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Inspired by the invariant mass distributions for the decays D° — K92% and D° — K$z°7° reported by the
BESIII Collaboration, we investigate these processes with an unified final state interaction formalism
by incorporating both the S-wave pseudoscalar meson-pseudoscalar meson interactions within a chiral unitary
approach and the P-wave contributions from the intermediate resonance K*(892) and some higher states. By
performing a combined fit to the invariant mass spectra and taking into account the coherence between the

S and P waves, our results are in agreement with the experimental data. For the decay D° — K$z%, the

structure near 1.0 GeV in the 7% invariant mass distribution corresponds to the signal of the a,(980), which is

dynamically generated from the S-wave interactions. In the case of D° — K(S)Jtoﬂo, the near-threshold

enhancement in the z°z° mass distribution arises from the combined contributions of the f,(500) and the
intermediate K*(892), while the cusplike structure around 1GeV? is associated with the f,(980).

DOI: 10.1103/2slf-x5kp

I. INTRODUCTION

The study of strong-interaction dynamics in the low-
energy region of particle physics remains a core challenge in
understanding the nonperturbative nature of quantum
chromodynamics (QCD) [I-6]. In this regime, the QCD
coupling constant becomes large, rendering perturbative
methods unreliable. To reveal the nonperturbative QCD
behavior, the hadronic decays of charm mesons provide a
valuable opportunity to investigate the interplay between the
short-distance weak interactions and the long-distance strong
dynamics [7-12]. In particular, the final state interaction
among two of the outgoing pseudoscalar mesons for three-
body charm meson decays can generate abundant resonance
structures in the invariant mass spectra, which not only
provide insights into the weak decay mechanisms of charm
quarks but also serve as sensitive probes of the complex
dynamics underlying final state strong interactions.

Among the long-standing open issues in light-hadron
spectroscopy, the nature of the scalar states f,(500),
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f0(980), and a((980) remains one of the most intriguing
and enduring puzzles; see more discussions in the review of
the meson resonances below 1 GeV from the Particle Data
Group (PDG) [3] and the discussions in Refs. [13-18].
Given their unusual properties, especially the proximity of
the states f,(980) and a,(980) to the KK threshold, these
states have been interpreted within various theoretical
frameworks, including conventional ¢gg mesons, compact
tetraquarks, hadronic molecules, and hybrids involving
multiple components [19-29]. Against this backdrop, the
chiral unitary approach offers a natural and successful
theoretical framework, where the low-lying scalar reso-
nances emerge dynamically from the unitarized S-wave
interactions of coupled pseudoscalar meson channels,
rather than being introduced ad hoc as elementary Breit-
Wigner resonances [26,30-33].

Experimentally, the BESIII, BABAR, Belle, and CLEO
Collaborations reported many experimental measurements
about three-body decays of the charm hadrons, such as in the
Refs. [34-40], which provide a good opportunity to investigate
these light scalar mesons [41-47] with their results on the two-
body spectra of the final states 7z, 757, and/or K K. Recently,
the BESIII Collaboration reported their precise measurements
of the decays D° — K97% [48] and D° — K9z°7° [49]. In
Ref. [48], they performed an amplitude analysis of the
decay D' — Kgﬂon and obtained the branching frac-
tion B(D® — K92%) = (1.016 £ 0.013, + 0.0144) %,
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together with B(D° — K%a,(980)°, a((980)° — n%) =
(9.88 £ 0.37, £+ 0.42,) x 107, showing that the contri-
bution from the resonances a;(980)° and K*(892) plays a
dominant role in the decay procedure. This decay channel
was first observed by the CLEO Collaboration [50], where
the results with a Dalitz-plot analysis indicated the domi-
nant contributions from the subdecays K$%a,(980) and
K*(892)n. In Ref. [49], the BESIII Collaboration reported
the measurement results of the decay D° — K97°2° with an
amplitude analysis using 20.3fb~! of e e~ data collected at
/s = 3.773GeV, where they measured the branching ratio
as B(D" — K9x°z°) = (1.026 + 0.008, £ 0.009,)%
and found that the dominant intermediate process was
D° — K*(892)°z° with significant contribution from the
S-wave component. For this decay channel, the CLEO
Collaboration had also performed a Dalitz analysis and
found that the data required contributions associated with
the resonances K*(892), f,(980) and the broad one
/f0(500) [51].

On the theoretical side, the decays D° — K$z% and
D° — K47°2° are particularly attractive to investigate the
resonance properties of these scalar states f((500),
£0(980), and a,(980), since the 7’y system is an ideal
channel to observe the isovector state a,(980), while the
7°7° system filters isoscalar configurations and is sensitive
to fo(500) and f((980). Indeed, using a final state
interaction framework based on the chiral unitary approach,
the decays D° — K3f((500), D° — K9%/((980), and
D° - K$a((980) were studied in Ref. [52] with a weak-
interaction diagram of dominant W-internal emission,
where they predicted that the signals of these scalar
resonances could be found in the spectra of the ztz~
and 7°7 in the final states K%z 7z~ and K°z%, respectively.
With an analogous formalism, the decay D° — K°7°7° was
investigated in Ref. [53] with the contributions from the
S-wave resonance f(500) and f((980) of the final state
interaction and the intermediate P-wave state K*(892). In
their analyzed results to the data of the CLEO
Collaboration [51], the near-threshold enhancement in
the 7°7° spectrum was attributed mainly by £,(500)
and K*(892), while the cusplike structure around 1 GeV
was associated with the f,(980) signal. Furthermore, as
discussed in Ref. [54], even though the decay processes are
similar, the a(980) signal in the zn spectra is different.
Indeed, in Ref. [54], they found the clean signal of a,(980)
in the final state interaction of the decay D™ — Kz as
observed in the BESIII Collaboration’s measurements
[35,55], due to no contribution from the low-lying K*
resonance. This is different from the similar decay pro-
cess DY — K~z*n as investigated in the previous
work [31], where they found that the line shape of the
ao(980) signal was substantially distorted by the interfer-
ence effect of the low-lying K* resonances as observed in
the Belle experiment [56].

With the recent measurements of the BESIII Collaboration
[48,49], we investigate the decays D” — K9z and
D® - K97%2° within a unified dynamical framework of
the weak interaction, where the final state interaction is
treated in the coupled channel approach, which dynami-
cally generates the scalar resonances as meson-meson
molecular states. In this way, the 7°2° and z% invariant
mass distributions can be analyzed with the same formal-
ism, allowing us to clarify the respective roles of the
resonances f((500), f((980), and a,(980). Our manuscript
is organized as following. In Sec. II, we introduce the final
state interaction formalism for the decays D° — K975 and
D° — K9xn°7°. The results of combined fit for correspond-
ing invariant mass distributions are presented in Sec. III.
Finally, a short summary is shown in Sec. IV.

II. FORMALISM

We investigate the D° — K92% and D° — K%7°2°
reactions through the internal-W emission diagram, which
is shown in Fig. 1. The quark c of the initial state D can
decay into the s quark by emitting W boson, while the
quark # acts as a spectator and remains unchanged. There
are two ways of hadronization. One way is that the sd
quarks form the final state K° directly, and the quark pair
uit hadronizes within the pair (uii + dd + s5) created from
the vacuum. The other one is that the uiz become the 7° /n,
and the sd undergo the hadronization. Note that, in our
cases, there is no contribution from the external-W emis-
sion diagram, since the z°/n cannot be created in this
diagram, which is different from the cases of similar decays
Dt = K%*p and D° — K=zt [31,54].

As done in Ref. [57], the hadronization can start from the
matrix M with elements ¢g,

uii  ud us
M=|du dd ds |. (1)
sit  sd s
Hence, the hadronization of the components ui and sd can
be written as

s d
c U
W+
DO
U < U
FIG. 1. The internal-W emission mechanism for the decays

D — Kgn'on and D° — K(S)ﬁoﬂo.
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u(iiu + dd + 5s)i = (M - M), s(iiu + dd + 5s)d = (M - M)s,. (2)

Then, the elements of matrix M can be rewritten in terms of the pseudoscalar meson fields ¢ [31,58-61],

e A -
- 1 -0 1 1y 0
¢ = m —nt Tt K : (3)
K &0 2y

\/_ T

In fact, the matrix M in SU(3) should be ¢ + \%diag(nl, 1n1,11), where the 7, is a singlet, taking into account the standard
mixing between 7 and 7. The term %diag(m ,11,11) is omitted because the structure [, d,¢] in the chiral Lagrangians

render this term inoperative. In Refs. [52,62], this ordinary matrix ¢ of the chiral perturbation theory is also used. Then, all
the possible meson-meson components in Eq. (2) are given by

1 1 2 1 -
M-M), == +-m+-—=2"y+7"n" + KK, (M-M),, :K‘zfr—ﬁl{ono, (4)

2 3" 6

where we ignore the contributions of 7’ in our calculation as done in Ref. [31] because it has a large mass and does not play a
role in the generation of f,(980)/a,(980).

Therefore, the hadronization processes for the decays D° — Koﬂol’] and D° — Kozr 7% as shown in Fig. 1 can be
expressed as

1z 1 _ _ 1 1
=V, Vo Via |z Ko +—=K2% + 272 K + KYK~K® + — 2Kt + — K-zﬁ]
’ [3 e V2 V3
1 1 1 1
= C; [z K%m +—=Kn% + 72 K + KK~ K® + —=a"K~7" +— K"T+] 5
o ERY V2 Vi )

where the factor C;, = V,VV,, is a global parameter, which absorbs the production vertex V,, and the elements of the
Cabibbo-Kobayashi-Maskawa matrix V.V, and can be obtained by fitting experimental data as done in our former works
[18,63-65]. Note that C; also absorbs the normalization factor when fitting the experimental data in events. It is obvious
that the final states K%z not only can produce from hadronization processes directly, but also can generate from the
rescattering procedure of the final state interactions with the other terms, while K°z°z° are only obtained from rescattering
effect, which is shown in Figs. 2 and 3, respectively. Therefore, considering the same W-internal emission mechanism of
Fig. 1, the amplitudes of the D° — K92 and D° — K92°2z° decay processes in the S wave can be written as

1
1(8125 523) pr— ROz0y = 76 ¢+ NG C1G 0, (523)T 50,020, (523) + C1 G- (523) T v k-0 (523)

1 1
+ 7 C1Groy(523)T gogsgoy(s13) + NG C1Gir+(513) Tk g0y (513)

1 1
+ 3 C1Ggoy(512) T gogmgopo (S12) + %
1
+ %Cl G-+ (512) Tkt k020 (512), (6)

C] GI_(”ﬂO (S]Q)T[‘(()”O_,I‘(()HO (S]z)
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K° K°
/ 70
DO > > 7r0
\\ DO
n n, K~ n
(a) (b)
70 n
K° K°
DO D°
n,mt n n/m0, mt 70
(©) (d

FIG. 2. Diagrammatic representations of rescattering for the decay D° — K3z%. (a) Tree-level production. (b) Rescattering of
7% and K*K~. (c) Rescattering of K% and K~z*. (d) Rescattering of K%y, K°z°, and K~ =™".

K0
70

DO D°
0

n,mt, K~
(a) (b)

4

n,mt m

FIG. 3. Diagrammatic representations of rescattering for the decay D — K97z (a) Rescattering of ny, ntn n,and K*K~.
(b) Rescattering of K% and K~ z™.

1
t(s12’ 323)D0—>I_{0n°n0 = § X 8C1Gm1(s23)Tm1—>n07z0 (323) +2C Gy pm (s23)T7r+7z‘—>/r07z0(S23)

1
+2C, Gk (523) T k020 (523) + NG CGgoy(512)T gog— o0 (512)

1
+ \ﬁ CiG+(512) Tkt k020 (812).- (7)

The s;; is the energy of two-body system, which is defined as s;; = (p; + pj)z, with p; and p; as the four-momenta of these
two particles. The indices i, j = 1, 2, 3 represent three final states of K%, z°, and 5/2°, respectively. Note that it should be an
extra factor 1/2 for the loop function of the system »n with identical particles [66] in Eq. (7), as commented in Refs. [52,53],
which has been canceled with a factor of 2 for generating two identical particles [63,64,67]. However, with the unitary
normalization, there is a factor 1/4 containing the amplitude 7', _, 0,0 compared to the physical one, due to two pairs of
identical particles in the initial and final states. Thus, in view of these reasons, we take a factor 8 for the term of G, T,,_, 70,0
to recover the physical amplitude. Analogously, a factor 2 is multiplied to the terms of 7+ - 0,0 and T g+ g-_, 10,0, S€€

Eq. (7). Additionally, we take |K9) = \/%(|K°> — |K?)) into account as done in Ref. [68] and change the final state
from K° to Kg; the S-wave amplitude in Egs. (6) and (7) can be revised as
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-1 1
1(512: 523) po k020 = F 2\/»C 1G 20, (523) T 500 (523) —7§C1GK+K- (523) Tk ka0 (523)
1

2\/—C 1Ggoy (523) T oy ko, (513) _zCIGK‘lﬁ(SIS)TK’n++K°n(Sl3)
1 1

+ 6 ClGKOW(SIZ)TKOneKOﬂO(Sl2) + WE CiGgoo(512)Tgopo_gopo (512)
1

- %CIGK‘Jﬁ (512) Tkt = k020 (512)5 (8)

-1 1
t(s12, 523)D°_>ng°n° = 3\—@ x 8Cy Gnq(523) m—r'n® 0(s23) = ﬁ X 2C Gyt g (523) Tyt 20020 (523)

1
—E X 2C G- (523) T k-oatn0 (523) + 2\/-C 1Gkoy (52’5)TK°;7—>KU 2 (513)

1
- EC] GK-H(SB)TK*ﬂeKOnU(513)1 (9)

where Gpp and Tpp are the loop functions and the two-body scattering amplitudes, respectively; see some more details
below. Note that, for the decay D° — K%z%, the Ky rescattering is disregarded as done in Ref. [54] for the process
Dt — K%z"n due to its threshold far away from the energy region of the x/K(700).

The scattering amplitudes in Eqgs. (8) and (9) can be calculated by solving the coupled channel Bethe-Salpeter equation [30,69],

T=[1-VG]'V, (10)

where the matrix V is composed by the scattering potentials of corresponding coupled channel. In the chiral unitary approach,
the interaction potentials can be evaluated from the chiral Lagrangians. For the isospin / = O sector, V is a 5 x 5 matrix of the
interaction kernel for five channels: 77z~ (1), z°2°(2), K*K~(3), K°K°(4), and n5(5), and the explicit expressions for these
elements are given by [62-64,70]

1 1 5 1
Vi = 2—]023, Via _W(s_mﬂ), Vis = 4—]025,
1% ! \% ! 2 1% ! 2
:__S, :——mﬂ_’ :——mﬂ’
14 4f2 15 3\/§f2 2 2f2
1% ! 1% ! 1% L2
_—s’ :_—s7 :__mﬂ5
23 A \/2 fz 24 4 \/§ f2 25 6 f2
1 1
V33 = 2—f2 S, V34 4f2 S,
1 1
Vie = ———— 9s—6m2—2m,2, , \% — s,
35 12\/§f2( n ) 44 2f2
1
Vis = ————=— (95 — 6m2 — 2m2),
45 12\/§f2( n )
1

where f = 0.093GeV is the pion decay constant [26], and m p are the corresponding masses of pseudoscalar mesons which are
taken from PDG [3]. For the I = 1/2 sector, three channels are coupled, K~z (1), K°z°(2), K%(3), and then the elements of the
3 x 3 symmetric matrix are given by [31,33,63]
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Vll_g—]jz{%s—%(mi—mﬁ)z}’

Vip = #Zfz Bs — mz — my — (m ;sm%()z],

Vis = 3 50— = 5k g O = ) = ).
sz=${—;+mi+m%<—(m’% ;Smw]’

Var == s (39— g = 5k 3 = k) = )|

Vi == gys |39 = 38+ k4 3= 5 (= mi . (12)

For the I = 1 sector, three channels are coupled, K™K~ (1), K°K°(2), 2°(3), and then the elements of the 3 x 3 symmetric
matrix are given by [54,71]

1 1
V =~ 5% V RO V - = A 3 2 2 - 2,
11 2f2s 12 4f28 13 3\/5]‘2[ s —2my m”]
Vv ! % ! [3s — 2m5 2] Vv 2 (13)
=———5, = ———[3s = 2m% — m2], = ——>m:.
2= NG oo TS

Note that the unitary normalizations |r5) — \/LE lnn) and |z°7°) — \/LE |z°7°) are accounted for the identical particles, which have

been taken into account in the interaction potentials; thus, there is no extra factor for the G functions in Eq. (10) [62,66]. Generally,
the loop function G is logarithmically divergent, we adopt three-momentum cutoff method to solve this problem, and the explicit

form is given by [33]

! S+A s—A (1+Al)q X (l‘i‘ﬂz)q X
G(s) = 67 {a(arctan poy + arctan ol ) - [(s—f—A) mea_,_ (s — A)lnTma . (14)
|
where o = [—(s — (m; + my)?)(s = (my — mz)z)]l/ 2 A= approach, the imaginary part of the loop function is equal

m} —m3, and A; = \/1 +m?/qha (i =1, 2). @pay is the
cutoff momentum, and we take the value as 650 MeV,
which was also used in Ref. [71] for the case of considering
the 7-/ mixing.

Additionally, in the chiral unitary approach, the most
reliable range of the S-wave pseudoscalar meson-pseudo-
scalar meson interactions is up to 1.1~1.2 GeV. In order to
make reasonable calculations, we smoothly extrapolate
G(s)T(s) above the energy cut /s > /s = 1.1GeV,
as done in Ref. [14],

to the phase space of the two-body system [72], which
means that the imaginary part of the loop function is well
defined with the s dependence. Thus, for Eq. (15) one can
keep the s dependence of the imaginary part of G(s) and let
its real part calculate with the s.,. On the other hand, we
make further tests as done in Ref. [14] with fixed values of
a=3.7,5.4,7.7GeV~! for Eq. (15). With the tests of these
two parametrizations, we find that there is no improvement
to the fitted results, or even worse, and thus we keep using
the one of Eq. (15).

G(S)T(S) = G(scut)T(scut)e_a(\/E_\/m)’ \/E > V Scuts 0
(15) n/m 0
where G and T are the loop functions and amplitudes that DY .
are introduced in Eqgs. (14) and (10), respectively. The « is K (892)
the smoothing extrapolation factor, of which the value is KY

obtained by fitting experimental data. Furthermore, one can
use different parametrizations for Eq. (15) to check the
smooth extrapolation. Note that, in the chiral unitary

S

FIG. 4. Mechanism for the D° - K3z% and D° — K92°2°
decays via the intermediate vector meson K*(892).
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TABLEL Values of the parameters from the combined fit for the data of the decay D° — K97°z° observed by the

BESIII Collaboration [49].

Parameters C, a D

AR (302) D, a'kx(ggz) y*/d.of.

Fit 1486.15 -2.03 —118.09

-3.91 523.46 —7.88 35.38

In addition to the contributions from the S-wave pseu-
doscalar meson-pseudoscalar menson interactions, we also
considered the contribution from the intermediate vector
meson K*(892) for the primary hint, where the higher
resonances’ contributions will be discussed in the next
section. The mechanism is depicted in Fig. 4, and the
amplitude for the process D° — K*(892)z° — K°2°2° can
be calculated by [31,73]

Mi(*(892) (5125 523)
Delak* (592)

Sl =M %«(892) + iM g 892) ] &+ (892)*

where D and ag-(892) are the normalization factor and
phase, respectively, which can be determined by fitting the
experimental data. M g-(goy) and I'g(ggy) are the mass and
width of the intermediate state K*(892), of which the values
are taken from the PDG as 0.89167 and 0.0514 GeV [3].
Note that the s;; are not independent and fulfill the following
constraint condition:

(17)

— 2 2 2 2
S12 813 So3 = My, My +my + nm, -

Hence, there are only two s;; that are independent. The total
amplitudes of the D° — K$z% and D° — K%7°2° proc-
esses that contain the contributions from the § and P wave
can be written as

..................

2 2 2 2
(mpg —m>, ) (mye —m>,)
D n/x K pa
X Ve —si3+ 8|, (16)
K*(892)
—— Total
400
----- S wave
—-- K*(892)°
§ Data
300
2
2 200
w
100
ok
0.5 1.0
2000 - 1 = ITota\
----- S wave
—-- K"(892)°

¢ Data

1500

Events

1000

500

. . . . . . . .
0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25
Mfgng[GeVZ]

(b)

2.0 2.5 3.0

Mion[GeV?]

(a)

—— Total

g0 4 Swave

}*}*“ —-- K*(892)°
¢ Data

200

| . , . | . , .
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75
M,%gng[GeVZ]

()

FIG.5. Combined fit for the invariant mass distributions of the decay D° — K$z°2°. The solid (black) line is the total contributions of
the S and P waves, the dashed (red) line represents the S-wave contributions, the dash-dotted (purple) line means the contributions of the
K *(892) in the P wave. The dotted (black) points are the experimental data measured by the BESIII Collaboration [49]. (a) Invariant
mass distribution of Kgﬂ'(]) (b) Invariant mass distribution of Kgﬂg (c) Invariant mass distribution of 77,'?77.'(2).
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TABLE II.  Values of the parameters from the combined fit for the data of the decay D° — K%7z° with the

energy-dependent parametrization of Eq. (22).

Parameters C, a D D' g (392) D, D ¥z (s00) xy*/d.of.
Fit —831.70 12.54 1837.68 —2440.53 —-1.81 -235.76  —=305.45 -3.79 10.81
7' ($12:523) po o0 d°T 11
—hRgmn / 2
= 3 3 |t (S12ﬂ s23)D0—>K0;zOn| ’ (20)
= t(s12, 523>D°_>1<gn°;7 + Mg-(302) (512, 523),  (18) dsipdsyy - (27)° 32mpy, ’
t/(SIZ’ S23)D0—>K2,ﬂ0ﬂ“ JZF 1 1 1 |t ( ) (21)
= —| (815, s N
= t(s12, S23)DO—>ng0ﬂ° + Mk*(sf)z)(ﬁz’ s23) + (2 < 3). dsiads,y  (2n)? 32m3D(J 2 12 %23/ D~ Kga'x"

(19)

Note that, when considering the identical particles in D° —
K97°7° decay, the parameters in the contributions of the
P wave are different: there are four parameters and, thus, two

normalizations D/D; and two phases ag-(se)/@%. (892)°

Finally, the double differential width distribution of these
two three-body decays are written as

where the factor % origins from the identical particle z° in
final states, and the #'(s,, 553) is the total amplitudes that
are presented in Eqs. (18) and (19). With the constraint
condition given by Eq. (17), one can calculate the invariant
mass distributions dI'/ds,,, dU'/dsy;, and dI'/ds,3 by
integrating over the other variable with the limit of the
Dalitz plot, where more detail can be found in PDG [3].

—— Total

----- S wave

—-- K*(892)°
¢ Data

400

100

1750 T
—— Total
iso0of & Swave
—-- K"(892)°
1250 ¢ Data

1000

Events

750

500

250

050 075 1.00 125 150 175 200 225
MgorglGeV?]

(b)

2.0 25 3.0

MZong[GeV2]
(a)
—— Total
700 F *}*}H ..... Swave 1
b —-= K"(892)° ]
600 ¢ Data

000 025 050 075 100 125 150 175
Mgl Gev?]

(©)

FIG. 6. Combined fit for the invariant mass distributions of the decay D° — Kgﬂ'oﬂ'o with the energy-dependent parametrization of
Eq. (22). The solid (black) line is the total contributions of the S and P waves, the dashed (red) line represents the S-wave contributions,
the dash-dotted (purple) line means the contributions of the K*(892) in the P wave. The dotted (black) points are the experimental data
measured by the BESIII Collaboration [49]. (a) Invariant mass distribution of K (S’n‘l’ (b) Invariant mass distribution of K (S)zrg (c) Invariant

mass distribution of z9z9.
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TABLE IIl.  Values of the parameters from the combined fit for the data of the decay D° — K3z°2° with the K*(1680) contributed.

Parameters Cl a D ak*(892) Dl

/
Ak (892)

Dg-1680)  k*(1680)  D1.x*(1680) “/1-(*(1630) x*/d.of.

Fit 869.39 9.14 —-13934  -3.17 49844

—=7.00

2796.28 —3.88 2062.10 -1.92 12.99

III. RESULTS AND DISCUSSIONS

In our formalism discussed above, there are several
parameters that need to be determined by fitting the
experimental data. For the D° — K$z% process, there
are four parameters, the global parameter C;, the extrapo-
lation parameter «, the normalization parameters D, and
phases ag«(ggy) in the P-wave amplitude. For the D’ —

K97°7° decay, due to the identical particles, there are two

/
more parameters for the P wave, D and a%. (892)° As shown

in Egs. (18) and (19), the coherence of the amplitudes
between the S and P waves are taken into account.

For the D° — K%7°z° decay, through the interference
between the S and P waves, we perform a combined fit to the
experimental data from three corresponding invariant mass
distributions measured by the BESIII Collaboration [49];
the free parameters and mass distributions are shown in

Table I and Fig. 5, respectively, where, as done in the
experiments [49], the two pions are distinguished by
momentum, named 7 and z) for the high and low
momentum pions, respectively. In Fig. 5(a), the Kz}
distribution is depicted, where three obvious structures
mainly benefit from the vector meson K*(892), and the
contribution from the § wave is relatively small. In Fig. 5(b),
our results for the K9z) mass distribution is in agreement
with the BESIII measurements. The narrow peak structure
around 0.75GeV? is contributed from the vector meson
K*(892) in the P wave, while the contribution from the
S-wave pseudoscalar meson-pseudoscalar interactions is just
shown as a smooth background in this distribution. For the

7Y invariant mass distribution as presented in Fig. 5(c), the

structure around 0.25GeV? is the contribution of the scalar
meson f(500) in the S wave and the reflection of the vector

—— Total

----- S wave
—-- K"(892)°
—-- K*(1680)°

400 -

300

100

k —— Total
1750 f ,l_l ..... S wave
! el )
1500 F N K'(892)°
/ —-= K*(1680)°
1250 F ! t Data

050 075 100 125 150 175 200 225
MianslGeV?]

(b)

Mgono[GeV2]
(@)
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700 F *}*{H ..... S wave
600 AU
—:= K*(1680)°

MalGev?]

(©

FIG. 7. Combined fit for the invariant mass distributions of the decay D° — K9z°z° with the K*(1680) contributed. The solid
(black) line is the total contributions of the S and P waves, the dashed (red) line represents the S-wave contributions, the dash-
dotted (purple) line means the contributions of the K*(892) in the P wave. The dotted (black) points are the experimental data
measured by the BESIII Collaboration [49]. (a) Invariant mass distribution of K%z3. (b) Invariant mass distribution of K%x9. (c)

Invariant mass distribution of z%x).
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TABLE IV. Values of the parameters from the combined fit for the data of the decay D° — K3%2° with the
K*(1680) contributed and the energy-dependent parametrization of Eq. (22).

Parameters C a D AR+(392) D, D oy (892)

Fit 279.96 -5.80 463.88 —739.94 2.99 127.19 —841.02 —10.86

Parameters Dg-(1680) Dig- 1680) A (1680) D &+ (1650) D! g (1680) Uz (1680) x*/d.o.f.

Fit 4729.23 -3607.05 11.11 9596.12 —3324.87 —8.60 8.94
meson K*(892) in the P wave, which also contribute to the ~ written as

one in the higher-energy region around 1.75GeV?. The clear
peak at 1.0GeV? is the signal of the scalar meson f(980),
which is dynamically generated from the S-wave pseudo-
scalar meson-pseudoscalar interactions. It should be men-
tioned that our results are consistent with the results obtained
in Ref. [53].

From Table I, one can find that the fitted y/d.o.f =
35.38 (d.o.f. denoted as the degree of freedom) is big. To
improve the fitting results, we try to take an energy-
dependent parametrization for the P-wave amplitudes,

D—D -s,+D, D, — D\ -s;3+D;, (22)
with two more free parameters D’ and D' introduced. The
obtained results are shown in Table II and Fig. 6, which are
improved a lot with y?/d.o.f. = 10.81, especially for the
results of the two invariant mass distributions of K$z°, see
Fig. 6. On the other hand, as found in the experiment [49],
some other higher resonances are also contributed, such as
the ones K3(1430), K*(1680), f,(1270), and so on. Since

—— Total

----- S wave

—-- K"(892)° 1\
—-- K*(1680)° | \
3007 4 pata IR

400

Events
N
o
(=

100

0.5 1.0 1.5 2.0 2.5 3.0
MionGeVv2]

(a)

i —— Total
2000} I Swave 1 700} *{*}H ----- S wave
—— K*(802)° ] —- K'(892)° ]
i —-- K"(1680)° —:= K"(1680)°
1500 i ] )

"™ ¢ Data 500 F

1000

Events

500

of B 0
050 075 1.00 125 150 175 200 225 000 025 050 075 100 125 150 175
MgonglGeV?] MaonglGev?]

(b) ©

FIG. 8. Combined fit for the invariant mass distributions of the decay D° — K%z°7° with the K*(1680) contributed and the energy-
dependent parametrization of Eq. (22). The solid (black) line is the total contributions of the S and P waves, the dashed (red) line
represents the S-wave contributions, the dash-dotted (purple) line means the contributions of the K*(892) in the P wave. The dotted
(black) points are the experimental data measured by the BESIII Collaboration [49]. (a) Invariant mass distribution of K (S);r? (b) Invariant

mass distribution of Kgﬂ'g (c) Invariant mass distribution of 71'?77.'(2).
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TABLE V.  Values of the parameters from the combined fit for the data of the Kz°, K%, and 7% spectra observed

by the BESIII Collaboration [48].

Parameters C, a

D ak*(892) }(2/d0f

Fit 3342.04 -3.38

138.31 2.34 11.59

the K*(1680) resonance has a larger fit fraction, as shown in
Table 4 of Ref. [49], we take its contribution into account,
and thus, we add four more parameters due to two
K*(1680) being added. The fitted results of the parameters
and invariant mass distributions are given in Table III and
Fig. 7, where the ?/d.o.f. = 12.99 is also much improved
and the line shapes in the low-energy parts of two K9z°
invariant mass distributions have been fitted well, see
Fig. 7. Note that, to reduce theoretical uncertainties with
less parameters, we do not consider the other higher
resonances, which have small fit fractions as found in
experiment [49]. Furthermore, we also consider the energy-
dependent parametrization for four P-wave amplitudes,
where four more parameters are explored. The results are
presented in Table IV and Fig. 8, where the y?/d.o.f. =
8.94 is improved significantly. As clearly shown in Fig. 8,
the low-energy parts of these three invariant mass

distributions and the high-energy parts of the K$z!
invariant mass distributions describe the data much better
with more clear signal of the K*(1680) contribution,
which in fact has small contribution, as found in experi-
ment (see Table 4 and Fig. 4 of [49]). Thus, to match the
experimental findings, maybe it is enough to fit data better
to consider one of two cases, with higher resonance con-
tribution or an energy-dependent parametrization for the
P-wave amplitudes.

Similarly, for the D° — K92% process, in order to
describe the K3z° K97, and z% invariant mass distribu-
tions simultaneously, we also make a combined fit to the
experimental data of the BESIII Collaboration [48]. The
fitted parameters are presented in Table V, and the invariant
mass spectra are shown in Fig. 9, where we have taken into
account the different bin sizes of the spectra, see the results
of Ref. [48]. One can see that our fitting results are almost
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200} S wave
—-- K*(892)°
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175k S wave
—-- K*(892)°
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FIG.9. Combined fit for the invariant mass distributions of the decay D° — K' gﬂol’[. The solid (black) line is the total contributions of
the S and P waves, the dashed (red) line represents the S-wave contributions, the dash-dotted (purple) line means the contributions of the
K*(892) in the P wave. The dotted (black) points are the experimental data measured by the BESIII Collaboration [48]. (a) Invariant

mass distribution of K. (b) Invariant mass distribution of K$z°

. (¢) Invariant mass distribution of 7.
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TABLE VI. Values of the parameters from the combined fit for the data of the K9z°, K9», and z% with the

K*(1410) contributed.

Parameters o a D

AR+ (892) Dg-(1410) AR+(1410) x*/dof.

Fit 3250.75 —4.52 124.54

2.53 —765.52 1.26 10.34

in agreement with experiments within the uncertainties. For
the Kgn mass distribution as shown in Fig. 9(a), there are
double hump structures, which are the contributions of the
interference effect between the S-wave amplitude and
the P-wave one with the intermediate resonance
K*(892) and where the S-wave contribution is dominant.
In Fig. 9(b), the structure around 0.9 GeV in the K9z°
spectrum is the contribution of the K*(892), and the bump
in the higher region benefits from the S wave. For the 7y
invariant mass distribution as depicted in Fig. 9(c), the clear
enhancement around 1.0 GeV is the signal of the a((980),
which is dynamically generated from the S-wave final state
interactions regarded as a KK molecular state, and the
contribution from the P wave is tiny.

Our fitted ?/d.o.f. = 11.59 is a bit large, since we do not
consider the contributions from the other higher resonances,
as considered in the experiment [48]. According to Table I of

Ref. [48], the K*(1410) had a larger fit fraction contribution
compared to the others. Thus, with its contribution we
remake the fit again with two more free parameters and
obtain the results as given in Table VI and Fig. 10, where the
fitted results are improved a bit with y?/d.o.f. = 10.34. As
done above, here the other higher resonances are also ignored
due to their small contributions [48]. Moreover, as done in the
decay D° — K9x°7° above, an energy-dependent paramet-
rization is also taken into account to the both P-wave
amplitudes by adding two more parameters, where the results
are shown in Table VII and Fig. 11. From Table VII and
Fig. 11, indeed, once again, we find that the fitted invariant
mass distributions, especially the lower-energy parts of the
K97°, are significant improvements with y?/d.o.f. = 6.73
and more parameters. In Fig. 11, one can also see that the
two P-wave resonances have obvious contributions, whereas
the higher one had a small contribution as found in the
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FIG. 10. Combined fit for the invariant mass distributions of the decay D° — K%z°y with the K*(1410) contributed. The solid (black)
line is the total contributions of the S and P waves, the dashed (red) line represents the S-wave contributions, the dash-dotted (purple)
line means the contributions of the K*(892) in the P wave. The dotted (black) points are the experimental data measured by the BESIII
Collaboration [48]. (a) Invariant mass distribution of K(S)n. (b) Invariant mass distribution of K gﬂo. (c) Invariant mass distribution of 7.
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TABLE VII.  Values of the parameters from the combined fit for the data of the K%7°, K97, and z° with the
K*(1410) contributed and the energy-dependent parametrization.

Parameters C, a D D' k892) Dio(14a10)  Diukeiaio) @& (1410) y*/d.of.
Fit 4180.46 —0.96 1965.26 —2315.30 2.98 —5427.37 3065.76 2.40 6.73
350 -
—— Total ./"\\
R S wave 7
008 keigeae / \
250F —-- K*(1410)° / \

200

Events

150
100

50 -

1.1 1.2 1.3

F — Total

175 AETEE S wave
—-= K*(892)°
150F —.- K*(1410)°

< 100
75 | *
of i 3
’ i . o .
25F [/ i / \\ OGN |
o \/ RN
06 07 08 08 10 1T 1z 13
Myons[GeV]
(b)

1.4 15 1.6 1.7

Mgop[GeV]
(a)

1400p——— Total

200kl S wave
—-- K*(892)°
—_ K" 0

1000 F K™ (1410)

t Data

800

Events

600

400

200

Mpoq[GeV]

()

FIG. 11. Combined fit for the invariant mass distributions of the decay D° — K%z with the K*(1410) contributed and the energy-
dependent parametrization. The solid (black) line is the total contributions of the S and P waves, the dashed (red) line represents the
S-wave contributions, the dash-dotted (purple) line means the contributions of the K*(892) in the P wave. The dotted (black) points are
the experimental data measured by the BESIII Collaboration [48]. (a) Invariant mass distribution of Kgn. (b) Invariant mass distribution

of K%7°. (c) Invariant mass distribution of z%.

experiment [48]. As the case of the D° — K9%7°2° above,
these results also indicate that two cases, with higher
resonance contribution and an energy-dependent parametri-
zation for the P-wave amplitudes, are taken into account one
of them enough to fit the data better.

IV. SUMMARY

Motivated by the BESIII Collaboration measurements for
the decays D° — K%z and D° — K97°2°, we investigate
these two processes with the same weak decay diagram of
internal-W emission mechanism in the quark level. For the
final state interaction in the hadron level, we consider the
S-wave pseudoscalar meson-pseudoscalar meson interaction

within the chiral unitary approach, where the scalar reso-
nances f((500), fo(980), and a((980) are dynamically
generated. Moreover, the contributions from the P-wave
intermediate vector meson K*(892) and some other higher
resonances are also taken into account. By considering the
interference of the S- and P-waves amplitudes, we make a
combined fit for corresponding invariant mass spectra, where
the free parameters can be obtained and good descriptions of
the experimental data can be achieved. For the decay
D° — K$z%, the peak around 1.0 GeV in the 7% mass
distribution is the signal of the a,(980), while the contri-
bution of intermediate resonance K*(982) in this distribution
is very small and just as a background. For the process
D® — K97°2°, the obvious structure around 1.0GeV? in
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the 7979 mass spectrum is associated with the f,(980),

which is dynamically generated from the S-wave coupled
channel interactions, and the bump at low region bene-
fits from the contributions of f,(500) and K*(892).
Furthermore, to improve the fits, we also consider the con-
tributions from some higher resonances as found in the
experiments and an energy-dependent parametrization to the
parameters of the P-wave amplitudes. The obtained results
indicate that the fitted results are better in each case. When
two cases are taken into account simultaneously, the results
are improved significantly with more parameters and clear
higher-energy resonances contributed significantly, which do
not match the results as found in the experiment and indicate
that it is enough to consider one of them.
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