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In the present work, we study the reactions D° — K*K~5 and D° — z+ x5, and find that the a,(980)
state plays a dominant role. At the quark level, the external and internal W-emission mechanisms are taken
into account, which can hadronize into the final states, and then the ay(980) state is generated from the final
state interaction. In addition, the contributions of other intermediate resonances, such as p(770) and
¢(1020), are also considered. We make a combined fit of the invariant mass spectra measured by the Belle
and BESIII Collaborations, where the results are in good agreement with the experiments, and the signal of
a(980) shows great significance. Furthermore, the antisymmetry data for the production of ay(980)" and

a((980) are described well in the combined fit.

DOI: 10.1103/yhzk-p2yp

I. INTRODUCTION

Even though the states a((980) and f,(980) were found
a long time ago [1-3], the nature and structure of them
remain topics of active research and debate in particle
physics; see more discussions in the review of the Particle
Data Group (PDG) [4] for the meson resonances below
1 GeV. As already known, they exhibit unique properties
that challenge conventional understanding. The a((980)
state is an isovector (I = 1), while f,(980) is an isoscalar
(I = 0), of which their masses are approximately 980 MeV
and just below the KK threshold, leading to various
interpretations concerning their properties. In the quark
model, these resonances might be viewed as conventional
scalar ¢g states [5-7]. However, the low masses of a((980)
and f,(980) raise questions about their compatibility with
this picture, particularly since the expected mass of the
lightest scalar ¢g state, the ¢ or f(500), is significantly
different. On the other hand, some theoretical points of
view suggested these particles could be tetraquarks com-
posed of four quarks (gqg g) [8—10], which could explain
some of their unusual properties and decay patterns. An
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alternative and increasingly popular interpretation was that
a0(980) and f((980) could be considered as molecular
states, composed primarily of KK pairs [11-15]; see more
discussions in the review [16]. This interpretation is
supported by the proximity of their masses to the KK
threshold and a strong coupling to the KK channel.
Furthermore, some models proposed that ay(980) and
f0(980) could possess more complex structures involving
contributions from other resonances, or even nonperturba-
tive effects that lead to a more nuanced picture than a
simple quark pair or a molecular model [17,18]. Thus,
many experimental efforts, including the analysis of their
decay modes, scattering experiments, and resonant pro-
duction mechanisms in various reactions, aim to clarify the
nature of a((980) and f,(980). Moreover, the measure-
ments of branching ratios in different decay modes, study-
ing how these states couple to different final states and
probing their production in high-energy collisions can help
distinguish between different theoretical frameworks. Their
productions in the ¢» meson radiative decays were searched
for in the decays ¢ — yzt7z~ [19], ¢ — ya°2° [20], and
¢ — ya’n [21], with the corresponding branching ratios
measured. Analogous productions in the J/y meson
radiative decays were done in the decays J/y — ya°z°
(221, J/y = ya'n (23], J/y — y(zm, KK, nqn, o) [24],
and so on, where the resonant signal was found. In the
hadronic decay modes, the production of ay(980) and
f0(980) can be easy in some certain decay processes.
Three-body decays of charmed mesons, such as those
involving D mesons, represent a good opportunity to

Published by the American Physical Society
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explore low-lying scalar resonances, since the presence of
three mesons in the final state provides a fertile ground for
studying the properties of various resonances, including the
a(980) and f(980) states. The LHCb Collaboration
employed a Dalitz plot method to analyze information
about the resonance contributions, such as a((980),
f0(980), ¢(1020), and f((1370) in the decay D' —
K~K"K* [25], which was a doubly Cabibbo-suppressed
process. Reference [26] reported the results of the first
measurements of the absolute branching fractions for 14
hadronic D) decays with 7 in the exclusive final states, for
example, D — K*K~ 5, K9K9n, and so on. Aiming at
hinting the CP violation effect, the singly Cabibbo-sup-
pressed decays D — K+ K~n, x* 71, ¢y were investigated
in Ref. [27], where the branching fractions and CP asym-
metries were measured, and the invariant mass distributions
were also given with the resonance signals, such as the
a0 (980), appearing. The CP asymmetries were also tested in
thedecays D° — zt 7 nand DT — '+ 2% with the absolute
branching fractions measured [28], where no CP violation
was found and which were measured for first time by the
CLEO Collaboration [29]. Recently, the BESIII
Collaboration reported the updated results of the first
amplitude analyses for the decays D) — ztz=©y in
Ref. [30], where they found that the production of ay(980)*
was much larger than the one of @((980)"(® in the
intermediate processes of these two decays, indicating final
state isospin symmetry breaking, and the contribution of the
p°+) resonances was important. Furthermore, a,(980) and
f0(980) can also be reproduced in the certain final state
interactions of three-body hadronic decays of the Dy, B,
mesons, and of course, some other D meson decay proc-
esses, too; see more results in PDG [4].

On the theoretical side, there are also many works with
different models or approaches devoting great effort to shed
light on the dynamics of strong interactions and the
resonance nature. Using a covariant quark model, the
properties of the f(980) resonance were investigated in
Ref. [31]in the decays D(,) — f((980)z, f((980)K. Within
the perturbative QCD approach, Ref. [32] systematically
analyzed the charmless decays B(,) — Vzz with V repre-
senting vector mesons, where the branching fractions
were evaluated by considering the f;(980) resonance
contribution. In Ref. [33], the decay D™ — K" KTK™
was investigated using the isobar model alongside the
coupled-channel K-matrix approach, allowing for a detailed
examination of the ay(980) and f,(980) resonance con-
tributions. This double Cabibbo-suppressed decay, D" —
K K"K", was also examined by exploring the N/D
method in Ref. [34], where the data of the invariant mass
distributions were well fitted. Applying a coupled-channel
framework that accounted for the final state interactions,
Ref. [35] analyzed the decay D™ — K~ z*z™, which was
also studied in Refs. [36,37] with the dispersion theory based

on the Khuri-Treiman formalism. Furthermore, based on the
final state interaction from the chiral unitary approach
(ChUA) [13,38-40], the results of Ref. [41] indicated that
the resonance contributions from f,(500), f,(980), and
ay(980) in the 7+ z~ and 7"y invariant mass distributions of
the decays D — K%zt 7z~ and D° — K°2%, respectively,
were important, where an obtained ratio of the branching
fractions was consistent with the experimental measurement
within the uncertainties. With similar formalism, the singly
Cabibbo-suppressed processes D° — 7972°7°, z°2%, z%n
were studied in Ref. [42], where the resonances f((500),
f0(980), and a((980) were dynamically reproduced in the
final state interactions based on the ChUA, and the data of
the 7% invariant mass spectrum of the decay D° — 7%,
measured by the BESIII Collaboration [43], were
described well.

We know that the isobar model can describe the resonant
contributions well, but its resonance parameters do not
provide much information on the resonant properties. It
looks like the K-matrix formalism is a bit better since its
kernels can contain the bare poles of the resonances, and it
imposes the two-body unitarity constraint compared to the
isobar model, whereas there are some approximations
that deal with the particle propagators in the loops of
the K-matrix amplitudes [33], where the resonant inter-
pretation is still missing. The Khuri-Treiman formalism
primarily employs dispersive relationships based on the
principles of analyticity, unitarity, and crossing symmetry
to parametrize the scattering amplitudes of three-body
decays at low-energy dynamics [36], where the scattering
phase shifts should be taken as input, and the asymptotic
behavior of the related phase shifts in the high-energy
region is unknown and needs to make an assumption for it
in the calculation of the inhomogenieties. For the ChUA,
one can dynamically reproduce the resonances from the
two-body interaction scattering amplitudes, where the
scattering information and the decay properties of the
resonant poles can be obtained. Thus, in the present work,
aiming at understanding the production properties of
ay(980) and £,(980), we analyze the decays D° —
K*K 5 and D° — ntz7n based on the experimental
measurements of Refs. [27,30] applying the final state
interaction framework within the ChUA. Our manuscript is
organized as follows: In the next section, our formalism of
the final state interaction is presented. Then, the results for
the decays D° — K*K~n and D° — n* 775 are discussed
in detail. Finally, we provide a short summary.

II. FORMALISM

In the present work, we investigate the weak decay
process of the D° — K+ K~ and 7+ 7~ 7 reactions based on
the ChUA for the final state interaction. First, the resonance
ap(980) is dynamically generated by the S-wave pseudo-
scalar-pseudoscalar meson interaction. Then, the states ¢

036001-2



ROLE OF ¢((980) IN THE DECAYS D° - K*K™7 ...

PHYS. REV. D 112, 036001 (2025)

u
d
W+
c > P> d
DO
U < U

(a)

FIG. 1.

and p are contributed from the P wave, which are calculated
with the Breit-Wigner amplitudes as done in Refs. [44-46].
Finally, the double differential widths of the D° — K* K~
and ntzn~n processes are evaluated and fitted to the
experimental data. It should be mentioned that the goal
of Refs. [27,28] in the experiments was to hint the CP
violation, which is not the motivation of the present work.
We just focus on how the molecular states produce in the
final state interactions. Note that the final state interaction
at the hadron level was introduced in the formalism to
investigate the CP violation in Refs. [47,48]. In our
formalism, we just assume the short-distance part of the
weak interaction is unknown parameters, which are deter-
mined by the fitting of experimental data; the details will be
provided later. Thus, the essential information of the weak
phases for the CP violation is lacking in our case, which in
fact is done by the QCD factorization approach; see more
detail in Refs. [49-51].

There are several cases of weak decay topography
contributions [52-55], and only the dominant mechanisms
for the external and internal W emission are considered,
which are depicted in Figs. 1 and 2. Note that these
diagrams can all contribute to the two decays that we
are concerned about. For the W-external emission at the
quark level, as shown in Fig. 1, the quark ¢ of the initial
meson D° can decay into a W' boson and d(s) quark,
while the @ quark of the D° meson remains as a spectator.
Then, there are two cases for the hadronization procedures.
The first one is that, the quark pair ud(u5) created by the W
boson can form the z (K™*) meson directly, and the other

d d

w+
DO

u < U
(@)

FIG. 2.
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(b)

External W-emission mechanism for the processes (a) ¢ — W'd and (b) ¢ — WTs.

pairs dii(sit) generate two final states through hadroniza-
tion with quark pairs gg = uit + dd + s5 produced from
vacuum. The second one is that, the quark pairs di(si)
become 7~ (K~), and the other quark pair ud(u5) under-
goes hadronization. Then, the corresponding decay proce-
dures for these hadronizations can be written as

HUY) =V,V Vil (ud - z+)[di — dia(uit + dd + s5)]
+ (dit — n7)[ud — ud(uit + dd + 55)]}
= VpVeaVual(ud = 7%)[Ma — (M - M)y)]
+ (du = 77)[(M - M),,]}, (1)

H) = VoV, V. (us — K*){sii — si(uit + dd + s5)
+ (sit = K7)[u5 — u5S(uit + dd + s5)]}
= VpVesVus{(us — K7)[M3y — (M - M)3]
+ (sit = K7)[My3 — (M - M),5]}. (2)

The W-internal emission mechanism is shown in Fig. 2.
Similarly, the quark ¢ of the initial meson D° can decay into
a W7 boson and d(s) quark, while the & quark of the D°
meson remains as a spectator. But, the two cases of
hadronization processes occur between two quark pairs
of ut and dd(s5). Analogously, these hadronization proc-
esses can be written as

W+
DO

U < U

(b)

Internal W-emission mechanism for the processes (a) ¢ —» W'd and (b) ¢ —» WTs.
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- 1 . | _
H?Y) = BV,V V., [(dd—)——zzo> uit — uit(uit + dd + 55 +<dd—>— >uu—>un uit + dd + s5
BVpV eV 7 [ ( )] 7" [ ( )]

+ <ua - %2;#) 1dd — dd(ufi + dd + 55)]+ <uu - %n> 1dd — dal(uii + dd + sE)]]

=BVpVeiVua Kdd - ——n0> My, = (M-M),,] + (d[i - %n) My, - (M-M),,]

2 - 1 -
H®) = gV’ VCSVMS{GE - —— ) uit — uit(uit + dd + s5)| + (uz’t —>—7r0> §5 — s5(uit + dd + s5
BV 7" [ ( )] 7 [ ( )]

4 <m-, N %;O [s5 — s5(uit + dd + si)]}

VLV Vs Kss - —%O My, — (M- M), ] + (ua - %ﬁ)) May — (M - M)s3]

+ (= ) s = 1 M) @)

where Vp and V', are the vertex factors of the weak interaction strength, which are assumed to be constants [45,56-58]. /3 is
the relative weight coefficient between the internal and external W-emission mechanisms [59,60]. The factors —1/ V2,
1/4/2, 1/4/6, and —=2/+/6 come from the flavor components of z° and 7, which are given as |7°) = \/% |uit — dd) and
ln) = i6 |uit + dd — 255). V,, ,, is the element of the Cabibbo-Kabayashi-Maskawa (CKM) matrix for the transition of the
quark ¢; — ¢,, and the matrix M is the SU(3) matrix of the pseudoscalar mesons given by

- 1 .04 1 + +
uii  ud us BT T T K
M=|di dd ds | = - b+ dn K|, (5)
sii sd s§ K- RO _%’7

where we take n# = 5y as done in Ref. [44]. Then, the hadronization processes at the quark level in Egs. (1)-(4) can be
rewritten at the hadron level as

1 1 1
M-M), ==2°2°+-m+—=1"y+2"n + KK,

2 ¢" T3

2 _

V6
(M-M); = LﬂOKJr —LKW]—i—zz’LKO

V2 V6

2
(M'M)21 :_ﬂ_n+KOK_,

V6

1 1 1 _

(M J M)22 = 7T+71'_ +§7T0ﬂ'0 +gi’]7’] —7§ﬂ077 + KOKO,

1 1 -
M-M); =—=K 7" ——nK~ + K7,
( )31 /2 \/511

- 2

(M-M)y; = K"K~ + K°K° T3 (6)
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Therefore, one can get all the possible final states with z*(z~), K*(K~), z°

hadronization,

H19) =V, v,V d(i
C u \/6

atrn+ KK + ﬂ_K+I_(0> ,

, and n directly produced after the

(7)

2 2 i}

HUP) = VLV .V, (— K*K=n" = ——nK*K~ 4+ K"Kz~ + rﬁKOK->, 8
Prete\Va N ®)

H®) = v,V .,V d<Lnrm L YK+K- +iﬂ'+n’_7’] —l—iKJrK_’?

“M\3v6 V2 V6 V6
1 _ 1 .-

——1%72% + —=2°K°K° + — K°K? ) 9
NN Ve T ®

2b) :ﬁlevcvvuv <_ ! 7[ 77+ 77’7’7 _K+K_’7

1 1 -
+—K"K 7’ +—2°K°K°

V2 V2

Because the elements of the CKM matrix have the relationship V.,V ,; =

[
+ —KK° )
V6 1

(10)

—V.,sV.s [4], we can obtain the total contributions

in the S wave of the weak decay processes D° — zt775 and K* K5, having

H = gUa) 1 gQb) 4 ga) 1 g(2b)
2 _
=76 Q2Vp+ BV +BVp)VeaVuan " an+ (Vp = Vip)VeqVigt " KOK™ + (Vp = Vp)VeqVign KTK°
1 1
VG 2V + BV +BVp)VeaViaK K + NG Ve +BVe +PVp)VeaVaK K1
1 1 1 _
+ ﬁﬂ(vP = Vp)VeaVuartn + %ﬂ(v} = Vp)VeaViuarn'n + 7§ﬂ(VP = Vp)VeaVuan"K°K®
1 _
+ %ﬁ(vp —Vi)VeaVuaK°Kn
2 _
— 76(2C1 +ﬂcl +ﬂC2)ﬂ'+ﬂ'_7’] + (Cl - C2)7T+K0K_ + (Cl - Cz)ﬂ'_K+K0
1 1
——(2C, + BC, + PC)K K~ 7" + —(2C, + pC, + pC,)KTK~
ﬁ(2ﬁ1ﬂ2) \/6(2ﬂ1ﬂ2) n
1 1 1 _ 1 _
+——p(C,-C +—=B(C, — C)a°2" + —=p(C, — C,)a°K°K® + —p(C, — C,) KK, 11
3\/6ﬁ( 1 = Gy \/gﬂ( , = Cy)n’n’n \/5/3( 1 —Cy) \/6/)7( 1 —C) n (11)

where the factors Cy and C, are defined as C; = VpV .,V 4
and C, = V,,V_4V,4 which are also absorbed the nor-
malization factor of the data events and determined by
fitting the experimental data later.

Note that the terms K™K~ and z" 775 can not only be
obtained from the final states on the tree-level

|

hadronization processes, but also produced through the
rescattering procedures, as depicted in Figs. 3 and 4. Thus,
after considering the rescattering processes, the full ampli-
tude for the decays D° — K*K~n/a*z 7 in the S wave
can be obtained as follows:
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K"r
K+
/ K~
7 " \\ ) :

n K°,m%/n K

(@) (b)

K~ Ui
Kt K*

/e S 0
D° D°

Ko,ﬂ'o/’f] n 7T—77T07K_3K07n K~

(© (d)

FIG.3. Diagrammatic representations of rescattering for the decay D° — K+ K~#. (a) Tree-level production. (b) Rescattering of 7~ K?,
K~7° and K~5. (c) Rescattering of z7K°, K2, and K*7. (d) Rescattering of ztz~, n%2°, K*K~, K°K°, and #y.

+ Tt
™
.
0 » [ _
7 n, K° n
(a) (b)
m 77
nt 7t
/e S q]
DO DO
n, K° n n,m% K=, K%n ”_
© (d)

FIG. 4. Diagrammatic representations of rescattering for the decay D° — 777 #. (a) Tree-level production. (b) Rescattering of 775
and K~K°. (c) Rescattering of 7 and K*K°. (d) Rescattering of z7z~, z°2z°, K*K~, K°K°, and .
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2 1
ookt ky(S12,523) = %(26'1 +PC1 +BC2)Grip-(512) T -~k k- (512) +76(2C2 +pC, +pC,)

1
+ (2C, +PC+PCy) Gk (512) Tk kK k- (512) ‘f‘mﬁ(cl - Cz)Gnn(Slz)TW—mw- (512)

Sl

1
P(C1=C3)Gr0,0(512)T 0,0 g+ k- (S12) +%ﬂ(C1 —C,)Ggogo(s12)Tgogogrx-(512)

-

1
+(C1 = C2)Grgo(523) T ok (523) —ﬁ(zcz +PC1+PC2) G0 (523) T k-0 g (523)

+—=(2C, +pC +PCy) Gk, (523) Tk (523) + (C1 = C3) G i go (513)T7z+1(0—>k+;7(513)

1
(2C, +BC +BCy) Gy p0(513) Tt 0y (513) +% (2C,+C1 +BC2) Gy (513) Tk iy (513)
(12)

S-Sl -

2 2
D0t (125 523) = %(2C1 + pCi + pC,) +76(2Cl + BCy + BCr) G i (512)Trt g o (512)

1 1
+ NG (2C, + BC, + PC,)Girk-(512) Tkt kot 2= (S12) + ﬁﬁ(cl = )Gy (512) Ty n(512)
1 1
- %ﬂ(cl = C3)G00(512)T 0,0 g2~ (S12) + %ﬂ(cl = C2)Gyogo(512) T gogo— o2 (512)
2
+ 76 (2C1 + ﬂCl + ﬁCZ)Gﬂ_r/(sB)Tﬂ'n—>7z'r/(s23) + (Cl - CZ)GKOK’ (s23)TKOK’—>ﬂ’i1(s23)
2

+—= (2C1 +ﬂC1 +ﬁCZ)Gﬂ+;1(s13)T7r+n—>7z+n(s13) + (Cl - CZ)GK+I_{0(s13)TK+I_<0—>n:+n(S13)7 (13)

S

where s;; is the energy of the two-body system in the center-of-mass frame, and the lower indices i, j =1, 2, 3
represent the final states K /7" (1), K~/z~(2), and 5(3), respectively. In addition, the G,, is a loop function
of the two meson propagator, which is logarithmically divergent. There are two methods to solve this
problem: the three-momentum cutoff method [13,38,61,62] and the dimensional regularization method
[40,63-65]. Of course, the choice of these two regularization schemes does not affect our final conclusions. In
this work, we adopt the three-momentum cutoff method, and the function G, can be reexpressed as in Refs. [66,67],
written as

! s+4 s—A4 (1+ﬂl)qu (1+}“2>me
G(s) _m{a<arctan =y + arctan o, ) - [(s+A) lnTa—l-(S—A)ln - wl Lo (1g)

I
where 6 = [~(s = (my +m)*)(s = (my —my)?)]'/2, A =

m} —m3, and A; = \/1 +m?/qha (i =1, 2). Gpay is the

T=[1-VG]'V, (15)

cutoff momentum, and we take ¢,,,, = 600 MeV as used in
Refs. [68-70]. Furthermore, the T,_,,, is the two-body
scattering amplitude, which can be obtained by solving the
coupled-channel Bethe-Salpeter equation of the ChUA
[38,63] given by

where V is the potential matrix constructed by the scatter-
ing potentials for every coupled channel. For the 7 =0
sector, there are five coupled channels: zt7z~(1), z°72°(2),
K*K=(3), K°K°(4), nn(5), and the elements of the 5 x 5
symmetric V matrix can be written as [45,56,64,69]
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1 1 5 1
1= 2—]523, Vlzz—\/—sz(S—mn)’ 13——Fsv
1 1 1 2
Vig= 4—],2& Vis = _ern Vo = —2—f2mm
1% 1 1% : 1% L2
= —_—— . :——S’ :——m”’
23 4 \/§ f2 24 A \/§ f2 25 6 f2
1 1 1
Vis=——=35, Vi = ——=35, Vie = ——— 9s—6m2—2m,2, ,
33 2f2 34 4f2 35 12\/§f2( n )
1 1 1
V44 = 2_j‘2s’ V45 = —W@S - 6m,% - Zm,zz), V55 = —@(16711%( - 7m,2,) (16)

For the I = 1/2 sector, there are three channels: K=z (1), K°z°(2), K%(3), and then the elements of the matrix V are given
by [44,45,67]

-1 /3 3
1126—fz(§s—£(m72r—m%<)2),
1 3 (m2 — m%)?
Vipe—— (25— m2 =2 =V MK)"
12 NI <25 mz — Mg 2y
1 3 7 1 1 3
13 W(E —gm,z,—im%—gm%(—i—z—s(m,z,—m%()(m,%—m%))
-1/ s 5 5, (mi-m})?
2 4f2( 2+mﬂ+m[( 25 )
1 3 7 1 1 3
Vaim =g (35 g =y Sk 4 2 2 =k =)
% __ L —gs—%mz—i—m2—|—3m2——(mz—mz)2 ) (17)
B\ 2t 3 T K gy K

In addition, for the I = 1 sector, three channels are coupled, K*K~(3), K°K?, 7z%(3), and the elements of V can be
obtained as follows [13]:

1 1 V3 8 1
1n="5a% Vip= 4—f257 Vis = W(“‘g’"%‘g’”i""%)v
1 V3 8 1 1
V22 = 2—f2S, V23 :sz <3s—§m%< —gm% —m%), V’;3 = _3_f2 %, (18)

where f is the pion decay constant which is taken as 0.093 GeV [13,44], and m,, is the mass of the corresponding
pseudoscalar meson. Meanwhile, with the isospin multiplets K = (K*+, K°), K = (K°,—K~), and z = (—z*, 7% 77), we
can obtain the other potentials with the isospin relationship, which are used in Eqgs. (12) and (13), having

tlr'u—»ﬂ'iy = tﬂ+7[—>ﬂ+7[ = tﬂon—mon’
l‘KoKf_m.f,] = ZK+K0_),[+,7 = \/EZK+K7_,EO,7 = —\/EtKoKo_,ﬂoﬂ,
IR0k = KOzt gty = k-2t k0% = _\/itkonoakon’
t t —1 t t
K n"=K 7y = 'Kta0—sKty — K-at =K% — TIKO20— KO
n n \/z n n
Ik = Iktysk+y = LROy= KO- (19)
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Ui K+

0
b ¢(17)20)
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n
at

DO
p(770)

(b)

FIG. 5. Mechanisms for the D® — K*K~7 and 7"z~ 5 processes via the intermediate vector mesons. (a) Mechanism via ¢(1020).

(b) Mechanism via p(770).

Furthermore, we also consider the contribution of the
P-wave resonances. For the D° — K*K~5 processes, the
case of W-internal emission as shown in Fig. 2, not only
can obtain the K™K~ final states in the S wave through
hadronization, but also produce the ¢(1020) meson in the P
wave, which decays into K*K~. Similarly, for the DO -
7t~ n processes, the final states also can be obtained by the
p intermediate state, followed by p — 7zt z~. These produc-
tion mechanisms are depicted in Fig. 5, and the full
relativistic amplitudes can be written as [34,44,46]

M Dyet 20

¢<S12’ S23) = S1p — m; i im¢F¢ (523 - S13>7 ( )
D eia/,

M, (512, 523) = 5 (523 —s13),  (21)

— m2 ;
S12 mp—l—lml,l“p

where D/, and ay,, are the normalization constants and
phases, respectively, of which the values can be calculated
by fitting the experimental data. Iy, and m,, are the total
widths and masses of the corresponding intermediate states,
of which the values are taken from PDG [4].

Finally, the double differential width distributions for
these two three-body decays can be calculated by

d*r 1 1 i
dsypdsyy  (27)332m3, [1D0 5y (512:523) + My (512,523) %,
D

(22)

da’r 1 1 " ( )

= = (810, 8

dslzdS23 (2ﬂ)3 32m3D0 DY'>K*K n\®125 923

+ My(s12,523) 2, (23)

where we have taken into account the interference effects
between the S-wave final state interaction amplitudes and
the ones of the P wave with the vector meson contributions.
Thus, one can separate the contributions of the S and P
waves just by removing the other one in Egs. (22) and (23);
the results will be provided later. Furthermore, the single
invariant mass distributions dI"/ds;, and dI'/ds,; can be
evaluated by integrating the other invariant mass

invariable in Egs. (22) and (23). On the other hand, the
dl'/ds3 can be obtained through the constraint condition
S+ 513+ 523 :méo —|—m%(+ = +m%(_ I +m,%. The explicit
form for the limits of integration can be taken from PDG
and other literature [4,46,71]. Furthermore, as discussed in
Refs. [44,45,71], the effective energy range in the ChUA
has limitations. In order to make reliable predictions up to
the higher-energy region, we need to expand the scattering
amplitudes above the energy cut /s, = 1.1 GeV
smoothly [71],

G($)T(5) = Glseu) T (scu)e™ V3 V50) - for /5> /5,
(24)

where G is the loop function of the meson-meson propa-
gator, which is introduced in Eq. (14). T is the two-body
scattering amplitude of the corresponding coupled channel,
which is calculated by the ChUA and presented in Eq. (15).
a is the extrapolation parameter, which is determined by
fitting the experimental data. Note that since we are just
interested in the low-energy region, where the resonances
show up, for the nonresonant high-energy region, we take
the exponential extrapolation of Eq. (24). This extrapola-
tion is Omnes-like, based on the dispersion relation, which
is commonly used in the literature [72,73]. Normally, the
energy cut /sq is taken around 1.1-1.2 GeV, which has
tiny effects on the final results.

III. RESULTS

In this section, we present our results obtained with the
above formalism. Actually, we have six free parameters for
each three-body process, that is, Cy, C5, f, and « in the S
wave, Dy, and a4/, for the contributions of intermediate
resonances from the P wave, of which the values can be
determined by fitting the experimental data. As shown in
Egs. (22) and (23), we consider the coherence of the
amplitudes between the S and P waves.

For the D° — K*K~# process, we perform a combined
fit to the experimental data of the Belle Collaboration [27]
to simultaneously describe the invariant mass distributions
of KT K=, K5, and K~#. The fitted parameters are listed in
Table I, and the obtained invariant mass spectra are shown
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TABLE I.  Values of the parameters from the combined fit for the data of decay D — K+ K~5 measured by the Belle Collaboration
[27].

Parameters Cl C2 ﬂ a D¢(1020) a¢(1020) }{z/dof
Fit —3448.24 £221.07  99.07+91.70  0.77+0.04  6.28 £0.05 123.75+2.02  2.89 +0.12 1.48

in Fig. 6, where one can see that our fitting results are in
good agreement with the experimental data, considering the
contributions from the S and P waves. Additionally, with
these parameters, we also can distinguish the contributions
of the S wave and the intermediate resonance ¢(1020) from
the P wave in the invariant mass distributions, as presented
in different lines in Fig. 6; see the dashed (blue) and
dashed-dot (purple) lines, respectively. For the K™K~ mass
spectrum as shown in Fig. 6(a), we can see a clear peak
around 1.0 GeV?2, which corresponds to the contribution
from ¢(1020), and a bit enhancement close to the KK
threshold, which is a signal of a((980) and/or f(980). For
the K7 and K~ invariant mass distributions as depicted in
Figs. 6(b) and 6(c), their results are similar and show a

double hump structure around the energy regions of 1.4 and
1.8 GeV?2. One can find that the hump structure comes from
the interference effect between the S wave and the ¢(1020)
resonance of the P wave, where ¢(1020) is dominant.
Finally, it should be mentioned that the error bars of Fig. 6
are not visible even though we have taken into account the
errors of the fitting parameters, as shown in Table I, and
10% uncertainties of the cutoff ¢,,,, [see Eq. (14)], which is
not a free parameter in our fits. Note that in all the cases,
including Figs. 7 and 8 later, the error bars evaluated with
the errors of the fitting parameters and combined with the
covariance matrix from the fits are also not visible. Thus,
when one considers 10% uncertainties of the cutoff ¢,
one can obtain obvious error bars in Figs. 7 and 8, except

Error bar
—— Total

—--- S-wave
—-- P-wave ]
¢ Data

11 1.2 13

14 15 1.6 17 1.8

sk+k-[Gev?]

Error bar
70¢ —— Total
-=-- S-wave

60¢ —.= P-wave |
50F t Data ]

1.1 1.2 1.3 1.4 15 1.6 1.7 1.8 1.9
skrqlGeV?]

(b)

FIG. 6.

(a)

Error bar
70p —— Total

-=-- S-wave
—-- P-wave ]
50 { Data

11 1.2 13 1.4 15 1.6 1.7 1.8 1.9
sk-nlGeV?]

(©

Invariant mass distributions of the decay D° — K*K~#. (a) K* K~ invariant mass distribution. (b) K*# invariant mass

distribution. (c) K~ # invariant mass distribution. The solid (red) line is the total contributions of the S and P waves, the dashed (blue) line
represents the S-wave contributions, and the dashed-dot (purple) line is the contributions of ¢(1020) in the P wave. The dots (black) are
the experimental data measured by the Belle Collaboration [27]. The (green) error bars are evaluated with both parameters’ errors
combined with the covariance matrix from the fits and 10% uncertainties of the cutoff ¢,,y-
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T y
Error bar
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--- S-wave 1

—-=- P-wave

350F T ™
Error bar

— Total
-=-- S-wave
—:= P-wave |

300

250

200

150

Events

100

50

0.5 1.0 1.5 2.0 2.5 3.0
SpenlGeV?]

(b)

FIG. 7.

1.6 1.8
Snen-[GeV?]
(a)

350 T
Error bar

300 —— Total

-=-- S-wave
250 F —-+- P-wave ]

0.5 1.0 15 2.0 2.5 3.0
Sp-plGeV?]

©

Invariant mass distributions of the decay D° — zFz75. (a) ztz~ invariant mass distribution. (b) z# invariant mass

distribution. (c) z~# invariant mass distribution. The solid (red) line is the total contributions of the S and P waves, the dashed (blue) line
represents the S-wave contributions, the dashed-dot (purple) line is the contributions of p(770) in the P wave. The dots (black) are the
experimental data measured by the Belle Collaboration [27]. The (green) error bars are evaluated with both parameters’ errors combined
with the covariance matrix from the fits and 10% uncertainties of the cutoff ¢,y.-

for the one in Fig. 6. This indicates once again that the
results of Fig. 6 are dominant by ¢(1020) in the P wave,
since the changes of the cutoff g,,,,, only affect the results of
the S-wave contributions.

For the D° - 7tz process, we first make a combined
fit with the data of the ztz~, z75, and 7~ invariant mass
distributions measured by the Belle Collaboration [27]. The
fitted parameters are given in Table II, and the correspond-
ing invariant mass spectra with these parameters are shown
in Fig. 7. From Fig. 7, one can find that, except for the data
at the low-energy region above the threshold in the ztz~
distribution," which leads to a bit larger value y2/d.o.f., the
other fitted results agree with the experimental data within
the error ranges. In Fig. 7(a), there is a distinct peak
appearing in the 7"z~ spectrum around 1.0 GeV? corre-
sponding to the f((980) resonance, which is the contri-
bution of the I = 0 sector encoded in Eq. (13), while this

"This part cannot be described well even when doing a single
fit for the #7x~ invariant mass distributions.

signal is not visible in the experimental results [27]. Note
that the contributions of the state f,(500) from the S wave
can be found around the region of 0.2-0.4 GeV?, and those
of the p in P wave are dominant in the region of 0.6 GeV?2.
In Fig. 7(b), the data of the z*# invariant mass distribution
are well fitted, and the peak around 1.0 GeV? is dominant
by the contribution of a,(980), which comes from the
interaction of the I = 1 sector. Note that the contribution
from a((980) is relatively larger than the one from p(770).
In addition, the invariant mass distribution of 777 is
exhibited in Fig. 7(c), which is similar to what we have
for 75 As one can see from the features in Figs. 7(b)
and 7(c), with one set of the combined fit parameters, the
7ty and 7~ mass distributions are both described well,
even though they do not have isospin symmetry, as
indicated by the BESIII Collaboration [30], where the
production of a((980)" was larger than that of a((980).

Since recently the BESIII Collaboration also investigated
the D — 7775 decay and reported corresponding invari-
ant mass distributions [30], we make a further combined fit
with their measured data. Note that, even though the decay
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Combined fit for the invariant mass distributions of the decay DY — 7z (a) Invariant mass distribution of z*z~.

(b) Invariant mass distribution of 7. (¢) Invariant mass distribution of 7~ 5. The dots (black) are the experimental data measured by the

BESIII Collaboration [30]; all others are the same as Fig 7.

TABLE II. Values of the parameters from the combined fit for the data of decay D° — 27275 measured by the Belle
Collaboration [27].

Parameters C, C, p a D770 a,(770) y*/d.of.
Fit 419.79 £23.61 219624 £57.25 1.00+£0.006 0.38+0.10 —170.97+2.90 2.20+0.03 5.23

TABLE III.  Values of the parameters from the combined fit for the data of decay D° — z*z 5 measured by the BESIII
Collaboration [30].

Parameters C, (o p a D, (770) a,(770) y*/d.of.
Fit 282.74 +15.25 -516.33 +26.32 1.00 + 0.03 247 +£0.44 58.41 £2.98 4.36+0.13 2.52

Dt — nt 2% was also measured in Ref. [30], we only
focus on the two D° decay channels to simplify the
formalism of our work,2 since both of them have the same
dynamical mechanisms at the quark level, as shown in

*From our primary results of the decay Dt — 727 7%, we get
consistent conclusions.

Figs. 1 and 2. The fitted parameters are listed in Table III,
and the reproduced mass spectra are presented in Fig. 8,
where our fit results show great agreement with experi-
ments within the error range. One can see that the fitted
results for these three distributions are similar to the results
in Fig. 7. In Fig. 8(a), the contributions of the state f(500)
in the S wave and p in the P wave are also found in the
corresponding energy regions. But, now the signal of the
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f0(980) resonance in the z*z~ spectrum around 1.0 GeV
[see Fig. 8(a)] is not so strong compared to the one in
Fig. 7(a), and thus, the value y?/d.o.f. in Table III becomes
one-half smaller than the one in Table II. Indeed, the
theoretical signal for the f((980) resonance is not so visible
compared with the one of the state f,(500), where these
signals were claimed as the contributions of z*z~ S-wave
scattering in the experiment [30]. Of course, the feature
where the isospin antisymmetry data for the production of
a(980)™ and a(y(980)" is also fitted well with one set of
the combined fit parameters, still remains, as shown in
Figs. 8(b) and 8(c).

IV. SUMMARY

Based on the experimental results for the D° — K*K™p
and 7" 7~ three-body weak decays measured by the Belle
and BESIII Collaborations, we adopt the chiral unitary
approach and final state interaction formalism to investigate
these two processes. Taking into account the contribution
of the S-wave interactions between pseudoscalar and
pseudoscalar mesons, the ay(980) resonance is dynami-
cally generated in the final state interactions. In addition,
we also consider the contributions of intermediate reso-
nances in the P wave, that is, the ¢ meson for DO —
K"K~ and the p meson for D° — 77z~ 5. Considering the
coherence effect between the amplitudes of the S and P
waves, we do a combined fit of the experimental data to

determine the free parameters of the formalism. Most of
results are in good agreement with the experimental data,
indicating the contributions of a((980) in the S wave and ¢
or p in the P wave are of great significance for these two
decays. Note that the antisymmetry data of the z*n and 775
mass distributions are described well in our combined fit.
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