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Are the y(1710) or a;(1817) resonances in the D — K%K *z" decay?
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The BESIII Collaboration claimed that a new a,(1817) resonance was found in the recent results of the
Dy — K3K*z° decay. For this decay process, we perform a unitary amplitude to analyze the contributions
of the states a(980)" and ao(1710)" with the final state interactions. Considering the Cabibbo-favored
external and internal W-emission mechanisms at the quark level, and the contributions of the resonances
ao(980)*, ay(1710)* in the S wave and K*(892)°, K*(892)™ in the P wave, the recent experimental data of
the KK invariant mass spectrum from the BESIII Collaboration can be described well. In our results, the
states a,(980) and a((1710) are dynamically generated from the final state interactions of KK and K*K*,
respectively, which support the molecular nature for them. Moreover, some obtained branching fractions

are in agreement with the experimental measurements.

DOI: 10.1103/PhysRevD.107.116018

I. INTRODUCTION

Recently, the BESIII Collaboration performed the ampli-
tude analysis of the decay Dy — K3K* 7" and reported the
branching fraction B(D} - K}K*z°) = (1.46 +0.06 +
0.05)% [1], which was consistent with the measurement
of the CLEO Collaboration [2]. The isovector partner of the
f0(1710), a state ay(1710)* was observed in the K§K*
invariant mass spectrum of the decay D — K%K *z° (1,
of which the mass and width were measured as

M, 1710) = (1.817 £ 0.008 = 0.020) GeV,
To1710) = (0.097 +0.022 £ 0.015) GeV.

In fact, previously, the BABAR Collaboration performed the
Dalitz plot analyses of ., — ™z~ decay and found a new
state ao(1700) in the 7y invariant mass spectrum [3]
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Mo, (1700) = (1.704 £ 0.005 £ 0.002) GeV,
Lu1700) = (0.110 £0.015 £ 0.011) GeV,

which might also be the same state as ay(1710) and
corroborated the evidence found in Ref. [4]. In Ref. [5],
a peak around 1.710 GeV was observed in the KK mass
distribution in the decay Dy — z"K%KY by the BESIII
Collaboration. Due to the strong overlap and common
quantum numbers JP¢ = 07", the states a,(1710) and
fo(1710) were not distinguished, and then together
denoted as S(1710), where the mass and width were
determined as [5]

M0y = (1,723 £0.011 £ 0.002) GeV,
Ts1710) = (0.140 4 0.014 + 0.004) GeV.

From these reported results of the BESIII [1,5] and
BABAR [3] Collaborations, the extracted Breit-Wigner
masses of a(1710) are quite different. Actually, these
experimental results have extraordinary significance,
because searching for the a,(1710) is crucial to understand
the nature of its isoscalar partner state f,(1710). In the
present work, based on the recent results of the BESIII
Collaboration [1], we try to understand the properties of
the state a((1710) by exploiting the final state interaction
formalism.
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In the quark model, the f(1710) was interpreted as an
I6(JPC) = 07 (0" ) light scalar meson by the Godfrey and
Isgur model [6], which should also have an isovector partner
at 1.78 GeV. Similar results were obtained in Ref. [7] with a
constituent quark model. However, the f,(1710) mainly
decays to the channels KK and #, indicating that it may
have large s5 quarks components [8,9]. The f,(1710)
was also regarded as a scalar glueball or containing a
large glueball components in Refs. [10-18], which were
supported by the experimental resuts of the BESIII
Collaboration [19,20]. Searching for the isovector partner
of the f((1710) is the key to identify whether it is a scalar
glueball. On the other hand, based on the chiral unitary
approach (ChUA) [21-25], the f((1710) was dynamically
generated in the interactions of vector mesons and assumed
to be a molecular state of K*K* in Ref. [26], where its pole
located at 1.726 GeV and another q state at 1.78 GeV with
isospin / = 1 was predicted. Similar results were obtained in
the extended research works of [27,28]. Indeed, this a, state
at 1.78 GeV was arranged as the new found a,(1710) state in
afurther work of [29], which was also a bound state of K*K*,
a molecular state. More discussions about the molecular
states can be referred to the review of Ref. [30].

Furthermore, based on the results from the BESIII
Collaboration [5,31], Refs. [32,33] studied the decay
modes D —» 77 K+K~, 7t K°K°, and 72K+ K°, where the
fo(1710) and a((1710) states were dynamically generated
from the final state interactions of K*K*, and the branching
ratio of D — 7KK reaction was predicted. Analog-
ously, the decay D — n"K3K9 was investigated in detail
in Ref. [34], where the K3K9 and #" K% invariant mass
distributions were calculated with the resonance contribu-
tions of the scalar f((1710) and the isovector partner
ag(1710), and the results obtained were consistent with
the measurements from the BESIII Collaboration [5].
However, in Ref. [35], the ao(1710) state, newly observed
by the BESIII Collaboration [1], was renamed as a((1817),
which was regarded as the isovector partner of the X (1812)
found in Ref. [36] and classified into the isovector scalar
meson family according to the standard Regge trajectory.

Therefore, it is meaningful to understand the nature of
the state a,(1710), which is critical for further revealing the
property of its isoscalar partner state f(1710). The latest
experimental measurement of the decay Dy — KK z° by
the BESIII Collaboration [1] gives us an opportunity to
identify the nature of the ao(1710). In the present work,
with the framework of the ChUA, we investigate the
resonance contributions of the process D — KYK*z°
based on the final state interactions, where the states
ag(980)" and ay(1710)" are dynamically generated in
the coupled channel interactions of the channels KK and
K*K*. In the interactions of coupled channels, both the
pseudoscalar and vector channels are considered, where
five channels K*K*, pw, p¢, KK, and 7y, are involved.

To describe the invariant mass spectra, we also take into
account the contributions from the K*(892)? and K*(892)*
in the P wave, which play a crucial role in the intermediate
processes D — K*(892)°K™ and K*(892)"KY, but omit
the contribution of the resonance K*(1410)°, of which the
contribution was small as implied in Ref. [1]. The manu-
script is organized as follows. In Sec. II, we present the
theoretical formalism of the decay Dy — K%K *z° with the
final state interaction. Next, our results are shown in
Sec. III. A short conclusion is made in Sec. IV.

II. FORMALISM

For the three-body weak decay D — K9K* 7%, we start
from the dynamics at the quark level, where the dominant
external and internal W-emission mechanisms [37,38] are
taken into account. In the next step, in the hadron level we
consider the final state interactions in the S wave and the
vector meson productions in the P wave, which will be
discussed later. First, the Feynman diagrams of the external
W-emission mechanisms are shown in Fig. 1, and the ones
with the internal W-emission mechanisms are given in
Fig. 2. As shown in Fig. 1 for the weak decays of D, the ¢
quark decays into a W boson and an s quark, and the §
quark in D} as a spectator remains unchanged, then the W+
boson decays into an ud quark pair. In the following
procedures, there are two possibilities for the hadonization
progresses. In Fig. 1(a), the ud pair forms a 7z or p*
meson, along with this process, the s5 quark pair hadro-
nizes into two mesons with gg = iiu + dd + 5s produced
from the vacuum. Contrarily, in Fig. 1(b), the s5 quark pair
goes into an # or ¢ meson, the ud quark pair made by the
W™ boson hadronizes into two mesons with the gqg pairs
generated from the vacuum. The corresponding processes
for these hadonizations can be given by the formulas below
for Fig. 1(a) and Fig. 1(b), respectively,

[H1D) = VROV Vg(ud — 7°)|s(au + dd + 55)3)

*(la)

+ Vi YV Via(ud — pt)|s(iiu + dd + 55)5)

1
= Vg’a)vcsvudﬂ+(M ’ M)33

+V:’(1a)vcsvudp+(M'M>33’ (1)

) i} -
gy = vy v (sg -z ) u(iu + dd + 55)d
[H'Y) =V d 7" Ju( )d)
+ Vr[,(]b)VmVud(sE — ¢)|u(iiu + dd + 5s)d)

(16) —2
=V, 'V, Viu—=n(M-M

P d\/g”l( )12
+ V;<lb) VCsVud¢(M ’ M)IZ’ (2)

where the Vi) and V') are the weak interaction strengths

of the production vertices [39,40] for the generations 7t and
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FIG. 1. Diagrams for the D] — K9K*z° decay with external W-emission mechanisms.

p, respectively, for the case of Fig. 1(a), and the Vg b) and

V;(lb) are the ones for the productions 7 and ¢, severally, for
the other case of Fig. 1(b). The factors V., and V; are the
elements of the Cabibbo-Kobayashi-Maskawa (CKM)
matrix, which indicate from g; - ¢, quarks. The symbol

M is the ¢gg matrix in SU(3), defined as
uiic ud us
M= |dn dd ds |. (3)

sit  sd sS

Analogously, in the mechanisms of internal W emission,
see in Fig. 2, the sd pair goes into a K° or K** meson, and the
remnant 5 quark pair hadronizes into two mesons with gg
pairs produced from the vacuum, as shown in Fig. 2(a). On the
other hand, in Fig. 2(b), the u5 pair forms a K™ or K*™ meson,
and the sd quark pair hadronizes into two mesons with gg
pairs created from the vacuum. One can write these processes
in the following way for Fig. 2(a) and Fig. 2(b), respectively,

= ViV Via(sd > KO)|u(iu + dd + 55)5)
+ V2
= VPV VKM - M),

VcSVudk*()(M'M)B’ (4)

1)
VesViua(sd = K)|u(au + dd + 55)3)

+ V2

(2b)

|HD)Y = VPV V,u(us — K1)|s(au + dd + 55)d)

+ VPV Vea(us > K |s(iu + dd + 55)d)

2b)

= VE’ VcsvudK+(M ’ M)32

+ V)

Vc.fvudK*+(M : M)32’ (5)
where the V) and V;**) are the weak interaction strengths
of the production vertices for the creations K° and K*°,
respectively, and the Vfw and V;(Zh) are the ones for the
formations K and K**, severally. Afterward, the matrix M
for the hadronization can be revised in terms of the pseudo-
scalar (P) or vector (V) mesons, written as

1.0 1 + +
ﬁﬂ' +\/6’7 T K
P 7 —ﬂﬂo—l— 1611 K |, (6)
K- K° —\/Lgn
1,04 1 + o
5P +ﬁa) P K
V= P~ — 5P+ 5o KO (7)

K I_(*O ¢

where we take n=mng [41]. In Egs. (1), (2), 4),
and (5), the M - M has four possible situations with two
matrices of physical mesons, i.e., P-P, V-V, P-V, and
V - P. And thus, these hadronization processes can be reex-
pressed as

1
H(lh) — V*(lb)vmvu ( +”0)
| > P S d¢ \/ip

* ! 1
+ VP(”]) VesViah <ﬁp+”0> ) (8)

- 1
H(Za) —_ V(Qa) Vcsvu KO (_ K+”O>
| > P d \/E

(2a - 1
+ VP(2 )VcsVudK*O <ﬁ K*+7[O) P (9)

1 -
H(Zh) — V(Zb) VcsVu Kt <——K0ﬂ0)
| > P d \/i
. . 1 -
+ VP(Zb) Ve vude-&- (_ ﬁ K*Oﬂ()) , (10)

where we only keep the terms that contribute to the final states
K9K*2°. It should be mentioned that there is no term for the
Fig. 1(a) contributed to these final states of present D~ decay

process. Besides, in Eq. (8), the factors V;(lw and V;(]b)/ are
different because they come from (V- P),, and (P-V),,,
respectively. Then, we obtain the total contributions in the
S wave,
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FIG. 2. Diagrams for the D] — K3K*z° decay with internal W-emission mechanisms.

[H) = [H19) o [HC9) + [HE)

I by «(1b
=L ey

V2

(2a)

V2

| 1 - 1
-~ V}S vcsvudp+¢”0 +—= VPVcsvudK+K0ﬂO +—=

V2

V2 V2

where we define V = V;(lb)/ - V;(lh), Vp = Vf“) - ng,
and V} = V;(za) - V;(M. Note that there are also the final

states KK+ 7° produced directly in the hadronization proc-
esses in Eq. (11). Taking into account the final state
interactions, we can get these final states via the rescattering
procedures, such as K*K° - K*K°, pT¢p - KTK°, and
KK — K*K°, which are depicted in Fig. 3. One more
thing should be mentioned that there is no direct term 7+ z°
contributed in Eq. (11) due to its two terms in |H(?))
canceled, which is consistent with the evaluation of Ref. [42],
where the experimental findings for the decay D} — nz+tz°
[43] were investigated. In Ref. [42], the larger decay rate of
D} — natn® was explained via the internal W-emission
mechanism for the decay process rather than the W-annihi-
lation procedure as assumed in Ref. [43]. In the further study
of the decay D} — 2% no tree diagram of D} — nz*z°
decay was taken into account in Refs. [44,45]. Therefore,
under the dominant external and internal W-emission mech-
anisms, the amplitude of decay D} — K°K* 7 in the S wave
is given by

tS—Wave<M12)|f(°K+7rO
1
V2
1 1
+—=Cy+—
V272

1
+7§C3GK*+k*O(MIZ)TK*+K*O—>K+KO(M]2)’ (12)

C Gp+¢(M12)Tp+¢—>K+K° (MIZ)

CzGKﬁ(O (M12)TK+K0—>K+K° (Mlz)

where the factors V}Z’ VesViua» VeVesViuas and ViV oV, in
Eq. (11) have been absorbed into the parameters C;, C,,

1 _ 1 X
)Vcsvudp+¢”0 +—= (VP -V )VcsvudK+K0ﬂ0 + \/_E( P - VP

(2a) %(2b)

) Vcs VudK*JrI_(*OﬂO

V;’vcsvudK*+I_(*07r0’ (11)

I

and Cs, respectively. In the present work, we take them as
the free constants, which are independent on the invariant
masses and contain the global normalization factor for
matching the events of the experimental data. M;; is the
energy of two particles in the center-of-mass (c.m.) frame,
where the lower indices i, j = 1, 2, 3 denote the three final
states of K9(K°), K*, and 7% respectively. Besides,
Gpp(vyy and Tpp (yyr)pp are the loop functions and the
two-body scattering amplitudes, respectively. Then, as done
in Ref. [32], we take |K9) = %(|K°> — |K?)), and change

the final state from K° to K9, where Eq. (12) becomes

Is.wave (MIZ) |K2K*7z“
1
= - Ecl Gp+¢(M12)Tp+¢—>K+K°(M12)

1 1
- 502 - ECZGK+I_(O (M12>TK+I_(”—>K+I_(“ (Mlz)

1
- §C3GK*+[_(*O (MIZ)TK*+I_(*O—>K+]_<O (Mlz).

(13)

Furthermore, the rescattering amplitudes 7+, g+ o,
Tr+go_k+go> and T g go_g+go in Eq. (13) can be calcu-
lated by the coupled channel Bethe-Salpeter equation of the
on-shell form,

T =[1-vG]v, (14)
where the matrix v is constituted by the S-wave interaction
potentials in the coupled channels. In the present work, we
consider the interactions of five channels K**K*0, p*w,
pT¢, KTK°, and 7, where one can expect that the states
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(a) Tree-level diagram.

’/TO

¢
¢) Rescattering of the pT¢ — KT K.
p

FIG. 3.

ag(980) and ay(1710) will be dynamically generated.
Among them, the potential elements of vy _,yy are taken
from the appendix of Ref. [26] (the arXiv version), which
included the contact and exchange vector meson terms.
The VV P vertex is suppressed, and thus, the contributions
of exchange pseudoscalar meson are ignored. As done
in Ref. [46], the potentials vpp_pp are taken from
Refs. [21,47,48], which only included the contact items
from the chiral Lagrangian. The ones vyy_, pp are evaluated
with the approach of Ref. [29], where the Feynman

|

2

Vgt ROLK+RO = (Z_—Z_

6

2f

/UK*+I'(*0_>”+ =

Up*w—>K+I_(° = —2\/5(

Vptw—satn = 0,
2
g
vp+¢—>K+I_(0 = 4([
m
UP+¢_>7T+’7 - 0,
where t= (k; —k;)> and u = (k; —k4)*> are defined,

€; is the polarization vector, and k; the four-momentum
of the corresponding particles with the lower index
i (i=1,2,3,4) denoting the particles in scattering process

t—m

€1”kg€2,/k +

€1”kg€21,k +

elﬂk €,k +

0

™
K+
D¢

K° K°

(b) Rescattering of the KT K° — KT KO,

70
K+
Dy
K*0 KO

(d) Rescattering of the K*TK*0 — K+TKY.

Mechanisms of the S-wave final state interactions in the D decay.

diagrams of t and u channels were considered, as depicted
in Fig. 4. The interaction Lagrangian for the VPP vertex is
given by [49,50]

V[P oP)). (15)
with g = My /(2f,), where taking My = 0.84566 GeV is
the averaged vector-meson mass and f, = 0.093 GeV pion

decay constant, which are taken from Ref. [29]. Thus, the
interaction potentials are given by

Lypp = —ig(

2 H
2) g €1;¢k3€2yk1:1,
n
2

€1MkZ€2v )
—my
2

g
m €1ﬂ kZé‘zD )

K

2

—m2 €1Mkﬁ€2u >

K

9

(16)

|

V(1)V(2) - P(3)P(4). Compared with vyy_,yy, the po-
tentials of vy _, pp are much strengthened, and thus, a mono-
pole form factor is introduced at each VPP vertex of the
exchanged pseudoscalar meson as done in Refs. [28,51,52],
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Vv >

\
3

(a) t-channel.

Vv ——— P
YP
Vv ——— P

(b) u-channel.

FIG. 4. Feynman diagrams of t and u channels.

2 2
AN —m;,

F=——+,
A2_q2

(17)

where m,, is the mass of the exchanged pseudoscalar meson,
and ¢ the transferred momentum. The value of parameter
A is empirically chosen as 1.0 GeV. After performing
|

1 m?  m:—m? + M?
Gii(Myyy) = W{aii(/") +1HM—Q+W

mv

the partial wave projection, one can obtain the S-wave
potentials v.

The diagonal matrix G is made up of the meson-meson
two-point loop functions, where the explicit form of the
element of matrix G with the dimensional regularization is
given by [24,53-56]

M3 Gemi(Miny)
- ]nm—§ + - -~ [111 (Miznv - (Wl% - m%) + 2qcmi(jwinv)]uinv)
1

M inv

+ In (Miznv + (m% - m%) + 2qcmi(Minv)Minv) —In (_Miznv - (m% - m%) + 2‘]cmi(Minv)Minv)

—1In (=M?

where m, and m, are the masses of the intermediate mesons
in the loops, M;,, is the invariant mass of the meson-meson
system, p the regularization scale, of which the value will
be discussed in Sec. III, and the a;;(u) the subtraction
constant. As done in Refs. [47,57], its value can be
evaluated by Eq. (17) of Ref. [24],

aii(y):—21n<1+1/1+21—2%>+~~~, (19)

where m; is the mass of a larger-mass meson in the
corresponding channels, and the ellipses indicates the
ignored higher order terms in the nonrelativistic expansion
[58]. Besides, q.,i(M,,) is the three-momentum of the
particle in the c.m. frame,

M2 (M2, m2, m3)

mnv’

2A]Winv '

qcmi(Minv) = (20)

with the usual Killen triangle function A(a,b,c) =
a* + b> + ¢* = 2(ab + ac + be).

In addition, we also consider the contributions of the
vector resonances in the intermediate states in the P wave

inv + (m% - m%) + ZQCmi(Minv)Minv)]}7

(18)

|
as discussed above, such as the ones K*(892)° and
K*(892)*, which are not produced in the meson-meson
scattering amplitudes. The production mechanisms are
depicted in Fig. 5. Referring to Refs. [59,60], the relativistic
amplitude for the decay D] — K*(892)°K* — K3z°K™*
can be written as

1k (8920 (M12, M 13)

Dl ei¢1’<* (892)0

M%3 - m%—(*(892)0 + im,’(*(892)01—‘f(*(892)0

2 2
ms. —ms,
2 2 D K 2 2
X (mK0 —mﬂo) 5 - M5, + M5, |, (21)
s ME+(892)0

where D; is an unknown constant, ¢g«gop0 a phase for

the interference effect, the mass of K*(892)° taken as
Mg+ gony0 = 0.89555 GeV, and the width taken as

Lg+(392)0 = 0.0473 GeV, both of which are taken from

the Particle Data Group (PDG) [61]. Note that the invariant
masses M;; fulfill the constraint condition
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/
w02y \\

(a) Diagram via the K*(892)°.

S
+
4

FIG. 5.

M%2+Mlg +M23—mD++m§(g+m%{++mi0. (22)

Analogously, the amplitude for the decay D} —
K9K*(892)" — K3K* 2" is given by

ti (892 (M 12, M13)

D ei¢K*(892)+
2
M23 my. (892)¢ T Mg (892)+ D'k (802)
2 2
w2, —m2) 28 e ap]. 3
(mk+_m,,0) 2 - Mi, + M|, (23)
K*(892)*

where D, is also an unknown constant, ¢+ (goz)+ a phase,
the mass of K*(892)" taken as m- 9+ = 0.89167 GeV,
and the width taken as I'g-(g95)+ = 0.0514 GeV [61].

Finally, according to the formula of Ref. [61], the
double differential width of the decay D] — K9K*z° is
obtained as

T 1
dM,dM,;

M,M 5
(2r)3 Sm?)_+

X (|ts-wave + tge(892)0 + 1k+(s92)+ %) (24)

where we have considered the interference between the S
and P waves with a coherent sum for the amplitudes. Even
though the scattering amplitudes of Eq. (13) are pure
S-wave contribution in our formalism, the amplitudes in
P wave, see Egs. (21) and (23), are in fact the Breit-Wigner
type, which are not pure P wave, and thus lead to nonzero
interference with the S-wave amplitudes.2 Note that, in the
experimental modeling, the nonzero unphysical interfer-
ence is always taken into account when the Breit-Wigner
type amplitudes are used for the resonances. With Eq. (24),
it is easy to calculate dI'/dM koK dl /dM K0z0» and

dl'/dM g+, by integrating over each of the invariant mass

>Thanks the referee for the useful comment. Indeed, without
the interference effect, the contribution of the a((1710) resonance
will be enhanced, where our conclusions would not be changed.

K
K+

-
S

™

(b) Diagram via the K*(892)%.

K*(892)F

Mechanisms of D — K%K 7" decay via the intermediate states K*(892)° and K*(892)".

variables with the limits of the Dalitz Plot, see Ref. [61] for
more details.

III. RESULTS

As one can see in the last section of our theoretical
model, that we have eight parameters: the u is the
regularization scale in loop functions, C;, C,, and C;
represent the strengths of three production factors in the
S-wave final state interactions, D;, D,, ¢1-(*(892)o, and
®k+(302)+ are the production factors and phases appeared
in the P-wave productions, respectively. We perform a
combined fit to the three invariant mass distributions of
the D] — KiK'z’ decay measured by the BESIII
Collaboration [1]. For the regularization scale y in the
loop functions of Eq. (18), generally, the values u =
0.6 GeV [47,62] and u = 1.0 GeV [26] are adopted in
pseudoscalar-pseudoscalar and vector-vector meson inter-
actions, respectively. In our fitting, we take it as a free
parameter because our model includes the interactions with
both pseudoscalar and vector meson channels.’ The param-
eters obtained from the fit are given in Table I, where the
fitted y?/d.o.f. = 171.24/(129—-8) = 1.42, and the corre-
sponding three invariant mass distributions are shown in
Fig. 6. When the regularization scale p is taken as
0.716 GeV from the fit, see Table I, the subtraction
constants a;;(u) for each coupled channels calculated by
Eq. (19) are obtained as

A gt g0 = -1.91, A,yte

o= =182, ay,=-2.02,

agrgo = —1.59, Ay = —1.63. (25)
It should be mentioned that the uncertainties of the exper-
imental data near the peak structures are larger than the
others [1], as one can see in Fig. 6. But, when we ignore the
errors of the data, or equivalently set all the errors as
1, the obtained results are not much different with the ones
as shown in Fig. 6 with y?/d.o.f. =199.18/(129-8) = 1.65,
which of course should be admitted that there are some

*When we fix u = 1.0 GeV, the fitting results are just a bit
worse with y?/d.o.f. = 201.70/(129-7) = 1.65.
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150F — Total fit

— 150 F —
---- K'(892)° ---- K'(892)°
1250 . k*(892)* { 125F —— K*(892)*
[ S-wave M1 S-wave
100 100 - B
2 ata Z ata
2 BESIII d 2 BESIII d:
g g
5] m

1.0 12 1.4 1.6 18
MK.9K+ [GCV]
(a) KYK™ invariant mass distribution.

—— Total fit

0.8 1.0 12 1.4
Mo [GeV]
(b) K3xY invariant mass distribution.

sor ---- K'(892)°
—— K'(892)*
60r ¢ W e S-wave
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BESIII data

1.2 1.4

Mg [GeV]
(¢) K*tn% invariant mass distribution.

FIG. 6. Invariant mass distributions for the D] — KgK +7° decay. The solid (red) line corresponds to the total contributions of the
S and P waves, the dashed (blue) line represents the contributions from the K*(892)°, the dashed-dotted (green) line is the contributions
from the K*(892)", the dotted (magenta) line is the contributions from the S-wave interactions (a,(980)" and a(1710)™), and the dot

(black) points are the data taken from Ref. [1].

uncertainties for the pole position affected by the large
errors. In our formalism, both the states a((980)" and
aog(1710)" are dynamically generated from the coupled
channel interactions in pure S wave. But, they are also
affected by the P-wave amplitudes for the states K*(892)°
and K*(892)7, since the values of the phases ¢+ (9,0 and
$k-(3092)+ are in fact 7+£0.1 (for the central values) as
shown in Table I, which is just a bit deviated from
orthogonality and leads to the nonzero interference effect,
even though the effect is small. Note that, the difference
between these two phases are about 0.21, which is close to
the experimental measurement but with opposite sign, i.e.,
—0.16 £0.12 £ 0.11 in Ref. [1], within the uncertainties.
In Fig. 6, our fitting results describe well the data of the

three invariant mass distributions [1], where one feature of
our fit is only one set parameter used in the combined
fitting procedure, as given in Table I. An enhancement at
the threshold in the K3K " mass distribution is caused by
the resonance a,(980)™ as shown by the dot (magenta) line
in Fig. 6(a), which is dynamically generated in the S-wave
final state interactions with the ChUA. The bump structure
around 1.25 GeV in Fig. 6(a) is the reflection contributions
of both the states K*(892)° and K*(892)" in the P wave.
The obvious peak structure around 1.6 to 1.8 GeV in Fig. 6
(a) is contributed by the reflection contributions from the
states K*(892)° and K*(892)" and the significant signal of
the resonance ay(1710)" in the S-wave interactions, which
comes along with a((980)" from the coupled channel

TABLE 1. Values of the parameters from the fit.
Parameter u C C, C;
Fit 0.716 £0.013 GeV 47518.79 £ 7523.18 1595.34 £ 138.51 46454.25 + 3868.04
D, D, ¢k"(892)° ¢K*(392)+
61.65 +2.33 40.43 £2.95 1.46 £0.12 1.67 £0.15
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FIG. 7. Modulus square of the amplitudes (a) p*¢p — KTK°, (b) KTK° - KTK°, and (c) K*tK*® - KTK°.

interaction of one amplitude, see Eq. (13). In Fig. 6(b) for
the K9z invariant mass distribution, the peak of K*(892)°
i1s obvious in the middle-energy region, contrarily, the
S-wave and K*(892)" contributions are concentrated in
the low and high-energy regions. Similarly, for the K*7z°
mass distribution in Fig. 6(c), except for the peak of the
K*(892)7, the states a((980)", ay(1710)*, and K*(892)°
enhance in the energy regions near the threshold, and the
state K*(892)° also contributes to the enhancement in the
high-energy region. Note that as one can see in the low-
energy region of Figs. 6(b) and 6(c), there are still some
differences between our fit and the experimental data,
which, as implied by the experiment, may be caused by the
contribution of the resonance K*(1410)°, not considered in
our formalism.

In Fig. 7, we show the modulus square of the two-body
ptp - KTK°, K*K° — K*K?, and K**K** — K+K°
amplitudes, where the a((980)" signal near the threshold
is strengthened, which is also found in the K+ K~ invariant
mass spectrum of the D — KTK~z" decay including the
intermediate resonances f(980) and ay(980) in the exper-
imental results of Ref. [31]. One thing to mention is that as
we discuss in the formalism, the regularization scale u is a
free parameter in our formalism, which is determined from

the fit, and the subtraction constants a;;(x) for each channel
are evaluated by Eq. (19), different from what had been
done in Refs. [26,27,29,63]. With the fitting results, the
obtained a;;(u) have been given in Eq. (25), and the
corresponding poles for the states ay(980) and ay(1710)
in the complex second Riemann sheets are shown in
Table II. In Table II, the pole for the state a((980) is
not much different with the ones obtained in Ref. [63],
which indicates that the interactions of vector meson
channels have little influence on this state. For the
ay(1710), it is obvious that the obtained width is at least
7 times smaller than the ones of Refs. [26,29] and 3 times
smaller than the one obtained in Ref. [27]. Note that we
only evaluate the interactions of the isospin / = 1 sector for
the final state interactions of the decay D] — K2K+ﬂ0,
where one can expect that the states f(980) and f(1710)
could be reproduced together with the similar two-body
interaction formalism in the isospin I = 0 sector, showing
the molecular nature for them.

Furthermore, based on the results in Table II, we also
concern the widths and partial decay widths of the poles for
the corresponding resonances. Since the pole is in fact
located at (Mp + iFTR), one can easily obtain the (total)
widths I'Y" of the corresponding poles for the states a((980)
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TABLE II.  Poles” compared with the other works (Unit: GeV).

This work Reference [63] Reference [26] Reference [29] Reference [27]
Parameter u=0.716 Gmax = 0.931, gpax = 1.08 u=1.00 Gmax = 1.00 Gmax = 1.00, g; = 4.596
ay(980) 1.0419 + 0.0345;  1.0029 + 0.0567i, 0.9745 + 0.0573i e e e
ap(1710)  1.7936 + 0.0094i e 1.780 — 0.066i 1.72 = 0.10i 1.76 £ 0.03i

*Note that the poles are always a pair of conjugated solutions in the complex Riemann sheet.

TABLE III.  The partial decay widths of ay(980)*.

Fa0(980)+—>7r+17
43.60 MeV

L4y 980y = K+ &
28.38 MeV

TABLE IV. The partial decay widths of ay(1710)".

Fa()(l710)'—>7t+17
0.05 MeV

1—‘110(1710)+—>K+1_((l
0.54 MeV

Fa(,(l710)+—>p+w
19.65 MeV

and ag(1710) from the results in Table II. For the partial
decay widths of each coupled channel, we take the
formulas from Refs. [21,64], written

1 Emax q
Thoi=—— dET2AM gImT;, (26
R 16;:2/ . g2 R (26)
1 q (ImT ;;)?
= dE ‘””4M S 27
R 167:/ E2 R ImT, (27)

where E stands for the total energy of the meson-meson
system in the c.m. frame, q.,,; (¢.n;) is the three momen-
tum of the meson in the c.m. frame, given by Eq. (20), and
the amplitudes T';; are evaluated by Eq. (14). The obtained
results are shown in Tables III and IV. Note that, the
L0830t~k + ko 1s calculated with Eq. (26), and the others
with Eq. (27). Meanwhile, the integration limits are taken
from threshold to 1.1 GeV for the results in Table III, and
taken from 1.7 to 2.0 GeV for the ones in Table IV. The
results in Table IV are somehow very small for ao(1710)"
decaying into the channels K+ K° and 77, which are also
different from the ones predicted in Refs. [29,52]. Note
|

that, in Ref. [26] it was found that the width did not increase
much when the contributions of the box diagrams were
included, and thus, it was concluded that the predicted
ap(1710) state had a small branching ratio to two
pseudoscalars.

In addition, we also calculate the branching ratios of
the corresponding decay channels. For the decays
D} — K*(892)°K*, K*(892)TKY, and a((980) 2", we
integrate the three corresponding invariant mass spectra
from the threshold to 1.2 GeV. The uncertainties come from
the changes of upper limits 1.20 £ 0.05 GeV. For the
D} — ay(1710)* z° decay, the integration limits are taken
from 1.6 GeV to (mpr — my), the uncertainties are from
the changes of 1.60 £ 0.05 GeV. The results are given as
follows:

B(D} - K*(892)*K9, K*(892)" — K*x°)
B(D{ - K*(892)°K*, K*(892)° — K9z%)

= 0405003
(28)

B(D} = ay(980)*7°, ay(980)" — KOK™)

= 0.5370%,

B(D{ - K*(892)°K*, K*(892)° — K9z%)
(29)
B(D} = ag(1710)*2°% ay(1710)* - KK ) 041004
B(D} — K*(892)°K*, K*(892)° — K%x°) 005
(30)

Then we take the branching fraction B(D} — K*(892)°K™*,
K*(892)° - K92%) = (4.77 £0.38 + 0.32) x 107>* mea-
sured by the BESIII Collaboration [1] as the input, and get
the branching ratios for the other channels, written

B(Df — K*(892)* K9, K*(892)" — K*2°) = (1.91 £ 0.20700!) x 1073,

B(D{ — a¢(980) 7%, a(980)" — KIKT) =
B(D{ = ag(1710)"2°, a¢(1710)" - KK T) =

(2.53 £0.267537) x 1073,
(1.94 £0.20752%) x 1073, (31)

“Note that, only the results for the decays (D} — K*(892)°K*, K*(892)° — K~z*) and D} — K*(892)* K? are found in PDG [61].
In principle, with these results in PDG one can obtain the ratio of Eq. (28) under the isospin symmetry to the strong decay. But, since the
branching fraction of the decay D} — K*(892)* K? is evaluated with the results from low statistics, we do not take it into account in the
present work.
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where the first uncertainties are estimated from the experimental errors, and the second ones come from the Egs. (28)—(30).
The following results are taken from the experimental measurements [1],

B(D} - K*(892)*KY, K*(892)" — K*z°) = (2.03 £0.26 £ 0.20) x 1073,
B(Df — ay(980)*7°, a(980)" — K3K*) = (1.12 £ 0.25 £0.27) x 1073,
B(Dy = ao(1710)* 2%, a(1710)" — K4K+) = (3.44 £0.52 +0.32) x 1073, (32)

Compared with the experimental measurements of Eq. (32),
our results of the branching fractions in Eq. (31) for the
decay D} — K*(892)*KY is a little smaller, but they are
consistent with each other within the uncertainties.
Whereas, the one for the decay D — a,(980)* 7" is 2
times bigger than the measurement result. For the decay
D = ay(1710)2°%, our result is 1/3 smaller than the
experimental measurement. However, note that, in Ref. [32]
the predicted branching ratio of Dy — ay(1710)*z° is
(1.3 +0.4) x 1073, which is smaller than what we have.

IV. CONCLUSIONS

We study the weak decay process of D] — K9K*z° by
considering the mechanisms of external and internal W
emission in the quark level. In the hadron level, based on
the final state interaction formalism, including the contri-
butions of tree level and rescattering of the interactions
ptp - KTK°, KTKY - KTK®, and K**K*® - K*TK°,
the Kg[@L invariant mass spectrum is described with the
main contributions from the resonances a,(980)" and
aog(1710)". Note that these two states are dynamically
reproduced with the chiral unitary approach, where the
coupled channel interactions including the pseudoscalar
and vector channels are taken into account coherently.
Moreover, combining with the P-wave contributions from
the states K*(892)° and K*(892)", the experimental data of
the three mass distributions in the decay Dy — K3K*z°
are well described, where it can be found that the reflections
of these states are important to the spectra as shown in
Fig. 6, and one should keep in mind that only one set of free
parameter is used in the combined fit. In addition, with the

|

fitted regularization scale u for determining a;;(u) by
Eq. (19), we find the poles of the states ay(980)" and
ag(1710)" in the corresponding Riemann sheets, which are
consistent with the results in Refs. [26,27,29,63], except for
a bit small width of the ay(1710)". Our results indicate that
the a((980) is a KK bound state, and the a(1710) is a
K*K* bound state. Furthermore, we evaluate the branching
ratios of related decay channels. Within the uncertainties,
the obtained results are consistent with the experimental
measurements in the magnitudes. In view of these results,
the state found in the KgK+ invariant mass spectrum is
indeed the a((1710), not a new a,(1817) state.
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Note added.—Recently, one work on the decay D} —
K9K*7° is given in Ref. [65], of which the formalism is
similar. But, in the present work, both the resonances
ay(980)" and ay(1710)* are dynamically generated in the
coupled channel interactions.
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