(1400) within
a mixing scheme

To consider K (1270) and K (1400) as a mixture of K,
and K,p, states belonging to the nonet of axials, we use
the information given in Ref. [27] on the couplings of
K(1270) and K,(1400) to different pseudoscalar-vector
channels. Such couplings (in Table 3 of Ref. [27]) lead to
partial decay widths of axial resonances to hadronic
channels which are compatible with the values known
from experimental data. It must be mentioned that the
mixing angle between K4 and K,z is not known with
precision and different values have been determined phe-
nomenologically. We will use values of 29°, 47°, and 62°,
which have been claimed to be compatible with the data
[27,37-39,41].

The couplings provided in Ref. [27] cannot be directly
used here, since they are related to vector mesons described
by tensor fields of rank 2 [51,52]. The vector meson field in
our work [see the 1K gkt amplitude in Eq. (3)], on the

other hand, is written in terms of an associated polarization
vector [44,53]. Thus, to determine the coupling IK: — K+

which should be used in Eq. (3), we first evaluate the
decay width of K; — ¢K within the approach of Ref. [27],

FIT(1+—> SK* and obtain the value of IKF —gK* such as to

reproduce the same width with Eq. (3) (see Appendix B for
the details on the calculation of the decay width).
We find the following values of |gg+_ 4x+| as a function

—¢

of the mixing angle «:

1081 MeV, a = 29",
|gkrr<]270)_,¢[(+| = 946 MCV, a = 470,

1286 MeV, a = 62°,

3543 MeV, a=29°,
|g[(?r<|400)_,¢[(+| — 3546 MCV, a = 470, (16)

3509 MeV, a = 62°.

To take into account the uncertainty in the value of the
mixing angle, we calculate the average and standard
deviation for the values of the couplings using the above
results, and we get

|gKT(1270)_)¢K+| — 1104:': 171 MeV,
|9k (1400~ k| = 3533 £21 MeV. (17)

3. Model C: Phenomenological approach
to describe the K (K vertex

Instead of considering a molecular nature for K;(1270)
or using an approach based on treating K,(1270) and
K(1400) as mixture of states belonging to axial nonets, we
can determine the couplings of K;(1270) and K (1400) to
¢K phenomenologically, by using the available data on the
hadronic and radiative decay of these states [36]. We refer
the reader to Appendix C for the details on the evaluation of
the coupling K; — ¢K within this model.

Given the uncertainties in the experimental data, three
different solutions are found for | Ik (1270) =gk + |, which are

3967 =419 MeV, solution S,
|9+ (1270) >k | = 12577 £763 MeV,  solution'S,,
19841 + 1177 MeV, solution S5.

(18)

In case of the process K| (1400) - ¢K*, we obtain the
following value:

|9k (1400)~gic+ | = 8480 £ 1333 MeV.  (19)

A word of caution is in order here: it is important to recall
that information from direct measurements of processes
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like K, (1270) — yK is not available and the radiative decay
widths of K(1270) and K;(1400) are extracted through
Primakoff effect, by assuming that they are a mixture of the
K4 and K states mentioned in the previous section. Thus,
if the K; resonances have a different origin, and are not
related through a mixing angle, then the experimental
information available [36] on the radiative decay widths
of K, and, hence, the results obtained on ¢(2170) —
K[ (1270)K~ and K (1400)K~ within this phenomeno-
logical approach, will require revising.

E. Decay widths of ¢(2170)
into a kaonic resonance plus a K

The decay widths for the processes shown in Fig. 1 can
be obtained as

7|
= /d932 Ve Z|r|2 (20)

$(2170) “pol

where f dQ is the solid angle integration, ¢ represents

the amplitude for each of the processes depicted in Fig. 1,

and the symbol i indicates the sum over the polar-
pol

izations of the particles in the initial and final states and

average over the polarizations of the particles in the

initial state.

Using the Feynman rules, we can write the amplitudes
necessary to calculate Eq. (20) in terms of the vertices
described in the previous section. In case of the process
$(2170) - K+ (1460)K~, we have

. d*q
UK K- _/(2 ) Lpp—dfolp—KT K LROK+ 5K+ (1460)

1
x , : —. (21)
[(k+ q)* = M, + ie][(P — k — q)* = M} + ie]lq” — M§ + ie]
Considering now Egs. (1) and (3), we get after summing over the polarizations of the internal vector mesons
: K LN LR LTI ;)
—Zt¢R—>K;K‘ = g¢R—>(/)f0'ggKE_’K+fll€Z§R( ) |f( <1 —M—é> [( ) — 1 +M§) +M%¢ I( ) + = Md) (22)
|
where oo I 3
[@a~ e [Ta@iar [ acoso][Fillail
d*q 1:q,:4,9,: ¢ ’ - =l
I(O)I“)I(?I@) = / w4y 23
stH s LUV > (277:)4 D ? ( ) (26)
and where 6 is the angle between the vectors § and k.
For a given decay process (depicted in Fig. 1), the index
_ 2 2 2 2
D=[(k+q)" - My + ie][(P—k=q)* - My, + i€] i =1, 2,3 in Eq. (26) indicates the three vertices involved
X [¢* — M% + ie]. (24)  in the decay mechanism of ¢(2170), |g;| represents the

Similarly, for ¢(2170) - K K™,

—it¢R->K]+K- = g¢R—>¢fogl(]+—>¢K+gjb—»l(*l(‘eft;ﬁ,(P)el;q(k)

¢

k 1(2)

(0) p o)t
—Gud” + 5L+ (25)

M M¢

where K| can be K| (1270) or K| (1400). The details
related to the calculation of the integrals in Eq. (23) can be
found in Appendix D.

Since we consider an approach in which the states
$(2170), K(1460), f((980), and K;(1270) are composite
hadrons, a form factor is associated with each of the
three vertices involved in the loop in Fig. 1. In this way,
when regularizing the d*¢ integration in Eq. (23),

modulus of the momentum in the center of mass of the
vertex i [¢ and g* in Eq. (26) are related through a Lorentz
boost], and A; are as defined in Refs. [14,23,30,45]
(Appogpf, ~ 2000 MeV, Ag, ks, ~ 1400 MeV, Ay _xg ~
1000 MeV, and AKT(1270)—>¢K+ ~ 750 MeV). The function
F; in Eq. (26) represents the form factor considered for the
vertex i. In case of regularizing the d° g integral with a sharp
cutoff, a Heaviside ®-function, i.e.,

= 0(lg;[ = A, (27)
is used. A monopole form, i.e.,

A?

Fj=—i . 28
LA g @)
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or an exponential dependence of the type

%12
177

Fi=e ™ (29)

is also commonly used as a form factor for the vertices. The
value of /_\i, which is similar to the value of A;, is chosen in
such a way that the area under the curve of F7 as a function
of the modulus of the momentum is the same, independ-
ently of the form factor used [54].

We are now in a position to calculate $_|¢|? for the decay
pol

processes in Fig. 1, which depends on the coupling
constants determined in the previous sections, and evaluate
the corresponding decay widths using Eq. (20).

III. RESULTS

In this section, we present the results obtained for the
decay widths of ¢(2170) to a final state involving the
kaonic resonances K (1460), K{ (1400), and K| (1270).
We will also present the related branching fractions and
compare them with the information available from Ref. [1].

A. Decay widths

In Tables I-III, we show the results obtained for the
decay widths of ¢(2170) - K (1460)K~, K| (1400)K~,
and K| (1270)K~, respectively. As can be seen, the results
determined with different form factors are compatible with
each other. In case of the decay width of ¢(2170) —
KT (1460)K~ (see Table I), we find a value around
0.8-2.0 MeV.

For the decay width of the process ¢(2170) —
K (1400)K~ (see Table II), the result found depends on
the model considered to determine the coupling of
K{(1400) - ¢K*: within model B, which relates
K(1400) and K (1270) through a mixing angle, the decay
width obtained for ¢(2170) — K (1400)K~ is around
1.5-3.1 MeV. However, if we determine the K (1400) —
@K™ coupling considering model C, which uses the data
from Ref. [36], the result obtained for this decay width is
approximately 8-19 MeV, representing in this way a
sizeable contribution to the full width of ¢(2170).
Although it should be reiterated that the experimental data
on the radiative decay of K (1270) and K| (1400) are

TABLE 1. Partial decay width (in MeV) of ¢(2170) —
K™ (1460)K~ by considering different form factors, as explained
in Sec. I

Form factor Decay width
Heaviside © 1.5£05
Monopole 1.3£04
Exponential 1.3+0.5

TABLE II. Partial decay width (in MeV) of ¢(2170) —
K{(1400)K~ taking into account the different form factors
and the models B and C discussed in Sec. II to describe the
properties of K;(1400).

Decay width

Form factor Model B Model C
Heaviside ® 2.6 £0.5 15+4
Monopole 19+£04 11+3
Exponential 21+04 12£3

obtained, through the Primakoff effect, by assuming them
as mixture of states belonging to the axial nonets. Thus, the
results on the radiative decays in Ref. [36], and, conse-
quently, the decay width of ¢(2170) — K| (1400)K~
found within model C, may need to be taken with caution.
We do not discuss the decay of ¢(2170) — K, (1400)K
within model A, which treats K;(1270) as a meson-meson
resonance [29,30], since K;(1400) was not found to arise
from hadron dynamics in these latter works.

For the decay width of ¢(2170) — K| (1270)K~ (see
Table III), we find that the result depends on the model
used to calculate the coupling of K| (1270) — ¢K*: within
model A, where K[ (1270) is generated from vector-
pseudoscalar channels and has a double pole structure,
the decay width obtained is around 1-2 MeV when
considering the superposition of the two poles. Such a
superposition has been implemented in two ways: 1) We
use an average mass for K(1270) in Eq. (25), and the
coupling IKF K+ is substituted by the sum of the

couplings related to the two poles, i.e., ggl
1

(2)
Ikt (1270) gk +

(1) (2)
I¢R_>1<]+K- + t(/;R—>Kl+K-

contribution related to each of the two poles. Then, the term

(1) (2)+
2Re{t(/)R_>K]+K- e

squared is obtained by using an average mass for K (1270).
In both cases, an average mass of K;(1270) is used in the
phase space. The results obtained in the two ways are
compatible within the uncertainties shown in Table III.
Continuing with the discussions on the results obtained
within the model A, considering the description of
Refs. [29,30] for K;(1270), the contribution to the decay
#(2170) — K (1270)K~ from the pole z; is larger than the
one from the pole z,. This finding is in line with the fact that
the former pole couples more to zK*(892) [29,30]. It
should be mentioned here that of the two poles found in
Refs. [29,30] [see Eq. (14)] the mass related to the pole z, is
closer to the value determined from the fit to the exper-
imental data in Ref. [1]. However, the process K| (1270) —
nK*(892) is considered in Ref. [1], where the final state
couples rather more strongly to the pole z;. Thus, when

(1270)gk*
2) The amplitude LK K- is written as

, where the superscript indicates the

«} needed to calculate the modulus
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TABLE IIL

Partial decay width (in MeV) of ¢(2170) — K (1270)K~ by considering different form factors and the models A, B, and
C to describe the properties of K;(1270), as explained in Sec. II.

Decay width

Model A Model B Model C
Form factor Poles zy, 2o Pole z; Pole z, Solution S, Solution S, Solution S;
Heaviside © 1.5+03 0.6 +0.1 0.22 £0.04 0.12 £0.04 1.6 04 17+£3 41+9
Monopole 0.8+0.2 03 £0.1 0.12 £0.02 0.07 £ 0.02 09+0.2 9+2 23 £5
Exponential 1.0+0.2 0.4 +0.1 0.15+0.03 0.09 +0.02 1.1+0.3 11+2 28+6
comparing our results with the experimental information, r N _
as we present in the subsequent paragraphs, it might By = px—K[ 1270k~ _ Brlgg — K| (1270)K7] (32)

be more meaningful to consider the decay widths
obtained from the superposition of the two poles. In
any case, if the two pole nature of K (1270) is confirmed,
the results in Ref. [1] on the related process may require a
revision.

Within the mixing scheme of model B, we find that
the results obtained for the decay width of ¢(2170) —
K (1270)K~ are similar to the ones calculated with model
A for the pole z,. Such a result could be in line with the fact
that the mass of K;(1270) in model B is very similar to the
mass value associated with the pole z, in model A.

Interestingly, if we consider model C, where we used
the experimental data available in Ref. [36] to estimate the
couplings of K (1270) and K (1400) to the K channel,
we find two different scenarios for the decay width of
#(2170) — K (1270)K~. In one of them, which corre-
sponds to using solution S; of Eq. (18), the results are
compatible with those found in the model A. In the second
scenario, which uses solution S, or S3 of Eq. (18), a much
bigger decay width for ¢(2170) — K| (1270)K~ is
obtained, which would constitute a sizeable part of the
total width of ¢(2170).

B. Branching ratios

In Ref. [1], the partial decay widths of ¢(2170) —
K*(1460)K~, K| (1400)K~, K| (1270)K~ were not mea-
sured. Instead, the products BrI' ¢, with T'¢ ¢ being
the partial decay width of ¢(2170) — eTe™ and Br the
branching fraction for each of the ¢(2170) - RK~ proc-
esses, with R = K(1460), K{(1400), K (1270), were
extracted. Since the decay width ', ¢ is not known, we
can use the information provided in Ref. [1] to calculate
the ratios

Dk (1460)k- _ Bri¢r — K*(1460)K"]
Br(gpgr — K{(1400)K~]’

B (30)

N L ek (1400 K-

_ F¢R—>K+(1460)K’ o Br[¢R b K+<1460>K_}
" Brigg = K{(1270)K7]’

B, (31)

N Lok (1270)K

T L ek (1400) K-  Br(gg — K{(1400)K7]’

and compare with our results. Note that, although the above
ratios do not depend on the coupling g, .4, the triangular
loops and the other vertices involved in the calculation of
the decay widths appearing in Egs. (30)—(32) depend on the
consideration of ¢(2170) as a ¢f,(980) state. Thus, the
particular values found for the B;, B,, and B3 ratios are
related to the nature, not only of ¢(2170) but also to the one
of K(1460), K (1270), and K7 (1400).

In Ref. [1], the values (in eV) for the products
BTy ¢ are

Brpg — K+(1460)K-]1% ¢ =3.0+£3.8,

Brid —>KT(1400)K‘}F§+€_ _ {4.7j:3.3, solut?onl,
98.8 7.8, solution?2,
n et e 7.6+£3.7, solution 1,
Bride = K (1270)K7]T% _{152.6i14.2, solution2,
(33)

having two possible solutions in case of the processes
#(2170) — K| (1400)K~, K (1270)K~ from the fits to
the data. Using Eq. (33), we can determine the experimental
values for the By, B,, and Bj ratios, finding

B { 0.64 +£0.92, solution 1,
' 710034004, solution2,
p {0.40 4+ 0.54, solution 1,
2 7 10.0240.03, solution2,
1.62 £ 1.38, solution 1,
BYP — (34)
3 .
1.55£0.19, solution?2.

Considering now the decay widths listed in Tables I-1I1, we
can calculate the ratios in Egs. (30)—(32). We present the
results in Tables IV-VI. Since the decay widths obtained in
this work do not depend much on the form factors
considered, the values presented for the ratios correspond
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TABLE IV. Results for the branching ratio B;. The label
“Experiment” refers to the values given in Eq. (34).

TABLE VI. Results for the ratio B;. The label “Experiment”
refers to the values given in Eq. (34).

B, B;
Our results Model B 0.62 £0.20 Our results Model B 0.04 £+ 0.01
Model C 0.11 +=0.04 0.09 +0.02 (Solution S;)
Experiment Solution 1 0.64 £0.92 Model € (2)28 i 8}8 ggisggg 22;
Solution 2 0.03 +0.04 ' ' 3
Experiment Solution 1 1.62 +1.38
Solution 2 1.554+0.19

to the average of the results obtained with different
form factors.

The ratio B, [see Eq. (30)] involves the decay width of
$(2170) — K (1400)K~; thus, it can be calculated within
models B and C. The results obtained in the former case
are compatible with the experimental value related to
solution 1, while the results in the latter case are closer
to the experimental value obtained from solution 2,
although the results obtained in model C can also be
compatible with the value found from solution 1 due to the
uncertainty present in the experimental data.

As can be seen from Table V, the value of B, depends on
the description considered for K (1270). Within model A
[in this case, K;(1270) has a double pole structure], we find
that the interference between the two poles leads to a value
which is closer to the upper limit for this ratio obtained with
solution 1 of the BESIII Collaboration. We also find that
the contribution from the individual poles of K (1270)
produces a larger value for B,, which is not compatible with
the experimental value. In the model B, the values obtained
for B, are not compatible with those determined from the
experimental data. In case of using model C, solutions S,
and S; give rise to a value for B, which is compatible with
solution 2 of Ref. [1]. Solution S;, instead, produces a
value for B, which is compatible with solution 1 of Ref. [1].

The results for the ratio B; can be found in Table VI.
Since this ratio involves the decay width of ¢(2170) —
K (1400)K~, we evaluate it within models B and C.
Although, due to the similarity between the decay width for
#(2170) — K (1270)K~ within model A [considering the

TABLE V. Results for the ratio B,. The label “Experiment”
refers to the values given in Eq. (34).

B,
Our results Model A 1.3+£04 (Poles z;, z7)
3.6+1.2 (Pole z;)
8.8 2.8 (Pole z,)
Model B 16 =6
1.2+04 (Solution S;)
Model C 0.12 +0.04 (Solution S,)
0.05 +0.02 (Solution S3)
Experiment Solution 1 0.40 £ 0.54
Solution 2 0.02 +0.03

superposition of two poles for K;(1270)] and solution S,
of model C, it can be inferred that the ratio B; (under
solution S; in Table VI) represents the result for both cases.
It can be said, then, that for solution S;, as well as for
model A, the results can be considered to be closer to the
lower limit of solution 1 presented in Table VI. Solutions
S, and S5 of model C are compatible with the data.

To summarize the findings of the present work, we

can state:

(i) The ¢f, description of ¢(2170) can straightfor-
wardly explain its suppressed decay to K*(892)
K*(892), which is one of the findings of the BESIII
Collaboration.

(i) A branching ratio B; [defined in Eq. (30)] for the
¢(2170) decay to final states involving K(1460)
and K;(1400) is calculated treating the former as a
Kf state and the latter within two different models.
One of the models (model B) relates K;(1270) and
K(1400) through a mixing angle [27], while the
other one (model C) is based on a phenomenological
determination of the K;(1400)¢K coupling using
the information available on its hadronic and radi-
ative decays. The results obtained within both
models are compatible with the ratio evaluated using
experimental data.

(iii) A ratio B, [defined in Eq. (31)] for the ¢(2170)
decay to final states involving K(1460) and
K,(1270) is obtained using yet another model
(model A) for the latter one, besides the two
mentioned in the previous point. Within model A,
K(1270) is interpreted as a state, related to two
poles in the complex energy plane, arising from
pseudoscalar-vector meson dynamics. The ratio B,
obtained within model A is in agreement with the
data, when the superposition of the two poles is
considered. The former result is found to be similar
to that obtained within a phenomenological descrip-
tion for K,(1270) and K;(1400) (solution S; of
model C), which may indicate that the information
on the superposition of the two poles is present in the
experimental data used to obtain the phenomeno-
logical solution. The ratio B, does not get repro-
duced within model B.
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(iv) A third ratio, By [defined in Eq. (32)], for the
¢(2170) decay to final states involving K;(1400)
and K{(1270) is calculated using models B and C.
This ratio is in agreement with the values obtained
from the experimental data when using model C
(solutions S, and S3). The ratio obtained using the
solution S; of model C, too [and, hence, within
model A, in which case the decay width to
K (1270)K~ is similar], is also close to the lower
limit of the value determined from the data (based on
solution 1 in Ref. [1]).

(v) Tt can be said that the ¢f description of ¢(2170)
can well describe the experimental findings of
Ref. [1]. The moleculelike nature, related to two
poles arising from meson-meson dynamics, and a
phenomenological description (solution S; of model
C) of K,(1270) seem to be in agreement. A model
relating K;(1270) and K,(1400) through a mixing
angle as in Ref. [27] does not describe two of the
three ratios, indicating that a different mixing
scheme may be required for such a relation.

IV. CONCLUSIONS

In this work, we have obtained the decay widths of
$(2170) to K (1460)K~, K| (1400)K~, and K (1270)K~
within an approach in which ¢(2170) is interpreted as a
@ f0(980) molecular state and K™ (1460) is interpreted as a
state originated from the Kf(980) interaction. In case of
K (1270) and K (1400), we have used different models
to describe their properties. Considering the decay widths
determined, we calculate the ratios B, = Ei"s(zno)”i“%om:,

$(2170)> K (1400)K

_ r¢(2|7o)—>1(+(|460)1(- _
BZ o r¢(2l70)—>KT(IZ70)K” and B3 o
with the corresponding values found from the experimental
data on Br j;’;e_ of Ref. [1]. We obtain results for these
ratios which are compatible with the latter ones. Further
experimental data with higher statistics can be very helpful
in drawing more robust conclusions on the properties of
K,(1270) and K,(1400). The partial decay widths pro-
vided in the present work can be useful for future
experimental investigations.

F¢(2]70)—>KT(]270)K’

T and compare

¢(2]7U)—>K1+(]400)K’
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APPENDIX A: MODEL FOR THE PROCESS
ete™ — ¢f(980)

Within our description of ¢(2170) as a ¢f, molecular
state, the formation of ¢(2170) in the process eTe™ —
¢f0(980) proceeds as shown in Fig. 4 [depicting the
tree-level contribution and the one with the final state
interactions forming ¢(2170)]. At the tree level, et and e~
interact and produce a ¢ and a f((980) as plane waves.
In Ref. [14], such a background contribution was described
by using the results obtained in Ref. [46]. Then, the ¢
and f((980) propagate and interact in the final state,
forming ¢(2170), which, subsequently, decays into ¢
and f((980). In this way, the amplitude for the process
ete” — ¢fy(980) can be obtained by multiplying the
nonresonant contribution or the background by the factor
1+ Gyr, T yro—ps, |7 Where Gy, is the loop function for
the virtual ¢f(980) state (a cutoff of the order M, + M,
is used to regularize it).

APPENDIX B: EVALUATION OF THE DECAY
WIDTH FOR THE PROCESS K{ — ¢K*

In the tensor formalism of Ref. [27], the decay width of
K{ — ¢K*, I"IT< , can be determined as

T—)(]ﬁK'
L S T
Ki—¢Kt o N My, ~aT'y, K, K,
P [ 2 Iﬁl]
X —=——— |1+
2 2
My, 3M(/)
1
X Im| = 5 -
My, — My, +iMg 'k,

xO(Mg, —M,—Mg)

X9<MK1 _Mn_MK*(892))a (B1)

+ +
e\ﬁ/+e\f>—¢<
£ F h "y

FIG. 4. Diagrammatic description of the process ete™ — ¢f,
with the formation of ¢(2170) from the interaction of ¢ f as in
Ref. [14]. Left: tree level contribution to the process, where a ¢
and a f) is produced in the final state as plane waves. Right: the
production of ¢ f,,, followed by the final state interactions leading
to the formation (and decay) of ¢(2170).
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where we incorporate the effect of the finite width of K| by
convoluting on its mass. Typically, in the integral limits, a
value a ~ 2-3 is used to cover the energy region associated
with the resonance. The Heaviside #-functions in Eq. (B1)
guarantee energy conservation as well as that K| has a mass
big enough for decaying to its lowest decay channel when
convoluting. In Eq. (B1), | p| is the modulus of the center of
mass momentum; N is a normalization factor given by

Mg, +alg, - 1
N: dMKl (ZMK] )Im 1\7[2 M2 Mo T
My, —alg, K~ K1+l K+ K,
(B2)
and, from Ref. [27],
cosaD + senakF, for K(1270),
Tt gis = { ~ . 1(1270) (B3)
‘ senaD — cosaF, for K,(1400).

Using the values of D and F, as a function of the mixing
angle, a, as given in (Table 7 of) Ref. [27], we get

0.030 MeV, o =29°
F§+(1270)_>¢K+ =< 0.023 MeV, a=47°,
0.043 MeV, a = 62°,
6.7 MeV, o =29°
Fg*(lztoo)aum =4 67 MeV, a=47° (B4)
66 Mev’ a = 620.

Using now Eq. (3), the decay width of K| — ¢K ™ can
be determined within the approach in which vector and
axial mesons are described as vector fields instead of
second rank tensor fields. In this case, the decay width
of K{ — ¢K™ is obtained as

|9K+_>¢K+|2 1 [Mg, +alk, ~
r =—r1— dM g (2M
Kimokt 24r N Jug -ary, k(M)
. 7l P
M2 3 +27 M2
1
x Im [ =~ 5 - }
My, — My, +iMg 'k,
xO(Myg, —My—My)
X O(My, — M, — Mg-(s9)). (BS)

The value | gK1+_>¢K+| is determined by equating Egs. (B5)
and (B4).

APPENDIX C: DETERMINATION OF THE
K, — ¢K COUPLING WITHIN A
PHENOMENOLOGICAL APPROACH

Let us examine how to get the K;¢K coupling using the
data on radiative and hadronic decays. We start by con-
sidering that the radiative decay of K proceeds through the
vector meson dominance mechanism [44,53,55]. In this
way, the decay of K‘l) — yK° at the tree level can be
described as depicted in Fig. 5. Since the decay widths for
K9 = p°K°, wK® are known [36], we can determine
|gko_0x0| and |ggo_ k0| and use the information to
calculate | gK?_>¢Ko| such as to reproduce the known
radiative decay width of KY. If we use the expression in
Eq. (3) to describe the vertex K — VK°, where V = p%, o,

¢, the amplitude obtained for the process represented in
Fig. 5 is given by

tK?—»KOy

eM?3, \/_9K0->p01(0 IKO—wK®
S e ()
_9K$—>¢K0]

M;,

exo(P) - €,(p), (C1)

where the Lagrangian [44]

ot s=3#). (€2

Ly, = MZeAﬂ<
i s 2T A

with A¥ denoting the photon field, e?> = 4za (a is the
structure constant), and g = g—z My =M, f, ~93 MeV),
has been used for the V — y transition. As can be seen by
replacing €, — p, the amplitude in Eq. (CI) is not gauge
invariant. An alternative way of determining ggo_ k0
would be to attribute a tensor field to the vector/axial
mesons [51,52]. The amplitude for K - yK in such a

formalism is explicitly gauge invariant. In fact, in the tensor
formalism of Refs. [27,51,52],

Y (p)

K@) oo

K (k)

FIG. 5. Diagrammatic representation of the process K ? - yK°,
where K9 represents K9(1270) or K9(1400).
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2¢Fy, gio_,poKo gIT<0_)wK0 \/zglj;o_)¢K0
tTO 0 = — L 4 1 _ 1
K=K MK? M/z)o 3M?, 3M(2/)
X [(P-p)(exy(P) - ¢,(p))

= (P-,(p)(p-exo(P))],

(C3)

with Fy =~ 154 MeV, and the decay width of K — yK is
given by

T
=13
Kimrke 3aM, M,
2
T T
IK9 0K ﬁgl{?—upKO
w2 g |0 Y
w 17
We now determine the values of | g,T(?_,po ol and | 91T<?—»w ol

within the tensor formalism such as to reproduce the
experimental data on the decay widths of K; — pK and
K, — wK. Let us discuss first the case of K;(1270).
According to Ref. [36],

F?p(mo) =90 £ 20 MeV,
1—‘2)(][)(1270)—>K/) = (042 + 0-06)ij*f’(127o)7
Felz(x,p(mo)—ﬂ(w =011+ 0.02)1“,(?17(,270),
F??p(127o)—>1<07 = (73.24+6.1£283) KeV. (C5)

By using Eq. (B1), substituting ¢» — p, », and by gen-
erating random numbers for the known widths for
K,(1270) - Kp, K (in the interval allowed by the related

. T T .
error), we can estimate | g9y ol and | gK?_)mK0| and find

|g§?<1270)qﬂ0,<0\ = 1104 + 77 MeV,

1514 + 102 MeV. (C6)

T _
|91<?(1270)—>m1<0‘ =

In this case, when obtaining | ggo , wWe use isospin
1

—»/)OKO
relations and the width of the p-meson is taken into account
by considering another integral around the nominal mass of
p in Eq. (B1). Now, by using Egs. (C4), (C5), and (C6), we

T o TP
can extract the value of | Ik0(1270)—4 ol using FK? (1270) oy KO"

Here, we must emphasize that only the modulus of
g;l,_)ﬂo o and 917;?_)0) o can be determined from the exper-

imental data, when, in general, the couplings in Eq. (C4)
can be complex numbers. We assume them to be real
numbers, which can be either positive or negative. We then
generate random numbers inside the interval allowed by
the error related to gIT(?_)png, 91T<?—>w1<° [as in Eq. (CO)]

and consider the different sign combinations for the
couplings. We then determine the average value and the

standard deviation for g%o_) HKO Independently of the sign
1
chosen for the couplings, we find three different solutions

T )
for |9K?(1270)—>0K0 E

1887 4590 MeV, solutionS,

|917;‘1’(1270)—>¢K0| = ¢ 6300£529 MeV, solutionS,, (C7)
9996 £ 583 MeV, solutionS;.
By using now Eq. (B1), we get
0.22+0.08 MeV, solutionS;,
Fz?(lzm)—n/)KO =1 2.21+£0.46 MeV, solutionS,, (C8)

5.52+1.07 MeV, solution S5.

Since the decay width of K9(1270) — ¢K° is not known,

. . T .
we consider the three solutions for | Ik0(1270) 0| as valid

and investigate the implications in the calculation of the
decay width of ¢(2170). Using the values in Eq. (C8) as
input, we can calculate | 9K?—>¢K°|» which coincides with

| IKF —pK* |, related to the amplitudes written by attributing a
vector field to the axial/vector mesons. We find

3967 + 419 MeV, solution S,
|9+ (1270) x| = 12577 763 MeV,  solution'S,,
19841 + 1177 MeV, solution S5.

(€9)

We can now repeat the same procedure for K; (1400) and
estimate | IK(1400) > $K° |. In this case, according to Ref. [36],

P

K, (1400)—pk = 1 =3 MeV,

(C10)

while for the decay width of K;(1400) - wK different
experiments have found very different values,

o 11-35 MeV, o
Kl(]400)—>wK o { (001 :l: O.OI)FK?XP(IA‘()()). ( )
Further, using ) =280.8+23.24+40.4 KeV

K(l)(1400)—>yl(0
[36] and following the same procedure as explained for the
determination of the K (1270)¢K coupling, we obtain

|9k (1400~ | = 8480 £ 1333 MeV.  (C12)
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APPENDIX D: CALCULATION OF THE
INTEGRALS DEFINED IN EQ. (23)

To evaluate the integrals in Eq. (23), we consider the
Passarino-Veltman reduction for tensor integrals [56]
and write

K= allh, + ol
1) =aVk, +d5'p,
1) = aPg,, +d? (k,P, + k,P,) + ak,k, + aP PP,

(D1)

where aj-i) are coefficients to be calculated. In this way, we

can write Eqgs. (22) and (25) as

_it¢R—’K;K_ = Ipr—>¢fo 99K K" foEbr (P) -k

1
) [‘ai” 104 (a1
M,

—k2{aﬁl> +1(0)}>} ’

—it KK = Dppofo 9K gk ok K€y (P)Eﬁq (k)

Thus, to get the amplitudes written above and the
corresponding decay widths, we need to determine the
coefficients a(l]>, a%”, a(lz), aéz), and a§3) and the integrals
1) and I?). To do this, we proceed as follows: to calculate
the coefficients agl) and agl), we contract the tensor / ,(}) in
Eq. (D1) with the different Lorentz structures present there,

forming a system of coupled equations, i.e.,

k- 10 = a2+ aVk - P,
P-10 = a\"k-P+al P2 (D3)

In this way, the coefficients a(l]> and aél) can be written in

terms of the scalar integrals k- I(V) and P - IV as

a _ PHk-1V)y—k-P(P-ID)

a (k- P)? — k2P? J
2(p. (DY — | . .7
m kP -IV)—k-P(k-1)
S .y (D4)

Similarly, considering now the tensors Iff) and I/(j,) in

Eq. (D1) and following the same procedure, we arrive at

3 pZ(k.1(3)) —k-P(P- 1(3))

2) k P a )
X [g,w (—I(O) +i}2> + ;/12" (agl) +a52>>], 1 (k- P)* = k*P?
¢ ¢ 3) P -18) —k-P(k-1%) (D3)
a,’ = —
(DZ) 2 (k . P)2 —k2p2
where we have used the Lorenz gauge condition. and
@ — : KR(P-P-1® - [Op?) 4 [®(k-P)2 =2(k-P-1®)(k-P)+ (k-k-1?®)P?
(2) _ 1 20(7(2) p2 (2) (2)\ p2
= k~{(I\YP-—=3P-P-1 k-P)+2(k-P-19)P
a; 2[<k'P)2—k2P2]2[ {< )( )+ ( ) }
— (k- P){IP(k-P)? —4(k-P-1?)(k-P)+3(k-k-I?)P?}]. (D6)

Going back to Eq. (23) and integrating on the ¢° variable using Cauchy’s theorem, we can obtain the scalar integrals
appearing in Eqs. (22), (25), (D4), (D5), and (D6). Considering the rest frame of the decaying particle, i.e., P = 0, we get

k1) — / d'q
(27)?

d3q
10 = / a4
(2r)*

3
[kO]Il—k'C_])]I()}, P.](l):\/g/d—z]ll,
(27)

> - a? >
1% :/(—q(ﬂz—qzﬂo), k-p-1? =\/§/(27(>13[k0]12—(k'f1)]11],

2r)?
& - 2 @q_
k-k-1? = / (2 6)]3 (KT, = 2k°(k - )T, + (k - §)°Ty), P-P-I% = s/ (2 ?3 b
T T
3 L4 por _ (R 2L — FHL + 2R 7 3) 4 G’
k-10) = (zﬂ)g[k]b—(kﬂ)ﬂz—qk]h-Fq(k‘Q)HOL P18 = /s W[HS—QHIJ’ (D7)

with /s = M, and

016018-14



PARTIAL DECAY WIDTHS OF ¢(2170) TO KAONIC ... PHYS. REV. D 103, 016018 (2021)

s+ k> = p?
K=" D8
In Eq. (D7), we have introduced
dq() qu -Nn
L= ———=-i—, D9
" /(2;;) D 'D (D9)
where
D = 2E,E,E3(V's + Ey + E) (K + Ey + E3) (Vs — Ey — E, + ie)
X (Vs =k —E|, — E3 +ie)(—/s + k® — E; — E5 + i) (k° — E, — E5 + ie), (D10)
with
Ey=\(k+@?+mb,  Ey=\/(k+@*+md  Ex=\/@+m}. (D11)

For the processes depicted in Fig. 1, m; = My, my = My, and m3 = M. The expressions for N, in Eq. (D9) are

No = (E1 + E)[(Ey + E3)(Ey + E3)(Ey + Ex + E3) — E3k] = sE\(E, + E3) + 2E, E3k° /s,
Ny = —E3[kO(E| + Eo)){E\(Ey + Ey + 2E3) + (E; + E3)* = k°%}
+ Vs{kO2(2E| + E,) — E;(E; + E3)(2E, + E; + E3)} — sk°E,],
Ny = E3[EJ{k" — Ey(Ey + E3)} + EH{AP(Ey + 2E3) — Ey(E; + E3)*}
+ E{~E3E5 + (E3 = kK")((K = /5)* = E3) + ExE3(V/s = 2k°)*}
+ Ey(k° = \/5)*(Ey + E3 = k%) (Ey + E5 4 K0)],
N3 = —E3[EJ{kO% — E5(E; + 2E3)} + ET{k" (E, + 2E;3)
+ VSEy(Ey + E3 = K°)(Ey + E3 + k%) — Eyk°(Ey + E3)(E, + 3E3)}
+ El{k03(E% +4E,E; + E%) + SkO(E% +2E,E5 — k02)
+ 2\/§(E%E3(E2 + E3) — EszZ(E2 +3E3) + k04)

— E3E3k°(2E, + 3E3) — k% } + Ey(K° = v/5)*(Ey + E3 — k°)(Ey + E3 + k°)]. (D12)

To implement in the formalism the unstable character of the f(980) resonance, in Eq. (D10), the term —E + ie [for the
processes studied, E; is the energy of f,(980)] is replaced by —E| + ir—g".
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