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In the present work, we investigate the decay D — K™z "z~ theoretically via considering the final state
interaction formalism, where the W-external and -internal emission mechanisms in the hadronization
processes of quark level are taken into account. In the hadron level, not only does the S-wave scattering
amplitude contribute to the invariant mass distributions, but the contributions from the resonances K*(892),
K*(1430), p, p(1450), and f(1370) are also considered. For the combined fit of the z*z~, K*z", and
K*z~ invariant mass spectra measured by the BESIII Collaboration, we take the coherent effects between
the S and P waves into account and obtain consistent results with the experimental measurements.
Moreover, we also calculate the branching fractions for each decay channel, some of which are in good

agreement with the experiments.
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I. INTRODUCTION

The hadronic decays of the D, meson, which contains
the charm and strangeness quarks, can be tested with the
nonperturbative properties of quantum chromodynamics
(QCD), which have caught much attention both in theories
and experiments. Thus, in recent years the investigation for
these decays has made great progress both experimentally
and theoretically. In particular, in experiments, the CLEO,
Belle, BABAR, and BESIII Collaborations, and so on, have
studied nonleptonic three-body decay of D, families with
Dalitz plot analysis and measured the related branching
fractions of intermediate resonances [1]. Some recent
progress can be found in Ref. [2].

The E678 Collaboration once analyzed the D (D") —
K"Kzt decay with the Dalitz plot analyses and obtained
the decay fractions and relative phases for different
intermediate states [3], such as K*(892)°, ¢, f,(980),
and so on, which were confirmed later by the measurements
of the CLEO [4] and BABAR [5] Collaborations.
Meanwhile, in Ref. [5] the relative branching fraction of
the decay D (D") - K"K~ zt and the other two decays
Dy - K*K*n~ and KTKtK~ were also measured
through a Dalitz plot analysis. The branching fractions
for the Dy (D") - K*K~x" decay were reported by the
CLEO [6] and BABAR [7] Collaborations, given by (5.50 £
0.23 £0.16)% and (5.78 +0.20 + 0.30)%, respectively.
Subsequently, an improved measurement of the branching
fractions for the DY — KTK~z" decay were done by the
Belle [8] and CLEO [9] Collaborations, obtained as
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(5.06 £0.15 +0.21)% and (5.55 £ 0.14 4 0.13)%, respe-
ctively, which were consistent with the recent result of
the BESIII Collaboration, (5.47 £0.08 £0.13)% [10].
The ratio of the branching fractions B(D] — ztn~z")/
B(Df — K*K n") was measured by the BABAR
Collaboration with a high precision [11]. Recently, the
BESIII Collaboration reported the results for the D} —
xtx " decay [12], which were consistent with the latest
measurements of the LHCb Collaboration [13], and where
the contributions from the S wave ztz~ were found to be
dominant and the contributions from the P and D waves,
such as the intermediate states p(770) and f,(1270), were
also considered. Reference [13] also considered the con-
tributions from the @(782), p(1700), and f%(1525) reso-
nances and compared the resonant contributions with the
Dt — ztz~x" decay to indicate the dominant mechanisms
of the tree-level W emission and the final state rescattering
in the decay procedure. Analogously, using the first ampli-
tude analysis to the decay D} — n'z%, its branching
fraction was measured with significantly improved preci-
sion in Ref. [14], which claimed that the dominant
W-annihilation decays Dy — a((980)"z° and D] —
ao(980)°z" were observed for the first time and the related
absolute branching fractions were found to be larger than
the other measured pure W-annihilation decays. The
branching fraction of the decay Dy — Kgngr+ was mea-
sured by the BESIII Collaboration in Ref. [15], where the
contributions from the resonances S(1710), the ones
fo(1710) and a((1710), were determined. An enhancement
in the K%K invariant mass spectrum near 1.7 GeV/c? was
found [15], which implied the existence of the resonance
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ap(1710). Note that this enhancement was not seen in the
decay D} — KTK~x* [10]. A precise measurement of the
absolute branching fraction B(D] — K?K*z") was done in
Ref. [16], where an q-like state around 1817 MeV was
found in the KK invariant mass spectrum and this state
was assumed as the isovector partner of the f(1710) state at
first. Recently, the BESIII Collaboration reported the ampli-
tude analysis results for the Dy — Kzt z~ decay [17],
which had been measured in an early work of the FOCUS
Collaboration [18], and was found that, except for the
main contributions from the resonances p and K*(892),
the contributions from the intermediate states f(500),
f0(980), and f((1370) in this decay process were observed
for the first time.

Furthermore, these experimental findings have drawn
much theoretical attention, which provided an opportunity
to investigate the production and properties of the reso-
nances that appeared in these decay processes [19]. The
decay properties of the D; meson were studied in Ref. [20]
using a four-flavor extended linear ¢ model, where the
obtained weak decay constants were in good agreement
with the experimental results. Motivated by the measure-
ments reported by the BESIII Collaboration [10], the
K*K~ invariant mass distribution of the decay D] —
K™K~ " was investigated in Ref. [21] with the final state
interaction formalism under the chiral unitary approach
(ChUA) [22-27], where the experimental data from the
BABAR [5] and BESIII [10] Collaborations were analyzed
to hint at the resonance contributions of f;(980) and
a(980). In fact, the decay Dy — KTK z" combined
with D} — #" 7~ 7" were earlier studied in Ref. [28] with
a similar approach, and the invariant mass distributions of
the KTK~ and n"z~ pairs were consistent with the
experimental data [5,11] with a clear signal of the
f0(980) state. Furthermore, a full analysis of the K*K~,
K*z* invariant mass spectra for the decay D} —
KtK~n" was performed in Ref. [29] by considering the
resonance contributions from both the S and P waves,
where the experimental data were described well and the
obtained corresponding branching fractions were in agree-
ment with the measurements of the BESIII Collaboration
[10] and Particle Data Group (PDG) [30]. In addition, two
decays Dy - KTK*n~ and D™ — K~z z" were inves-
tigated by using a naive factorization approach in Ref. [31]
based on the analysis of the semileptonic decays
Dt - K zt¢*v,(¢ = e,pu). Using a Khuri-Treiman for-
malism under the dispersion theory, the D™ — K~ztz"
decay was analyzed in detail in Refs. [32,33], where the
experimental data were described well by considering the
contribution from the higher partial waves. Reference [34]
adopted the W-internal emission mechanism to describe
the D} — 727 2% decay with the contribution from the
a(980) resonance, which was dynamically generated
from the coupled channel interactions of KK and z7; they
solved the puzzle of the measured absolute branching

fractions larger than those of other measured pure W-
annihilation decays found in Ref. [14]. Moreover, the large
branching fractions for the D} — 77 7% decay [14] were
also explained in Ref. [35] with the triangle rescattering
mechanism of pzn("). More concerns on the D} — zt7%
decay can be found in [36,37]. With a phenomenological
model, the production of the scalar resonances f(500) and
f0(980) was discussed in detail for the decay D?;) -
xtx~x" in Ref. [38], where some theoretical predictions

for the decay Da:) — nt7%7° were also made. In fact, the

decay D} — 77 2°2° had been measured by the BESIII
Collaboration [39], of which the results were investigated in
Refs. [40—42] with the resonance contribution in the final
state interactions. With the final state interaction formalism
under the ChUA, Ref. [43] analyzed the D} — K%K9z™"
decay to understand the properties of ay(1710), the iso-
vector partner of f,(1710), and obtained good reproduction
of the experimental data for the KYK? and K%z* invariant
mass distributions [15]. Moreover, the experimental results
of the D} — KYK97" decay [15] were also studied in a
further work [44] to reveal the nature of the states f,(1710)
and ay(1710), where the prediction for the branching ratio
of ay(1710) in the D} — K%K*z" decay was made,
obtained as Br(D] — 7%a((1710), ay(1710) -» KTKY) =
(1.34+0.4) x 1073, After the experimental finding [16],
Ref. [45] investigated the Dj — KYK*7° reaction by
considering the resonance contribution from a,(980) and
ap(1710) in the final state interactions and reproduced the
experimental invariant mass distributions well. To inves-
tigate the nature of the resonances a((980) and a((1710), a
former work by two of the current authors [46] also
concerned the productions of these resonances in the D] —
K%K*7° decay and made a full analysis for the invariant
mass distributions of K°K*, K*z% and K%2° with a
combined fit of the experimental data [16]. Furthermore,
the evidence of the four-quark nature for the f,(500) and
f0(980) states was discussed in detail in Ref. [47] based on
the high-statistics experimental data from the BESIII
Collaboration [48]. In the present work, motivated by the
results of the D} — K'z"z~ decay measured by the
BESII Collaboration [17], we focus on this decay process
with the final state interaction formalism to hint at the nature
of the resonances f,(500) and f,(980). Note that, even
though this singly Cabibbo-suppressed decay D] —
K*ntz~ was measured in detail for the first time by the
FOCUS Collaboration nearly 20 years ago [18], of which
the branching fractions had been reported by the CLEO
Collaboration [9], there is no theoretical work to investigate
this decay (except for the one mentioned in the note
added later).

Our work is organized as follows. In the next section, we
introduce the formalism of final state interaction under the
ChUA for the Di — KTz 7z~ decay. In Sec. III, we show
the main results, including the combined fitting results of
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FIG. 1.
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the experimental data for the ztz~, K*zt, and KTz~
invariant mass distributions, as well as the branching ratios
of each decay process with different intermediate resonan-
ces. Finally, a short summary is displayed in Sec. IV.

II. FORMALISM

In the present work, we investigate the weak decay
process of D} — KTz 7z~ by considering the final state
interactions under the coupled channel interaction formal-
ism. As discussed in Refs. [19,34,49-51], the contributions
of the weak decay topography can be divided into the
following categories: W-external emission, W-internal
emission, W-exchange and annihilation, and horizontal
and vertical W loops, which have been ordered by their
importance. Except for the first two types, the contribution
from the others is extremely small due to the suppression of
the helicity conservation and color factor. Therefore, we
only consider the first two dominant diagrams, which are
shown in Figs. 1 and 2, and omit the others. For the weak
decay processes of the D] meson, as shown in Figs. 1
and 2, the component of the ¢ quark can decay into a d or s
quark by emitting a W boson, which can further decay
into a quark pair ud or u3, and the component of the 5 quark
can remain unchanged as a spectator.

For the case of the W-external emission as shown in
Fig. 1, the quark pair ud (u5) created by the W* boson
forms a 7 (K) meson directly, and the other quark pair ds
(s5) becomes two final states via the hadronization with
quark pairs ¢G = uii + dd + s5 produced from the vac-
uum. Meanwhile, another situation also exists, where the
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W-external emission mechanism for the D — K*ztz~ decay. (a) The creations of ud and ds quarks, (b) the creations of u3

quark pair d5 (s5) goes into a K° () and the other quark
pair ud (u5) made by the W* boson undergoes the
hadronization. Thus, the corresponding decay procedures
for these hadronizations can be written as

H1) = VoV Vi (ud - 71)[d5 — d5 - (uit + dd + 55))
+(ds — K°)[ud — ud - (uit + dd + s5)]}
= VpVeaVual (ud — 77)[Myz — (M - M)y
+(ds = KO) My, — (M- M),]}, (1)

HP) = V};VCSV,”{(ME — KT)[55 - 55-(uit + dd + s5)]
+<-- 2 )[ S o> u5 - (uit +dd + -)]}
SS > —— us — us - (uu SS
\/6'7
= V;’Vcsvus{(ug - K+>[M33 - (MM)33]

+<ss—>—56n>[Ml3—)(M.M)l3]}. (2)

Similarly, for the other case of the W-internal emission,
see Fig. 2, it also has two different hadronization processes.
First, the pair dd (s5) becomes the final state 7° (), and the
other pair u§ hadronizes into two hadrons with extra ¢g
from the vacuum. Second, the pair us goes into the K™
directly, and the other pair dd (s5) hadronizes into two final
states with the gg pairs produced from the vacuum. Thus,
these mechanisms can be expressed as

S S
c u
w+
DY
S < 5
(b)

W-internal emission mechanism for the D} — K*z*z~ decay. (a) The creations of dd and u3 quarks, (b) the creations of s3
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- 1 - - 1 -
H) = ﬂVchqud{ (dd - ——7r0> [u5 — us - (uit + dd + s5)] + (dd - —;7> [us — u5s - (uit + dd + s5))

V2
+ (us —» K*)[dd — dd - (uin + dd + sE)]}

V6

=pVpVeaVua (dé—i - _%”O> M3 — (M- M),5] + (d‘_j - —’1> M3 = (M- M)s]

5 = KM = (M) . )
= ﬁv';,vmvm{ <s§ - _\i@”> [uS5 — u5 - (uit + dd + s5)] + (u5 = K*)[s5 = s5 - (uit + dd + sE)]}
= ViV (55 = = o )My = M) (05 = Kl 1 D)) . (4)

where the Vp and V/, are the production vertex factors of
the weak decay process, which can be assumed as
constants [29,52,53] and determined by fitting the exper-
imental data, see the results later. /3 is the coefficient, which
presents the relative weight between the W-internal and
W-external emission mechanisms [41,54]. The factors
—1/v/2, 1/4/6, and —2/+/6 are due to the flavor compo-
nents of the z° and 5 mesons, given by

1 - 1 -
7% =—|(un—dd)), =—\(un+dd-2ss)). (5
|7") le( ) In) \/gl( ) (5)
The V,,, is the element of the Cabibbo-Kobayashi-

Maskawa (CKM) matrix for the quark transition ¢; — ¢,
and the matrix M with gg elements in quark level of SU(3)
is given by

uii  ud us
M= |du dd ds |. (6)
sii sd 55
After the hadronization, the SU(3) matrix M is transferred to

the hadron level form in terms of the pseudoscalar meson
fields, rewritten as

M — 7 5+ en KO (7)
— () 2
K K N

where we take 17 = 5g and do not consider the #; since it is
not relevant to our present case, as done in Ref. [55]. In fact,
the singlet of SU(3) components #, is always not considered
in chiral perturbation theory [56], due to no interaction with
it, see more discussions in Ref. [57]. Furthermore, we also
do not taken into account the #-' mixing for the threshold of

the #'y' channel far away from the energy region of our
concern, where the resonance f,(980) appears in the S-wave
coupled channel interactions. As found in Ref. [55], the
contribution of 7-#' mixing is small and has less effect on the
final results, and thus, we ignore its contribution. More
discussions on -1’ mixing in the SU(3) chiral effective field
theory can be found in Ref. [58]. Then, the hadronization
processes at the quark level in Egs. (1)—(4) can be expressed
in the hadron level as

2 _
(M-M),, =—n"n+K'K°,

V6
1 1
(M-M);=—=2K" + 27K’ ——nK™,
T V2 V6
1 1 1 -
(M-M)y, =n"n" + Eﬂoﬂo + g = %ﬂoi’] + K°K°,
1 1
: V2 V6
= 2
(M-M)y;=K*K™ + K°K° + 3 (8)

Then, from Egs. (1)—(4), we can get all the final states
with 7zt (z°), n, and K+ (K°) directly produced in the
hadronization processes,

1
H') =V, V.V, (ﬂ+7z-K+ ——2t2%K°
PYcdV ud \/z
1 i}
+%ﬂ'+K07] + K+K0K0), (9)

HY) = VLV, V, <K+K+K— + KTK°K? + Kt

1 2
——n'OK*n——n'*KOn), (10)

V3 V6

116001-4



INVESTIGATION OF THE D} — K*zn"z~ DECAY PHYS. REV. D 108, 116001 (2023)

_ 1 1
HP) = Bx VpV,.,V <n+n—1<+ + KTKK? — — 7+ 2OK0 4+ — ﬂ+K0>, 11
ﬂ PYVcdV ud \/§ \/611 ( )
HC = gx VLV, V .<K+K+K— + KKK + qpK+ — LerIﬁ - imﬂd’). (12)
cS us \/g \/6

Note that the elements of the CKM matrix have the following relationship, V.,V s = —V sV, [30]. Thus, we can obtain
the total contributions of the weak decay processes as shown in Figs. 1 and 2 for the decay D} — K*z"z~, having

H = Ha L gOb) 4 ga) 4 g(2b)

V6

2 _ 1
+ V5 (—K*K*K‘ —mK* + %mﬁKo — K*K°K° + ﬁnﬂOKJ“)]. (13)

1 1 _
=V.iVua(1+p) {VP <ﬂ'+ﬂ'_K+ - %ﬂﬂroKo +—=natK° + K+K°K°>

Since the z° has isospin I = 1, it cannot contribute to the final states 7+ 7z~ K* upon the rescattering process. Therefore, we
have the total contributions finally,

1 1 _
H=V. Vul+p)|Vp|ata Kt ——=a"2°K° + —natK° + K+K0K0>
cd ud( ﬁ) |: P< \/E \/6’7
2 _
-V <K+K+K— + Kt ———=nrtK° + K*KOK‘))}
V6
1 1 _
=C/|atnr Kt ——7T7°K° + —nzt K + K+KOK0>
! < V2 N
2 _
-G, <K+K+K— +mK* — 76;77;+K0 + K+K0K0>, (14)

where the factors C| and C, are defined as C; = VpV .,V (1 + f) and C; = V,V 4V, 4(1 + f), which also include the
normalization factors when we fit to the experimental data later.

From Eq. (14), we can see that, except for the term Kz 2z, which directly contributes to the final states on the tree-level
hadronization processes, the other terms should be proceeded through the rescattering procedures to the final states
K*ntz~, as shown in Fig. 3. Thus, the amplitudes for these processes of the Dj — K™z tz~ decay in the S wave can be
written as

t(s12’ 523) = Cl I+ (;JZ’KJr (523)Tﬂ"K’—»;z"KJr (S23) + Gﬂ*n:’ (Sl2)Tﬂ+7r’—>ﬂ+ﬂ’ (SIZ)
= Guaga(s2)T (535) + = Gy (529) Ty (22)
——=G ogo(s DOK Skt (S — s 0~ k+\S
\/§ K0(523 K K+\923 \/6;71(0 23) 4 yK K+\923
+ Gogo(512) T k0ROt 1~ (Slz)] -G |:GK+K (512) Tk k-—ata (512)
2
=+ G;m(s12)Tm]—>7r+ﬂ’(Sl2) - 76(;171(0(‘5‘23)TnKo—ﬂz‘KJr (523) + GKOI_(O (312>TK°I_{0—>7I+7[' (SIZ) , (15)

where s;; = (p; + p j)2 is the energy of the two-body system, p; and p; are the four-momenta of the corresponding
particles, with the indices i, j = 1, 2, 3 representing three final states ", z~, and K™, respectively. It should be mentioned
that there is a factor of 2 in the term related to the identical particles 5 in Eq. (15), which has been canceled with the 1/2
factor in their propagators within our normalization scheme; more discussions are found in Ref. [59]. Furthermore, G pp ()
is the loop function of two intermediate meson propagators, which can be written as
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K+
(a)
K+
ﬂ.+
7-‘-+
-
Dy
DY
7r—7 RO? K_7 77 7r_
+
Kt K 0 K
(b) (©)
FIG. 3. Diagrammatic representations of the D — Kz 7~ decay. (a) Tree-level production. (b) Rescattering of K*7~, K°z°, and

K%. (c) Rescattering of 77 z~, K°K°, K*K~, and #.

GPP’(S):i/

where p, are the four-momenta of the initial particles, m;
are the masses of the intermediate particles (P and P’), and
s = (p, + p»)?. Since the loop integral is logarithmically
divergent, there are two ways to solve this singular
integral. The first one is the three-momentum cutoff
method [22,23,25,60], having

Gmax qqu
Gpp(s) :/
0 (2ﬂ)2w1w2 [S—(a)l +a)2)2+i8]

d*q 1 1
(2n)*q* —m? +ie(p) + pr—q)* —m3 +ie’
(16)

0)1+602

. (17)

with @, = (g2 + m?)"/2. The other one is the dimensional
regularization method, of which the explicit form is given
by [26,61-64]

1 m2 mi-mi+s m?

Gop(s) = —— In—L4 2 1T P,2

pp($) 16722 {aﬂ(l’l) + 2 + 25 m%
Cn'ls

92 0) i (5= (0 = 2) + 200 (5)V5)

\/E 2
In (S + (m% - m%) + 2qcm(s)\/g)
(_S - (m% - m%) + ZQCm(S)\/E)

In (s 4 (md - m?) + 2qcm<s>ﬁ>1}, (18)

+

In

where a,, is the subtraction constant, of which the values
for different channels will be introduced later, x4 is the
regularization scale, which is chosen as 0.6 GeV with the
value of cutoff g,,,, from Refs. [22,28,36,57], and .., (s)
is the three-momentum of the particle in the center-of-mass
frame, given by

_ AP(s.mi.md)

= NG ,

with the Killén triangle function A(a, b,c) = a* + b> +
¢ —2(ab + ac + bc). Note that the parameters a, and u
are not independent of each other [see the first two terms of
Eq. (18)], between which the relationship can be found in
Refs. [26,65] and on which more discussions can be found
in Refs. [66—68]. In our work, we adopt the latter method
for our main calculations, where, of course, the choice of
these two regularization methods does not affect our
conclusions. Additionally, Tp p p p, in Eq. (I5) is
the two-body scattering amplitude, which can be calcu-
lated by the coupled channel Bethe-Salpeter equation of
the ChUA [22,23],

Gem(S) (19)

T=[1-VG]'V. (20)
Note that the matrix G is constructed by the loop
functions, which is a diagonal matrix with the elements
given by Eq. (16), and the matrix V is made of the
interaction potentials for each coupled channel, which can
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be evaluated from the chiral Lagrangians. In the present work, for the I = 0 sector, there are five coupled channels,
ata=(1), 2°2°(2), K*K~(3), K°K°(4), and n5(5), and thus, the elements of the 5 x 5 symmetric V matrix are given
by [29,52,57]

1 1 ) 1
Vll—_szS’ Vlzz—\/—sz(s_mn)» Vlaz—ﬁ&
1% ! 1% ! 2 1% L2

:——S, :——m”’ :——m”’

14 4f2 15 3\/2‘}('2 2 2f2
Vv 1 Vv | Vv L)
= ——S7 :——s’ :——m”,

BT A HT A T

1 1

Vi = szs, V34:_47‘2s’
1 1

_ 2 2 _

Vis = —W(% — 6m;; —2mz), Vi = _2—fzs’
1

Vs =——+—— 9s—6m2—2m,2, ,

45 12\/§f2( n )
1

For the I =1/2 sector, three channels are coupled, K*z=(1), K°2%(2), K°(3), and then the elements of
3 x 3 symmetric matrix are given by [29]

-1 1|3 3
Viu :6_f2 [55 —Z(’"% _m%)z]’

2 21/2f2 2s

1 3 7 1 1 3
Vis 2\/_6fz[2 _gmg—i " 3 %<+2s(m,21—m%<)(m%—m%<)],

—1[ s 5 5 (m2—m%)?

22 4f2[ 2+m,,+mK o ,

1 3 7 1 1 3
Vas = = 39— g~ 3= gk 5 k= ) o = )

1 3 2 3
Vi W[—Es—gmi+m$+3mx—2—s(’”5—mi 2}, (22)

where f = 0.093 GeV is the pion decay constant [22], and
mp is the corresponding mass of pseudoscalar mesons.
Note that the phase convention for the isospin basis is
) = |1 1) and [K*) = | 1.4) [221

As we know, for the contribution of the W-external
emission in Fig. 1, the quark pair ds not only can form
Kz~ via hadronization in the S wave, but also can produce
the intermediate states K*(892)°/K;(1430)° in the P/S
waves, which decays into the K"z~ final states. Similarly,
for the W-internal emission of Fig. 2, the dd quark pair also
can form p/p(1450) and f(1370) mesons in the P and S

waves, respectively, and then decay into the z*z~ final
states. These production mechanisms are depicted in Fig. 4.
The full relativistic amplitude for these decays can be
written as [55]

ia,
D (390) €™ 2

M (892) (8125 523) = :
e 8§23 — m%(*(ggz) + img+(392)l 'k (892)

2 2

m2. —m2
2 2\_ D
X | (mg —mz)— —S13+ 812>
M+ (892)

(23)
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K+
n
K*(892)/K*(1430)
DY
7.‘.+

(a)

p/p(1450)/ fo(1370)

Kt

(b)

FIG. 4. Mechanisms for the Dj — K*z"z~ decay process through intermediate states. (a) Diagram via K*(892), K*(1430).

(b) Diagram via p, p(1450), and f,(1370).

D+ (1430)€" "7 (140

Mg (1430)(S12. 523) = ;
(1430) §23 — m%(*(mo) + img-(1430) L &+ (1430)
X [($23 = m% - mizz)

- (s13+ S0 — mgx —m2)], (24)

i
Dfo(1370)€ £0(1370)

M, (1370)(S125 523) = .
Jol570 S12 = M3 (1370 + Mg 1370) T, (1370)

X [(s12 = 2m2) - (513 + 523 — 2m3)],

(25)

ia,
D'

—m2 i
S12 mp -+ lmpl"p

Mp<312as23) = (S23 —513)’ (26)

where the D (392)/k+(1430)/1,(1370)/p aDd Qg (892)/ K" (1430)/
fo(1370)/p are the normalization constants and the
phases, respectively, which can be obtained by fitting
the experimental data, see our results later. Additionally,
the T'g+(892)k+(1430)/7,(1370)/p @0 M= (392)/k*(1430)/ £,(1370)/p
are the total widths and masses of these intermediate states,
respectively, of which the values are taken from the
PDG [30]. By the way, the amplitude of p(1450) is similar
to the one of p, which can be obtained via changing the
values of the corresponding width and mass and introduc-
ing two more free parameters, D,(1450) and a,(1450). Note
that the variables s;; are not independent totally and fulfill
the constraint condition,

S1p + 83 + 813 = sz; +m%(+ +m,2r+ +m72,—, (27)

which indicates that only two of the s;; are independent.

Finally, considering the coherence as done in
Refs. [21,29,35,37,69], the double differential width dis-
tribution for the three-body decay D] — K™z tz~ can be
calculated by [30]

4T 1 1

— t N M *
(22)° 32m3, (| (512, 823) + Mg+ (302)

dslzdS23

+ Mg (1430) + My 1370) + M, + M (1450 |2) :
(28)

Thus, the invariant mass spectra dI"/ds;, and dI"/ds,3 can
be obtained by integrating the other invariant variables in
Eq. (28). Meanwhile, dI"/ds |5 can be obtained via Eq. (27).
For the limits of integration, taken from the PDG [30],
we have

2
(323)max = (E; + E;)z - (\/E;z - m% - \/E§2 - m%) ’
(29)

2
(523)min = (E3 + E3)* = <\/E§2 —mj + \/E§2 - m%) )
(30)

where Ej = (si —mi+m3)/2,/s1; and Ej = (m}.—
s12 —m3)/2./s1,. As mentioned in Refs. [29,55,70], the
ChUA has a limit on the effective energy range. Therefore, in
order to make reliable calculation in the higher energy
region, we should extrapolate the scattering amplitude above

the energy cut /5., = 1.1 GeV smoothly,1

G(S)T(S) = G(Scut)T(scut)e_a(ﬁ_M)7 fOI' \/E > \% Scuts
(31)

where G is the loop function of two meson propagators as
mentioned above, T is the scattering amplitude obtained by

"Note that only one parameter was used in Refs. [22,71] with
the ChUA, where the experimental data were described well up to
1.2 GeV. Thus, the results of KK interactions with its coupled
channels were still trustworthy for /s < 1.2 GeV as commented
in Ref. [72]. In the present work, we are only interested in the
resonance region of f;(980) below 1.1 GeV.
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the coupled channel interactions above, and « is a smoothing
extrapolation parameter, of which the value will be deter-
mined in the next section.

III. RESULTS

As mentioned in the previous section, we need to
determine the subtraction constant a, for different decay
channels in the loop functions. In fact, we can get these
values by connecting two regularization methods, which
means that the loop functions with different regularization
methods at the threshold for certain channels have the same
values. Then, for the given u, a relationship between the
free parameters a, and G,y is obtained as [60,71]

aﬂ = 167[2[GC0(Sthr7 Qmax> - GDR(‘gthrv /’l)]’ (32)
with G€© and GPR given by Egs. (17) and (18), respec-
tively, and taking p = g« = 0.6 GeV as mentioned
above. For the I = 0 sector, we can get
A+~ = —1.30,

ap0=-129,  agigx- =—1.63,

agogo = —1.63, a,, = —1.68. (33)
Similarly, for the I = 1/2 sector, the subtraction constants
are obtained as
apg+==157,  apg=-1.57, a0 =-1.66. (34)

Therefore, the free parameters in our formalism are Cj,
C,, and a in the § wave and D,, @,, Dg+(392), ®k+(392)>
Dy 1370, f,(1370)> Di+(1430)>  Ax*(1430)s  Dp(1450) and
@,(1450) for the S/P-wave resonance contributions, which
can be determined by fitting the experimental data. As
mentioned in the last section, the coherence between the S
and P waves is taken into account. In fact, we have made a
test with the incoherence for them and obtained similar
results with a bit worse total . In order to describe the
invariant mass distributions of z*z~, K™z, and K*n~
simultaneously, we make a combined fit with the BESIII
experimental data, where the fitted parameters are pre-
sented in Table I. Meanwhile, with these fitted parameters,
we can get the contribution of intermediate resonances p,
K*(892), K*(1430), f¢(1370), and p(1450) in different
invariant mass distributions and show the best fitted results
in Fig. 5.

In the z"z~ invariant mass distributions as shown in
Fig. 5(a), one can clearly see that the structure around
0.8 GeV is the contribution of the p resonance, while the
narrow peak at 0.98 GeV of our results represents the
signal of the dynamical generation of the resonance
f0(980). Note that the effect of the f((980) in the
atn~ distribution of the B® — 77~ D° decay is also
important [73], while this signal in experiment is not so
visible [17]. Additionally, the wide bump structure around

the low energy region is, in fact, the contributions from the
resonances f((500) and K*(892), whereas the one in the
high energy region is mainly contributed from the states
K*(892) and f,(1370), where the other resonances play
little role in this spectrum. In Fig. 5(b), the K*z invariant
mass distributions are presented, where one can find that
the bumps in the low energy region benefits from the p
resonance, which also contributes to the peak around
1.7 GeV. Meanwhile, the influence of the K*(892) state
around 1.7 GeV is also important, which also dominates
the region of 1.1-1.3 GeV. Finally, the K™z~ distributions
are plotted in Fig. 5(c), where the first peak below 1.0 GeV
is caused by the state K*(892), and the other two wide
structures in the high energy region are dominated by the
resonances K{(1430) and p, p(1450), respectively.
Moreover, the signals closed to the threshold and below
the K*(892) peak are contributed from the states p,
p(1450) in the P wave and f(500) in the S wave.

In addition, we also calculate the ratios of the branching
fractions for different decay channels based on the fitting
results. Since the unknown weak production vertex factors
and normalization factors have been absorbed into the
fitting parameters, to reduce the uncertainties, it is better to
evaluate the ratios of the branching fractions for different
channels due to the cancellation of these factors, which are
more reliable. Thus, by integrating the ztz~ and Kz~
invariant mass distributions, we get results as follows:

B[D§ — K*fy(500) > K*z"x]
B|D¢ — K*(892)°2" — K"~

- = 0.201005,
B[D; — K*f,(980) — K+7I+7T_]_ 0061002
B|D{ — K*(892)°72" — Kt n~ '

BDf - Kp— K ntn|
D} — K*(892)°z" —» K*ntn~

0.02
= 1.59%)05.

B
BD§ — fo(1370)Kt — Kt 7|
B

: - = 0.5870%
D — K*(892)°z% —» K*nta~ '

B[D;F — K*p(1450) — K+ﬂ'+ﬂ'_]_ _ 1284002
B|Di — K*(892)°z" —» Ktnatzn~ '

BLD;r - K*(1430)7~ — K+7T+7T_] _ g57H001 (35)
B|D{ — K*(892)°2" — Kn'n~ o

where the integral limits of the central values for the D} —
K" f0(500), K*p processes are from the threshold to 0.9 and
1.1 GeV, respectively, and the uncertainties are due to the
limits 0.9 4+ 0.05 and 1.1 £ 0.05 GeV, respectively. For the
Dy — K f((980) process, the central values of the integral
limits are from 0.9 to 1.1 GeV, and the uncertainties come
from 0.9 + 0.05 and 1.1 £ 0.05 GeV, respectively. For the
DY — fo(1370)K ™, p(1450)K* decays, the integral limits
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TABLE 1. Values of the parameters from the fit.

Parameters Cy C, a D, a, D+ (392 ag+(392)
Fit 263.74 —63.08 12.34 80.77 0.18 62.99 3.54
Parameters D+ (1430) A (1430) D a1370) Qg (1370) D (1450 Q) (1450) x*/d.o.f.
Fit —62.50 1.21 —60.24 3.07 —456.70 0.93 1.43

are taken from the threshold to 1.4 GeV, while the ones for
the Df — K{(1430)z~ decay are up to 1.7 GeV, and the
uncertainties come from the changes of 1.4 4+0.05 and
1.7 & 0.05, respectively. Then, taking the branching fraction
of the decay channel via K*(892)° measured by the BESIII
Collaboration B[D} — K*(892)°z",K*(892)° - K*n7]=
(1.8540.1340.11) x 1073 [17] as input, we can calculate
the branching fractions for the different intermediate

process, where the results are presented in Table IL. It is
found that the branching of the intermediate states p and
p(1450) are obviously bigger than the experimental mea-
surements due to the interference between the P-wave
amplitudes, which can be seen from their line shape in
Fig. 5(a), and the one for the contribution of the f(980) is
nearly one-half smaller than the measurements; whereas, the
branching fractions of the other intermediate resonances are

100 T T T
— Total
..... pO
80 —.- k*(892)° 1
S-wave
——- K, (1430
60 0 (1430) .
@ === fp(1370)
5 = p(1450)
w 40 - -
20| -
0 - ._._._.—I ....................... I I_
0.5 1.0 1.5
Mp+-[GeV]
(a)
sol —— Total ' I ﬂ I I —— Total
..... pO | “ pO
—.- K*(892)° | —- K*(892)°
60k S-wave | S-wave
—— K((1430) | 100} in —— K{(1430) |
0 === f5(1370) 9 ' == f5(1370)
c —= p(1450) < : ===+ p(1450)
Saof P g [ P
50
201
O [ O L 1 1
1.0 1.5 1.0 1.5
My+n+[GeV] My+n-[GeV]
(b) (c)
FIG.5. Combined fit for the invariant mass distribution of the decay DY — zt2~K*: (a) ztn~, (b) K™z, (c) K+ n~. The solid (black)

line is the total contributions of the S and P waves, the dashed (cyan) line represents the S-wave contribution, the dotted (red) line is the
contribution of the p. The long-dash-dotted (purple), long-dashed (blue), dash-dotted (green), and dash-dot-dotted (gray) lines are the
contributions of the K*(892), K{;(1430), f((1370), and p(1450), respectively. The dot (black) points are the experimental data measured

by the BESII Collaboration [17].
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TABLE II.

Branching fractions for various intermediate processes decaying into the final state ztz~ K™,

compared with the results of the BESIII Collaboration [17] and PDG [30]. In our results, the first uncertainties are
estimated from the experimental error of B[D{ — K*(892)°z+, K*(892)° — K*z~], and the second ones are from

Eq. (35).
Decay process Ours (1073) BESIII (1073) PDG (107%)
D} — K f,(500) 0.38 +0.0370:%: 0.43+0.14+0.24

Dy — K7 f,(980) 0.11 4+ 0.01+9% 0.27 +0.08 £ 0.07 .

Df = Ktp° 2.94 + 0277003 1.99 +0.20 £0.22 25+04
Di — K f,(1370) 1.07 £0.107 0} 1.22+0.19 +£0.18

DY — K;(1430)°x* 1.06 £ 0.10%9¢) 1.15+£0.16 +£0.15 0.50 £0.35
D} — K*p(1450)° 238 +£0.22:00¢ 0.78 £ 0.20 +0.17 0.69 = 0.64

almost consistent with the results obtained by the BESIII
Collaboration in Ref. [17] and PDG [30] within the
uncertainties.

IV. SUMMARY

Motivated by the BESIII Collaboration measurements for
the decay D} — n7z~ K™, we investigate this decay proc-
ess by considering the final state interactions from the
S-wave pseudoscalar-pseudoscalar interactions with the
chiral unitary approach, where the resonances f(500)
and f,(980) are dynamically generated in the coupled
channel interactions. In addition, we also take into account
the contributions of the intermediate resonances K*(892),
K*(1430), p, p(1450), and f,(1370) (most of them in the
P wave), which play a key role in the D] — ztz~ K" decay
process. Considering the coherent effects between the S and
P waves, one obtains the free parameters by fitting the
experimental data and then can figure out the contributions
of the S- and P-wave intermediate resonances. The obtained
results show that the combined fit for the z*z~, K™z, and
K"z~ invariant mass distributions is consistent with experi-
ments. However, the contributions of p and p(1450) in
the coherent fit is significantly bigger than experiments; also
see their obtained branching fractions. Note that the peak
around 0.98 GeV in the z" 7~ mass distribution implies the
signal of the £,(980), which is similar to the B® — 7z~ D°

decay. Meanwhile, we also calculate the branching fractions
of the dominant decay channels, and it is obvious that the
theoretical results are almost in agreement with the exper-
imental measurements and PDG within the uncertainties,
except for the branching ratios decaying into the intermedi-
ate resonances p and p(1450) are a bit large and the one for
the f,(980) becomes small.

Note added. Recently, the decay DY — K™z "z~ was also
studied in Ref. [74] with similar formalism. In the present
work, our fits for the data are improved by introducing the
interference phases and more results for the branching
fractions are presented.
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