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From the amplitude analysis of the Di — 2% decay, the BESIII Collaboration first observed the
D — ay(980)"z° and D} — a((980)°z" decay modes, which are expected to occur through the pure W-
annihilation processes. The measured branching fraction B[D{ — a((980)+0z%+) a,(980)*() —
7t+(0)n] is, however, found to be larger than those of known W-annihilation decays by 1 order of
magnitude. This apparent contradiction can be reconciled if the two decays are induced by internal
W-conversion or external W-emission mechanisms instead of a W-annihilation mechanism. In this work,
we propose that the D decay proceeds via both the external and internal W-emission instead of
W-annihilation mechanisms. In such a scenario, we perform a study of the D} — ztz% decay by taking
into account the contributions from the tree diagram D} — p*n — 77 2% and the intermediate p*7 and
K*K/KK* triangle diagrams. The intermediate a,(980) state can be dynamically generated from the final
state interactions of coupled KK and 75 channels, and it is shown that the experimental data can be

described fairly well, which supports the interpretation of a(980) as a molecular state.

DOI: 10.1103/PhysRevD.103.116016

I. INTRODUCTION

The charmed meson weak decays into light mesons
provide a very good channel to study meson-meson inter-
actions at low energies and the nature of the low-lying scalar
mesons [1-4]. We refer to Ref. [5] for a review about the
study on the interactions of light hadrons from the weak
decays of the D mesons. Very recently, in Ref. [6], the BESIII
Collaboration first reported on the observation of the decay
modes of D — a((980)"z" and D} — a,(980)°z™" in the
amplitude analysis of the D} — 7t z% decay. The D} —
ay(980)*@7%+) decays are claimed as W-annihilation
dominant processes, assuming that ay(980) is a scalar ¢g
state. However, the measured absolute branching fraction
of  B[D} = ay(980)t7%+) 44(980)*0) — z+0)y] =
(1.46 £ 0.15, 4 0.23,)% is found to be larger than those
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of normal W-annihilation processes by at least 1 order of
magnitude. In Ref. [7], it was proposed that the D] — 777
decay actually occurs via an internal W-conversion process,
where 7KK was produced at the first step, and then the 77
state is generated from final state interaction of KK in an §
wave and isospin / =1, and the ay(980) resonance is
dynamically generated via KK and 75 coupled channel
interactions as described in the unitary chiral theory [8,9].
The main purpose of Ref. [7] is to get the a((980) signal, and
thus, only the experimental data with the cut M .- >
1 GeV were studied, for which the tree diagram D{ —
ptn — 7t2% does not contribute. On the other hand, in
Ref. [10], it was shown that the experimental measurements
can also be described as an external W-emission process
D7 — p™n. The p meson decays into a pair of 7z and then the
7n pair fuses into ay(980), which subsequently decays into
7n again. As both the W-internal conversion and W-external
emission processes are believed to be larger than the
W-annihilation process, the puzzle seems to be resolved,
though the two theoretical studies seem to give conflicting
results regarding the responsible weak decay mechanism.
In the present work, we revisit this issue and argue that
the two theoretical works are not necessarily contradicting
with each other. As a matter of fact, the triangle mechanism
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FIG. 1.

of Ref. [10] may offer a way to estimate the unknown weak
decay coupling between D and KK*(K*K), i.e., the first
vertex of the triangle diagrams for D} — KTK*9/
KK - nta%.

At the quark level, the decay of D — p*#y proceeds
through external W-emission ¢ — sW*' as shown in
Fig. 1(a). According to the review of the Particle Data
Group (PDG)[11], the absolute branching fractions of the
decay modes Dy — K**K° and D} — KTK* are (5.4 &
1.2)% and (5.16 £ 0.16) %, respectively, which are compa-
rable to the absolute branching fraction of D] — p™7 that is
(8.9 +0.8)%. As aresult, if D — p*n can contribute to the
Dy — a:)r ) z0(+) [ag = ay(980)] process via the triangle
diagrams as in Ref. [10], the D] — K*K*0/K°K** proc-
esses shown in Fig. 1(b) can also contribute via the triangle
diagrams, where the K* decays into Kz and KK produce the
zn pair through final state interactions, from which the
ao(980) resonance can be produced. The latter has not been
considered either in Ref. [7] or in Ref. [1 0].l As a result, in
this work, we will consider both D — p™5 and D] —
KTK*0/K**K° induced triangle diagrams, which lead to
7ay(980)° and 7°a,(980)* final states.

Compared to Ref. [10], we make a further improvement.
It is well-known that the a((980) state does not behave like
a normal Breit-Wigner resonance because of the closeness
of the KK threshold. It can be dynamically generated as a
molecular state from the KK and 7 coupled channel
interactions in the chiral unitary approach [8,12-16].
Indeed, within the chiral unitary approach and the final
state interaction, the productions of these scalar mesons
f0(500), f¢(980), and a((980) have been recently inves-
tigated in the decays of charmed baryons [17-19] and
charmed mesons [20-22], B and B, mesons [23-26], ;.. [4],
7= [27], and J/y [28]. In Ref. [29], the production of
£0(980) and a((980) resonances is also studied in the K p
reaction with the molecular picture that these two reso-
nances are dynamically generated within the coupled
pseudoscalar-pseudoscalar channels interaction in isospin

1 . , .

As we will show later, the anomalously large ayzy’ coupling
adopted in Ref. [10] helps to increase the branching fraction to
meet the experimental number.

A

(b)

(a) External W-emission mechanism for D — p*# and (b) internal W-conversion mechanisms for Dy — K+ K*0/K*+KO.

I =0 and 1, respectively. On the other hand, the ay(930)
has also been suggested to be a scalar diquark-antidiquark
state [30-33]. In this work, we then investigate whether
with the chiral unitary amplitudes one can describe the
BESIII data [6].

The article is organized as follows. In Sec. II, we lay out
the theoretical formalism. In Sec. III, we show our
theoretical results and discussions are also given comparing
with the experimental data from Ref. [6]. We summarize
in Sec. IV.

II. THEORETICAL FORMALISM

To calculate the decay width of D} — naz™, we
consider the contribution from both the tree-level diagram
of Fig. 2 and the triangle diagrams of Figs. 3 and 4. In the
process described by the tree-level diagram, D first decays
into p* and 7, then p* decays to z+z° as shown in Fig. 2.
As pointed out in Ref. [10], the z*/z° meson can interact
with the # meson to form ay(980)"/ay(980)° via the
triangle diagrams shown in Fig. 3. On the other hand, if the
processes depicted in Fig. 3 can occur, those depicted in
Fig. 4 can also occur because 1) the branching fractions of
D, decaying into K*K/KK* are comparable to that of D,
decaying into pn, and 2) KK is a dominant channel to
which the a((980) state couples. As a result, their con-
tributions cannot be neglected. In this work, therefore, we
also consider the contribution from D} — K**K°/K*+K*,
which can proceed through the triangle mechanisms shown
in Fig. 4.

FIG. 2. Tree-level diagram for the decay D — pTy — z72%.
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(a) (b)

FIG. 3. Triangle rescattering diagrams for D} — (p*n =)z 2%.

(a) (b)

Ul

(d)

FIG. 4. Triangle rescattering diagrams for D} — (K**K° —)zt2% and D} — (K*K* =)zt 2%

The following effective Hamiltonian is needed to describe the DY — p™5 and D} — K**K%/K*K*0 processes,

ingvud[cﬁffmd)(sc) + ¢ (5d) (ac). (1)
eff

where G = 1.166 x 107> GeV~2 is the Fermi constant, V., and V,; are the CKM matrix elements, c{, are the effective
Wilson coefficients, and g, ¢, stand for vector and axial vector currents, quﬂ(l — ¥5)q [34-38]. The decay amplitudes of
D} — ptyand DY — K**K°/K*K*? can be written as the products of two hadronic matrix elements [39,40],

Hegr =

ADS = pty) = %vv (0" (d)|0) (1| 5¢) DY) 2)
A(D} — KKY) = % Vs Vaata (K9 (50) 0) (K**[(70) | D). (3)
A(D} — KK = % ViV aady (K| (5)[0) (K*|(c) | D7 ). (4)
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where a; = ¢S + ¢St /N, and a, = ¢$T/N, + ¢St with N, the number of colors. It should be noted that a; can be
calculated in the naive factorization approach, but a, and &), cannot be easily obtained within the factorization approach
[41,42]. In the present work, we will fix all of them by fitting directly to data.

The current matrix elements between a pseudoscalar meson or vector meson and the vacuum have the following form:

(p*|(@d)|0) = m,fre;.  (K°|(3d)|0) = =fropho.  (K™|(5d)|0) = mgeof goey. (5)

where f, fg+, and f, are the decay constants for K, K*, and p mesons, respectively, and ¢;, is the polarization vector of p or
K* meson. In this work, we take f, =210 MeV, fx = 158 MeV, fi: =214 MeV as in Refs. [39,43,44].
The hadronic matrix elements can be written in terms of form factors as follows [45]:

(ul(5e)|DF) = (pp, + P)'F(a%) + 4"F (%), (6)

€*
Kt (@ D) = a —d"P . dA 2 PYP2A 2 7
(K@D = =P Aala™) + PA (") ™)
G PA_(?) + i Pyl V(). (8)
(K*|(@c)|DF) = (pp, + px+)'F(d") + quF (¢"). 9)

where g#("") represent the momentum of p, K, and K* mesons, respectively, and P* = (pp, + pk+)¥. The form factors of

F (1), Ay(t), Ay (1), A_(t), and V(z) with t = ¢"")? can be parametrized as [45]

X(0)

X(1) = 1 —a(t/mp, )+ b(/mp, )

(10)

In the present work, we take these form factors F;, Ay ., and V from Ref. [45]: (F(0), a, b)Ps=" = (0.78,0.69, 0.002),
(F.(0), @, b)>~K = (0.60,1.05,0.18), (A (0).a.b)>~K = (0.57,1.13,021), (49(0), @, b)>~K" = (1.53,0.61,-0.11),
and (A_(0), a, b)Ps>K" = (-0.82,1.32,0.34). Note that the terms containing V(g'?) and F_(g*(q"*)) do not contribute to
the processes we study here.

For the strong decays p* — z72° and K** — Kz (K*° — Kr), the amplitudes are

A(er - ﬂ+ﬂ0) = Gprn€ " (plr+ - pﬂo)’ A(K* - Kﬂ) = 9k k€ * (pﬂ - pK)’ (11)

where g,,, and gg-g, denote the p coupling to zz and the K* coupling to Kz. With the masses of these particles and the
partial decay widths of p — zz and K* — Kz quoted in the PDG [11], we obtain g,,, = 6.0, gg-g, = 3.26, and
Jxxr = 3.12. On the other hand, the couplings2 a; = 0.96, a, = 1.50, and @, = 1.51 are determined by fitting them to the
experimental branching fractions B(Dy — p™n) = (8.9 +0.8)%, B(D} — K**K°) = (54+1.2)%, and B(D} —
KtK*, K - K=n") = (2.58 £ 0.08)% quoted in the PDG [11].

Putting all the pieces together, we obtain the decay amplitude of the D] — 7 z% from the tree-level diagram of Fig. 2 as

A(DY = np*) Alp* — x*2°)

Atree — g , 12
! miy —m. + im, Ly (12)
with m}; = (p,o + p,+)? the invariant mass squared of the zz° system.
Next, we can write the total decay amplitude of DY — 77 2% for those triangle diagrams shown in Fig. 3,
AT = AT+ AT (13)

*It should be stressed that the partial decay widths determine only the absolute value of the corresponding coupling constants, but not
their phases. In this work, we assume that they are real and positive, which seems to be a reasonable choice given the reasonable
description of the experimental data as shown below.
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iA(DF VAl — 770
AL = by (13) / i 5 Lot g a0 Uallnd A (1)

m/2}+ +im, T, ) (g5 — m} + i€)(q3 —m 0) ’

4 i + 5 ot + L 00t
A/W = ﬂﬂ—»ﬂ’l(m%?a)/ d q3 IA(D rlp )A(p Tz ) (15)

(27)* (qi = m>. + im0 ) (g3 — my + i€)(q5 — m2.)’
where m?, = (po + p,)?, m3 = (p,+ + p,)?, and the momenta (g,. ¢,. ¢3) are those of (p™, », 7)), respectively. The
ley—my Stands for the two-body zn — zn scattering amplitude, which depends on the invariant mass of the zn system.

The decay amplitudes of D} — z* 7% via triangle diagrams shown in Fig. 4 are written as

ASK = AFK 4 AFK 4 AKK 4 ARK (16)

A(D} — K**K°)A(K* TR t ko (M
AKK \[/ d*q, - )A( -7 kK n(mlz) (17)

2”)4 Q1 - mKH + lmk*+rk*+)(612 - mKo + le)(‘lz. %(0> ’

AK K _ / d4q3 ‘,Ll(D;r - K*Jrl_(O)A(K*Jr N T[OK+)IKI_(—>7tr[(m%3) (18)
(27)* (qF = myee + imye T ) (g5 — migo + i€) (g5 — m.)”
AK*K i d4 A(Dj — K*0K+)A([_{*O — 77:+K—)ZKI_(—>7m(m%2) (19)
‘ \/_ (2 ) (‘I% - mé*o + imK*OFK*O)(‘I% - m?ﬁ + ie)(q% - m%(-) ’
AK* / d4q3 A(D;r N I‘(*OK+)A(I_(*O N ﬂOI_(O)IKI-(ﬁ]m(m%) (20)
(27)* (g1 =m0 + imoT o) (g3 = migs + i€) (g3 — m3o)

with momenta (g, ¢, q3) for (K*(K*), K(K), K(K)), respectively. It is worth mentioning that one needs to include the
isospin factor —\/g and \@ for Figs. 4(a) and 4(c) and Figs. 4(b) and 4(d), respectively. The tx¢_, ,, stands for the two-body

KK — nn scattering amplitude, which depends on the invariant mass of the 777 system. It should be noted that in the present
work, for the p and K* vector meson propagators, we take

T — MY H v 2
G;‘A/I/(q%/) — l(z g t qVC.IV/qV) , (21)
qy —my +imyl'y

where my and I'y, are the mass and width of the vector mesons.

The triangle loop integrals in these above amplitudes are ultraviolet divergent; in general, one needs to include
phenomenological form factors to prevent ultraviolet divergence, as shown in Refs. [46-52]. However, as discussed in
Refs. [10,53], the ultraviolet divergences in the triangle loop diagrams integrals cancel out (for more details, see Ref. [54]);
thus, we do not need to introduce these form factors in this work.

In Ref. [10], the two-body scattering amplitude 7,,_,,, is parametrized with the Breit-Wigner form. In this work, we
describe the final state interaction between 7 and 5 as well as the interaction between K and K with the chiral unitary
approach. The scattering amplitudes 7,,_,, and fxg_,, can be obtained by solving the following Bethe-Salpeter equation:

—[1-VG]'V, (22)

where G is the loop function of two mesons, and V is the transition potential. The loop function can be regularized by either
the dimensional regularization scheme or the cutoff regularization scheme. In this work, we employ the dimensional
regularization scheme. The potential V is a 2 x 2 matrix of coupled channels KK and 7. At the leading chiral order, the
transition potential V can be explicitly written as [8]

V6 8 » 1 , 2 L.
Vik-kk = _WS’ Vikom = 122 <3S —3Mk 3N T mn)’ Vagom = _3_fzmm
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,'\‘ = Exp.
Total
100 ---- Tree ]
9]
+
=
o
>
m -
FIG. 5. Invariant mass distribution of z7z° for the Dy —

a7 7% decay, in comparison with the experimental data taken
from Ref. [6].

where we take the isospin multiplets as K = (K*, K°),
K = (K° —K"), and 7= = (—x*,2° x). Then, solving the
Bethe-Salpeter equation with u =1 GeV, a(u),, = —1.522,
a(p)gx = —1.499 [9], we obtain a resonance with mass m =
983.2 MeV and width I' = 105.6 MeV. This can be asso-
ciated with the a,(980) state.

With the so-obtained decay amplitudes, one can calcu-
late the invariant mass distributions of D} — 27" as a
function of m?, and m3; [11],

AP
= dmi,dm3;,

(2m)? 32m3}, (23)

where A is the total decay amplitude, which is A = AJ**+
Ay + A

One can easily obtain the single differential invariant
mass distribution dI"/dm,, and dI'/dm,, by integrating
over m,, and m,, with the limits of the Dalitz Plot,
respectively.

III. NUMERICAL RESULTS AND DISCUSSION

We first show the theoretical results for the ztz°

invariant mass distribution in Fig. 5 in comparison with
the BESIII data [6]. The solid curve stands for the total
contributions from the tree diagram and the triangle
diagrams, while the dashed curve stands for the contribu-
tion from only the tree diagram. The solid curve has been
adjusted to the strength of the experimental data of BESIII at
its peak [6]. Since we have considered the tree diagram
contribution from the p™ meson, one can see that the p™ peak
can be well reproduced. Furthermore, the high energy points
for the z*#° invariant mass distributions can also be well
reproduced by including the contributions from the triangle
diagrams. It is interesting to mention that the interference
between the tree diagram and triangle diagrams is destructive
below m_+ 0 = 0.8 GeV, while above that energy point, the
interference is constructive. Besides, with a;, a,, and d)
determined as specified above, we obtain an absolute
branching ratio of B(Dj — a0 (a)") 5)z%Hy) =
1.45%. This is in nice agreement with the BESIII
measurement.

In Figs. 6 and 7, we show the 7%y and 77 invariant mass
distributions of the decay D} — 27z without and with
the cut of m_+,0 > 1 GeV, respectively. From Fig. 6, one
can see that the contribution from the tree diagram is
predominant. The theoretical results can describe the
experimental data rather well, particularly the shoulder
around m,, ~ 0.8 GeV. In addition, our theoretical results
do not show a pronounced asymmetric peak around m,, ~
0.9 GeV as in Ref. [10] (see Fig. 4 of that reference).

80 T T T T T T 80 L] L] L] L] L] L]
Exp. Exp.
Total Total
e ==== Tree
60 F Tree 60 | |
3 0
+
g a0t Saof 1
> >
m @
b
20F 20F b
;
4
0 LS 0 -L
0.6 0.8 1.0 1.2 1.4 1.6 1.8 0.6 0.8 1.0 1.2 1.4 1.6 1.8
m,.,, (GeV) m,o, (GeV)
FIG. 6. Invariant mass distributions of 7z for the DY — z°z%# decay, in comparison with the BESIII data [6].
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. Exp.l
Total A
---- KK*
......... on

L2 14 16 18
L. (GeV)

FIG. 7.
with the BESIII data [6].

In Fig. 7, the dashed curves represent the contributions
from the pn triangle diagrams shown in Fig. 3, while the
blue-dashed curves represent the contributions from the
KK* triangle diagrams shown in Fig. 4, and the red-solid
curves stand for the sum of the two contributions. From
Fig. 7, one can see that after the m_.» > 1 GeV cut, the
ay(980) signal is well reproduced, where it is dynamically
generated from the zn and KK coupled channel inter-
actions. However, our results at the ay(980) peak position
are somehow larger than the experimental data, especially
for the case of a((980)*. It should be noted that in Ref. [7],
the 7KK final states were produced at the first step with the
internal W-emission mechanism, and then the final state
interaction of KK produces a,(980), which then decays to
zn. Clearly, Ref. [7] and the present work share the same
mechanism for the final state interactions. As a result, both
can describe the 7y line shapes, but the present work also

I\ T T T T
a5 1y -
I\
= 2 A .
2 | \
&= 15F | \ . .
=]
5 ' \
o 1w0f | \ 1
o | \
I N
51 S e i
| ~
~
0 L 1 1 1 == -
1.0 1.2 1.4 1.6 1.8
my o (GeV)
FIG. 8. Invariant K*K° mass distribution for the Di —

KT K° decay.

0 e ® o
0.6 0.8 1.0 1.2 1.4 1.6 1.8
m#n«kV)

Invariant mass distributions of 75 with the cut of m,: 0 > 1 GeV for the decay D} — 7(ay(980) —)z°z "5, in comparison

determines the global strength of the D decay. In principle,
both weak mechanisms may play a role. However, a
quantitative consideration of the mechanism of Ref. [7]
inevitably introduces additional free parameters for the
weak interaction, which cannot yet be determined. Hence,
we will leave such a study to a future work when more
precise experimental data become available.

It is worthwhile mentioning that in our framework that
the KK* contribution is larger than the pz contribution,
while the former was not considered in Ref. [10], where the
p1i’ channel plays an important role and a large coupling for
ap(980) to zn’ is used. Indeed, it was found that, in
Refs. [55,56], the a((980) played an important role in
the 7' — a((980)zr — nazx decay, which may indicate a
large a((980)zn’ coupling. However, both in the unitary
chiral approach and from the experimental information, it is
known that the 75’ coupling to the ay(980) resonance is
small. From the recent investigations of the a(980)
resonance within the chiral unitary approach in
Refs. [57-59], it was found that the coupling of ay(980)
to the zn' channel is rather small. In Ref. [60], the small
effect of the 7’ channel for a((980) from the reanalysis of
the pp — na°z° data was also found, while in the ampli-
tude analysis of the y.; — n(y')zz decays, a very weak
ag(980)zn’ coupling was also obtained by the CLEO
Collaboration [61]. It should be noted that the invariant
mass of a,(980) in the ' — nzx decay is far from its mass
shell [55,56], which is much different from the energy
region studied here. Thus, it is expected that the contribu-
tion from the DY — pn’ triangle loop will be very small and
could be safely neglected.

In addition, we study the a((980) state in the KK
channel from the D] — 7KK decay by including the
contributions from the triangle diagrams, which can be
easily obtained with the replacement of the z# final state by
KK in Figs. 3 and 4. The resulting predictions for the K K°
invariant mass distributions are shown in Fig. 8, which can
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serve as a highly nontrivial check of the mechanism
proposed in this work.

IV. SUMMARY

We studied the D} — 7+ 7% decay recently analyzed by
the BESIII Collaboration, where the Dy — 7°a,(980)"
and D} — 7%a((980)° decay modes are claimed as the
W-annihilation dominant processes observed for the first
time, and their branching fractions, however, are 1 order of
magnitude larger than those of known W-annihilation
decays. Inspired by Ref. [10], we proposed that the
anomalously large branching ratios of these decay modes
can be understood via triangle diagrams. At first, the D
meson decays weakly into either p*n or KK*/K*K. The
vector mesons then decay into a pair of pseudoscalar
mesons, nzw or Km. One of them interacts with the
pseudoscalar meson from the weak decay of D] and
generates dynamically the a((980) state. With the weak
decay couplings determined by fitting to the experimental

branching fractions, our method predicted both the absolute
branching ratio of D; — agz and the zn invariant mass
distributions, which are in nice agreement with the BESIII
data. For the D} — 7t 7% decay, the contribution from the
tree diagram as shown in Fig. 2 is the most dominant. After
the cut of M+ 0 > 1 GeV, the contributions of the triangle
diagrams are crucial to produce the ay(980) resonance. In
addition, we predicted the KK invariant mass distributions
of the D, — 7KK decay, which can be checked by future
experimental measurements.
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