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Hadronic decay D* — z*mm and the a((980) and f,(1370) contributions
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Motivated by the recent BESIII Collaboration measurements of the decay D+ — z7 5, we investigate
this process by considering the contribution from the resonance ay(980), which is generated by S-wave
pseudoscalar meson-pseudoscalar meson interaction, and the contribution from the intermediate scalar
meson f((1370). Our results could give a good description of the z*# and 7y invariant mass distributions,
which implies that the contribution from the intermediate f,(1370), neglected in BESIII analysis, could
play a role in this process. Furthermore, the predicted Dalitz plots are also consistent with the BESIII
measurements. The more precise measurements about this process in the future could shed light on the
mechanism of this process and the properties of f(1370) and a,(980).
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I. INTRODUCTION

In the traditional quark model, hardrons are categorized
into mesons, which are composed of a quark-antiquark pair,
and baryons, which are composed of three quarks [1,2].
Although most of the mesons could be well described
within the traditional quark models, some mesons have
exotic properties that are difficult to explain. In 2003, the
Belle Collaboration reported an exotic state X(3872) [3],
and since that, many candidates of the exotic states were
reported by experiments, and garnered much attention
[4-10]. In the scalar meson sector, there are also many
candidates for exotic states, for instance, ay(980), f((980),
f0(500), fo(1370), and f,(1710). As we know, the
identification of the light scalar mesons is very difficult,
resulting from their large decay widths, and there are many
different interpretations for the structures of the scalar
mesons, such as traditional gg states, multiquark states,
hadronic molecules, glueballs, or the mixing of different
components, etc. [11-21].

Several years ago, the BESIII Collaboration observed
the process D — ztnyn using an integrated luminosity
of 2.93 fb~! collected at the center-of-mass energy
of 3.773 GeV and reported the branching fraction
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B =(2.96 4 0.24 +0.10) x 1073 [22]. Later, the authors
of Ref. [23] studied the process D — 755 by considering
the a((980) dynamically generated from the pseudoscalar
meson-pseudoscalar meson interaction, and predicted the
signal of a((980) in the z7 invariant mass distribution.
Recently, the BESIII Collaboration has updated the mea-
surements of the process D™ — 7ty using 20.3 fb~! of
eTe” collision data at the center-of-mass energy
3.773 GeV, and found a clear cusp structure in the z*g
invariant mass distribution, which should be associated
with the scalar a((980) [24], as predicted in the theoretical
work [23]. The BESIII amplitude analysis of this process
suggests that the a(980) line shape cannot be well
described by a three-channel coupled Flatté formula for
the a,(980), and could arise from the triangle loop
rescattering of Dt — Kj(1430)K* — a((980)"n and
Dt — K§(1430)*K° — a((980)*n with a significance
of 5.80 [24]. However, with Eq. (18) of Ref. [25], one can
see that the triangle singularity of D™ — Kj(1430)K™ —
ay(980)*n appears at M+, = 1073 MeV, about 80 MeV
away from the nominal a,(980) mass, which implies that the
triangle diagram proposed by BESIII [24] is far from
developing a triangle singularity. Indeed, the a,(980) could be
dynamically generated from the S-wave interaction of the
coupled channels KK and zn within the chiral unitary
approach [16,26], which has been widely used in many
theoretical studies [27—41]. Therefore, we need to further
investigate the mechanism of the process DT — ztny
by considering the ay(980), dynamically generated
from the S-wave pseudoscalar meson-pseudoscalar meson
interaction.

In this work, we will investigate the process DT — n g
by considering the contribution from the resonance
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a(980), which is generated by S-wave pseudoscalar
meson-pseudoscalar meson interaction. In addition, we
will take into account the contribution of the light scalar
f0(1370). Then, we will calculate the z# and 7 invariant
mass distributions in the process D™ — z75n, respectively,
and contrast the results with experiment with or without
f0(1370). The work done here should be an incentive for a
more accurate experimental analysis to be performed.
This paper is organized as follows. In Sec. II, we present
the theoretical formalism of the process D™ — ztmmn.
Numerical results and discussions are shown in Sec. III.
Finally, we give a short summary in the last section.

II. FORMALISM

In this section, we will present the theoretical formalism.
We first consider the process from the perspective that the
a0 (980) is dynamically generated by the S-wave pseudo-
scalar meson-pseudoscalar meson in Sec. I A, and the
mechanism of the intermediate state f(1370) is given in
Sec. II B. Finally, we give the formalism for the invariant
mass distributions for the process D™ — z gy in Sec. 11 C.

A. Contribution from a((980)

Taking into account that a((980) could be generated
via 7ty and KTK°? final state interaction, as done in
Refs. [36-38], we first show the quark level diagram for
the D™ — zny process via the W external emission in
Fig. 1. The ¢ quark from the initial D" meson weakly
decays into a W+ boson and a d quark, then the W boson
decays into ud quark pair. The ud quark pair from the W+
boson will hadronize into 7+, while the d quark and the d
quark of the initial D™ meson, together with the antiquark-
quark pair dd, which is created from the vacuum with the
quantum numbers J7¢ = 0*, will hadronize into 5 and 5
mesons, as follows,

Dt =cd
= Wtdd
= udd(dd)d
= ztd(dd)d
1
= §ﬂ+l’]7], (1)
where we use the meson flavor wave functions D' = cd,
7zt =ud, and n = %(ﬁu + dd — 5s) as Refs. [42,43].
Similar, one has another quark level diagram for the
Dt — K*K% process via the W+ external emission in
Fig. 2. The ¢ quark from the initial D™ meson weakly
decays into a W+ boson and an s quark, then the W boson
decays into a us quark pair. The us quark pair from the W+
boson will hadronize into K, while the s quark and
the d quark of the initial D™ meson, together with the
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FIG. 1. Quark level diagram for the process D — zt#n via the
W™ external emission.

antiquark-quark pair dd created from the vacuum, will
hadronize into K° and # mesons, as follows,

DT =cd
= Wtsd
= uss(dd)d
= K*s(dd)d

1 _
= %KJ“K%, (2)

where we also use the meson flavor wave functions
Dt =cd, Kt = u5, K = sd, and 5 :%(uﬁ—l—dd—si)
as in Refs. [42,43].

Next, we could write all final meson-meson components
after the hadronization,

1 1 -
Dt = —n(—;r+11+K+K0>. (3)

V3 T\V3

Then, the decay D™ — ztny could happen through the
tree level and S-wave pseudoscalar meson-pseudoscalar
meson interaction, which will dynamically generate the
ao(980) state, as show in Figs. 3(a) and 3(b), respectively.
Since there are two 7 mesons in the final states, one can
write the decay amplitudes as follows,

u
K+
W+
5
c > > s _
_ KO
d
D+
d Ui
d d

<

FIG. 2. Quark level diagram for the process D™ — K~ K% via
the W+ external emission.
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FIG. 3. Mechanisms of the process DT — ztnn. (a) tree

level, (b) the S-wave pseudoscalar meson-pseudoscalar meson
interaction.

T Tree _ Vphiﬁfl’ (4)
Tw =V, [Zhici(ﬂ+’71)ti—m+r](”+7]l)
PG )

where V, is a global normalization constant,' and i = 1, 2
correspond to the ztn and KK channels, respectively.
The coefficients /; could be obtained from Eq. (3),

1 1
hoy =3, kg = \/3 (6)

The G; in Eq. (5) is the loop function of the meson-
meson system [37],

d*q 1 1
G =i , 7
l l/(2”)4(P_Q)2_m%i+i€q2—m%i"‘ie 7

where m;; and m,; are the masses of two mesons in i-th
coupled channel, respectively, P is the four-momentum of
the meson-meson system, and ¢ is the four-momentum of

'Here the parameter V, contains all dynamical factors of the
weak production vertex of Figs. 3(a) and 3(b). Since in this work
we mainly focused on the final state interactions of this process,
we assume V, to be constant, as done in Refs. [44-46].

meson in the center-of-mass frame. For the meson-meson
loop function, we take the cutoff method [47], and the loop
function could be written as,

G(s) ! arctan - 4 + arctan > A
§) =—5—
16725 ’ ol ol

— (s anax(] +ll)
(s ) £
+(S—A)1 Qmax(r’11+/12):| }’ (8)

A =m?} —m3, (10)
2 2

M=+ al = 1+a2 (1)
Qmax max

with s = P? = M]2m7. In order to dynamically generate the

ay(980) state, we adopt the cutoff parameter ¢, =
600 MeV as used in Refs. [36-38].

The #;_,,+, in Eq. (5) are the transition amplitudes of the
coupled channels, and ¢;_, ;+, could be obtained through the
Bethe-Salpeter equation,

T=[1-VG]V. (12)

In our calculation, we take into account two coupled
channels 775 and K*K°. The transition potential Vi is
obtained from Refs. [36,37],

2m2
Vatyor'n = =372
s
VK+I_(0—>K+I_<O - _4_‘](‘2,
3s — 2m% — m?
Vikikoonty = —W, (13)

where the decay constant f = f, = 93 MeV. m, and my
represent the averaged masses of the pion and kaon.

B. Contribution from f,(1370)

According to BESIII measurements of the process
D" — n'np, one can find that the sy invariant mass
distribution is significantly different from the phase space
distribution in the region 1300-1500 MeV [24].
Considering that the scalar meson f,(1370) could decay
into the #n [48], there could be the contribution from the
f0(1370) state. Therefore, we can also consider the con-
tribution from f(1370), and the mechanism of the process
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D+
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FIG. 4. Mechanism of the intermediate f,(1370).

Dt — 77 fy(1370) — ztnn is depicted in Fig. 4. We can
write the amplitude for the intermediate f((1370) state,

aM,1370)1 ', (1370)

T fo(1370) — v, TR m -
m — M5 a370) T WM 5,1370)1 £,(1370)

, (14)

where the a is the relative strength of the contribution from
the intermediate f,(1370) with respect to the one of
ap(980). Here the M (1370) and T’ (1370) are the mass
and width of the f(1370). Since the f,(1370) is a broad
state, and its mass and width have not yet been
established [48], there are also many studies about the
nature of the f,(1370) [49-52].

C. Invariant mass distribution

We can write the total amplitude of the D™ — 7y
reaction as,

g Total _ g Tree 4 T ao —|—TfU (1370) lz}') (15)
where the phase angle ¢ is free parameter. Applying the
standard formula of the three-body decay width from
review of particle physics (RPP) [48], we have

M, M

7

8M3

dr 1

_ M2 |TTotdl |2
dM z+, M. (2x)?

(16)

mmnz

Given a specific value of the invariant mass M,,, the
corresponding range for the invariant mass M3 is deter-
mined according to the RPP [48],

where E7 and E7 are the energies of particles 2 and 3 in the
M, rest frame, respectively,

o M3y = mi
2 2M, ’
M}, — M3, —m3

E; = M, , (18)

where m;, m,, and m; denote the masses of particles 1, 2,
and 3, respectively. The masses and widths of the particles
are taken from the RPP [48]. Permutation of the indices
allows us to evaluate all three mass distributions, using
M,, M,; as independent variables, and the property
M3, + M3 + M3, = M3, +m2. 4+ mj + M; to get M5
from them.

It is notable that there are two # mesons in this process so
that they have 7, and "7, invariant mass distributions.
In order to better compare with the experimental data, we
take,

dr - dr dr

= . 19
dM ,+, dM,,+m+dMﬂ+,72 (19)

III. RESULTS AND DISCUSSIONS

As we discussed above, we can get dI'/dM,, by
integrating d’I'/(dM ,dM,3) over M,; with the limits of
Eq. (17). Firstly, we have only considered the contribu-
tion from a,(980) state for comparing with the BESIII
measurements [24]. It is worth mentioning that, in this
case, there is only one free parameter, i.e., the global
normalization constant V,. The parameter of the fit
is given in Table I, and we have y?/d.o.f.=
137.93/(126 — 1) = 1.10. We show our results of the
£y invariant mass distributions in Fig. 5(a). The blue
dotted curve shows the contributions from ay(980), which
includes the contributions by exchanging two 7. The blue
dashed curve shows the contribution from tree level. The
black solid curve shows the total contribution. One can find
a significant cusp structure around 980 MeV in the z77n
invariant mass distribution, which could be associated
with the a((980) state. However, one can see that, in the

(133) min = (E5 + E3)? (\/ Ey —mj + \/ Ef? - m3> , 1000-1200 MeV region, our results are lower than the
BESIII measurements [24], which implies that there could
(m33) e = (E5 + E3)? <\/ E? —m3 — \/ EP - m3> . be some contributions from other intermediate states. On
the other hand, we show the ## invariant mass distribution
in Fig. . The blue dotted curve shows the contribution
(17) " in Fig. 5(b). The blue dotted hows th ibuti
TABLE I. Fitted parameters of this work. The mass of f,(1370) is in units of MeV.
Parameters Vp a M, 1370) ¢ y%/d.of.
without f(1370) 1026.9 + 8.5 1.10
with f,(1370) 1024.2 +29.7 0.07 £0.01 1331.5+95.1 (1.22+0.26)7 0.96

054015-4



HADRONIC DECAY D' — 7ty ...

PHYS. REV. D 112, 054015 (2025)

(a) 140

120 |

100

80

60 |

40 |

dU/dM;+,, (arb. units)

20

‘ ‘ ‘ S}
1000 1100 1200 1300 1400

0 1 L L
600 700 800 900

M+, (MeV)
60 ‘
(b) a0(980); Total
.‘é
£
)
=
S
5
My, (MeV)
FIG. 5. #'n (a) and 5 (b) invariant mass distributions of the

D" — gy reaction without the contribution of f(1370).

from a((980), (z5;) and the green solid curve shows the
contribution from a,(980), (7" 7,). The blue dashed curve
shows the contribution from tree level. The black solid
curve shows the total contribution. One can also find that,
in the whole energy region, our results are in fair agreement
with the BESIII measurements [24].

Furthermore, we have considered the contribution from
the intermediate f)(1370) state, which can decay into 7 in
S-wave. In this case, we have considered the f((1370) state
and the effect of interference between f,(1370) and other
terms. Since the BESIII measurements have larger uncer-
tainties, we fix the f(,(1370) width 'y (1379) = 350 MeV in
order to reduce the number of the free parameters. In our
calculation, there are four free parameters, (1) the strength
V, for the contribution from the tree diagram and the
ao(980); (2) the relative strength a for the contribution
from f(1370); (3) the fo(1370) mass My, (1370); (4) the
interference phase angle ¢. The parameters of the fit are
given in Table I. One can find that the fitted ?/d.o.f. =
117.34/(126 — 4) = 0.96 is smaller than the results (1.10)
without the contribution from the intermediate f;(1370).

We present our results of the z7x invariant mass
distributions in Fig. 6(a). The blue dotted curve shows

(a) 140
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120 0 £ (1370)
Z 100 [
=}
=
£ 80 F
=
©o60f I
= I
= o1t
o 40} D
= NG
20 ¢ %\
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0 . ‘ } . |
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2 40
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FIG. 6. 775 (a) and 5y (b) invariant mass distributions of the
D" — ztnn reaction with the contribution of f(1370).

the contributions from ay(980). The blue dashed curve
shows the contribution from tree level. The black solid
curve shows the total contribution. One can see that, in the
1000-1200 MeV region, the results considering the con-
tribution from f,(1370) are in good agreement with the
BESIII measurements [24]. Meanwhile, we show the 77
invariant mass distribution in Fig. 6(b). The blue dotted
curve shows the contributions from a((980), (z7#7;). The
green solid curve shows the contributions from ay(980),
(717,). The blue dashed curve shows the contribution from
tree level. The black solid curve shows the total contribu-
tion. One can find that, although the contribution from the
fo(1370) is small, the 5 invariant mass distribution with
the interference effect of f,(1370) is significantly different
from the previous results shown in Fig. 5(b). Indeed, the
BESIII measured 75 and #y still have a large fluctuation;
the more precise measurements in the future could be used
to constrain the contribution from the f,(1370), and
determine the mass and width of f,(1370).

Finally, we show the Dalitz plots of “M}zﬁn” Vs “M}zﬁn

and “Miw” vs “M32,” with the contribution from f(1370)

state in Figs. 7 and 8, respectively. One can find the clear
signal of the ao(980) around M., = 0.96 GeV>.

2
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FIG. 7. Dalitz plot of “MZ2, > vs “Mlzrw” for the double
differential decay width dzl“/ dM ;+,dM -+, of the process
DT — 7.
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FIG. 8. Dalitz plot of “Mi+”” vs “M3,” for the double differ-
ential decay width d°I"/dM ,+,dM,, of the process D — =™y

IV. CONCLUSIONS

Recently, the BESIII Collaboration has measured the
process Dt — ztnn using 20.3 fb~! of et e~ collision data
at the center-of-mass energy 3.773 GeV, and found a clear
cusp structure in the 77 invariant mass distribution, which
should be associated with the scalar a,(980) [24]. The
BESII amplitude analysis of this process suggests that
the a((980) line shape cannot be well described by the

three-channel coupled Flatté formula for the a((980),
and could arise from the triangle loop rescattering of
DT = Kj(1430)K™ — a((980)" 5 with a significance of
5.80 [24]. However, the triangle singularity of Dt —
K5(1430)K™ — ao(980)*y appears at M+, =1073MeV,
about 80 MeV away from the nominal a((980) mass, which
implies that the triangle diagram proposed by BESIII [24]
is far away from developing a triangle singularity.

According to BESIII measurements of the process
D' — ztyn, one can find that the #n invariant mass
distribution is significantly different from the phase
space distribution in the region 1300-1500 MeV [24].
Considering that the scalar meson f(1370) could decay
into nn [48], there could be a contribution from the
fo(1370) state.

Therefore, in this work, we have investigated this process
by considering the contribution from the resonance
ap(980), which is generated by S-wave pseudoscalar
meson-pseudoscalar meson interaction within the chiral
unitary approach, and the contribution from the intermedi-
ate scalar meson f((1370).

One can find that our results including the contribution
from the intermediate f,(1370), neglected in BESIII
analysis, give a good description of the z*n and nn
invariant mass distributions, which supports the molecular
nature of the a((980), and implies that the f,(1370) plays a
sizeable role. Since the properties of the scalar f(1370)
have not been well established and the BESIII data have
large fluctuation, the more precise measurements about this
process by Belle II and the proposed STCF could shed
light on the mechanism of this process and the nature
of fo(1370).
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