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Motivated by the BESIII amplitude analysis of the single Cabibbo-suppressed process D™ — 77275, we
investigate this reaction by taking into account the contributions from the a((980), p, and a,(1710), where
the scalar meson a((980) could be dynamically generated from the S-wave pseudoscalar meson-
pseudoscalar meson interaction within the chiral unitary approach. Our theoretical predictions for the

7[01’], xtn,and 7" 7° invariant mass distributions are in agreement with the BESIII measurements, especially
the clear peaks around 1 GeV in the 2% and z*# invariant mass distributions could be associated with the
dynamically generated state ay(980). Furthermore, we demonstrate that the intermediate a,(1710) is also
necessary to describe the enhancement structure around 1.6-1.7 GeV in the 7%y invariant mass
distribution. More precise experimental measurements of this process could provide deeper insights into
the nature of the scalar mesons a,(980) and a((1710).

DOI: 10.1103/2nqy-k5lg

I. INTRODUCTION

In the classical quark model, baryons and mesons are
respectively described as three-quark and quark-antiquark
bound states. However, recent experimental discoveries
have unveiled a plethora of exotic hadron states that
challenge conventional quark model interpretations. To
elucidate their underlying structure, various theoretical
frameworks—including compact tetraquarks, hadronic
molecular states, and hybrid configurations—have been
proposed [1-7].

The nature of light scalar mesons, particularly the a(980),
f0(980), and f,(500) states, remains enigmatic, and con-
tinues to pose significant theoretical challenges [8-10].
Notably, the isovector scalar meson ag(1710) was first
observed by the BABAR Collaboration [11], with subsequent
confirmations by BESIII [12,13] and LHCb [14]. The
considerable discrepancies in its measured mass have stimu-
lated extensive theoretical investigations [15-23].

Hadronic decays of charmed hadrons provide a unique
window into hadron-hadron interactions and CP violation
phenomena [24-32]. These processes serve as critical
testing grounds for QCD and short-range weak interactions
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[4,33]. Recent advances by the BESIII and Belle
Collaborations have yielded abundant high-precision data
on multibody charmed decays, significantly enhancing our
capability to investigate light scalar mesons [34-37].

In 2019, the BESIII Collaboration observed the
decay process D™ — #* 2% using an integrated luminosity
of 2.93 fb~! collected at the center-of-mass energy of
3.773 GeV, and reported the branching fraction
B=(22340.1540.10) x 1073 [38]. Subsequently, the
authors of Ref. [39] has studied this process by considering
the dynamically generated scalar a,(980) within the chiral
unitary approach, and predicted the 775 and 7% invariant
mass distributions. Recently, the BESIII Collaboration
performed the first amplitude analysis of the decay D™ —
79775 using a data sample 7.9 fb~! taken with the BESIII
detector at the center-of-mass energy of 3.773 GeV [40],
and pointed out that the ay(980)" is identified as the
dominant intermediate resonance, where the a,(980)"
contribution is found to be significantly larger than that
of the a,(980)° state, i.e., B(D* — a((980)*x)/B(D* —
ay(980)°77) = 2.6 + 0.6 £ 0.3 [40], exhibiting a notable
discrepancy with the earlier theoretical predictions [39].

On the other hand, the invariant mass distributions of 7%z
and z"n measured by BESII display a pronounced
enhancement  structure around 1.6 GeV [40].
Considering the a(1710) was first observed in the nz
final states by BABAR, and it mass and width are 1704 £+
5+2 MeV and 110 £+ 15 £ 11 MeV, respectively [11], it
is expected that the resonance a(1710) could contribute to
this enhancement structure. Additionally, the z*z° invari-
ant mass distribution deviates from the phase space
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distribution in the region of 0.6-0.8 GeV [40], which
implies that the intermediate meson p should play a role in
this process.

Thus, in this work we will investigate the Cabibbo-
suppressed process D* — z%z%y by taking into account
the a((980), dynamically generated from the S-wave
pseudoscalar meson-pseudoscalar meson interaction with
the chiral unitary approach, and the contributions from the
intermediate resonances ay(1710) and p.

This paper is organized as follows. In Sec. II, we will
present the mechanism for the process D+ — z°z*5, and
our results and discussions will be shown in Sec. III,
followed by a short summary in the last section.

II. FORMALISM
A. Mechanism of D* — a,(980)%+)

In this section, we will demonstrate the decay
mechanism of the single Cabibbo-suppressed process
D* — z°z*n, which can be divided into three steps, the
weak decay, the hadronization, and the final-state inter-
actions [39,41-44]. For the first step, the ¢ quark in the D™
meson weakly decays into a d(s) quark and a W boson, and
then the W+ goes to d(5) and u quarks. In order to generate
the corresponding final states, all quarks, along with quark
pairs gg created from the vacuum with the quantum numbers
JPC€ = 0+, are hadronized into hadrons, which can be
classified as the W internal emission of Figs. 1(a) and 1(b),
and W external emission of Figs. 1(c) and 1(d).

For the internal emission depicted in Figs. 1(a) and 1(b),
the ud and dd quarks hadronize into z* and z°, while
hadronization of other quarks can be written as

ﬂ.+(0) N n.()ﬂ.+n

(©

FIG. 1.

Zd(%%)gl = ZMziMiz = <M2)22, (1)

1

ZM(QiQi)a = ZMliMiz = (Mz)lz, (2)

1

where i = 1, 2, 3 represent u, d, s quarks, respectively. The
matrix M can be expressed with the pseudoscalar meson as
follows [18]:

2 om0 + +
2+\/§+\/6 T K
- ,,0 !
- 0
K K f+f

Because the 7’ has a large mass and do not play a significant
role in the generation of a(980) [45], the components of '
are omitted in this work. So the Egs. (1) and (2) can be
rewritten as

1 2 1 _
(M?)y, = 72~ +§7r07r0 - \/;71’07’] +§’1’I +KORY,  (4)

2 _
—tn+ KTKO. (5)

V3

Because the 777, 7°2°, and 75 channels in Eq. (4) cannot
be coupled to the isospin I =1 system and do not
contribute to the production of a4(980), we do not consider
these channels. Therefore, the possible hadron composi-
tions are as follows:

(M2)12 =

0

(d)

Diagrammatic representation of the DT decay. (a) The internal emission of D™ — 7z dd and hadronization of the dd through

gq with vacuum quantum numbers; (b) The internal emission of D™ — z%ud and hadronization of the ud through g with vacuum
quantum numbers; (c) The external emission of D — 77 dd and hadronization of the dd through gg with vacuum quantum numbers;
(d) The external emission of D" — K*sd and hadronization of the sd through gg with vacuum quantum numbers.
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2 —
HD =v@vy, v, <—\/;7t077 + K°K°> 7, (6)

2 . 1
H® =y®y_ v, (ﬁ,ﬁﬂ + K*KO) <_E”O>

2 1 -
= V(h) Vchud (— \/;71'+7’] - \/§K+KO> 71'0. (7)

The dynamic vertex factors, V(@) and V%), in Egs. (6) and
(7) correspond to the contributions illustrated in Figs. 1(a)
and 1(b), respectively, encompassing all relevant factors. It
is notable that V(@ and V) are expected to exhibit
similarities, given that their weak decay processes are
the same. The elements of the Cabibbo-Kobayashi-
Maskawa (CKM) matrix are V., =V,, and V, ;, =V,
up to the order of O(13) [46].

In addition to the mechanisms of the W internal
emission, the ones of the W' external emission also
contribute to the formation of the a((980) in the process
D — 7t 72%. For the mechanisms of the W* external
emission in Figs. 1(c) and 1(d), the hadronization step of
the Fig. 1(c) is the same as the one of Fig. 1(a). However,
external emission is color-favored relative to internal
emission, so the color factor C is introduced to represent
the weight of external emission relative to internal emis-
sion. For the W+ external emission, the quark pairs ud
derived from the decay of W' can be sufficient for the
singlet state of 7", where u and d can have three choices;
red, green, and blue. However, the u and d from the W+
internal emission have fixed colors, and we take C = 3 in
case of color number N. = 3 [41,47-49]. For Fig. 1(d),
except for the different elements of the CKM matrix,
everything else is the same as Fig. 1(c). So for the W*
external emission process in Figs. 1(c) and 1(d), the final
compositions are as follows:

2 _
HY) =Cx V9V V.4 <— \@nﬂz@n + KOKO;ﬁ), (8)
HY = Cx VWV, V, (M?*),Kt
1 _
=Cx VIV, V, (K*K—;ﬁ — %KWO”O). 9)

Then we have all the possible components after the
hadronization,

H=H® 1+ g® gl gld
2 _
= V@ [—\/g(l +C+ R)z* 2% + (1 + O)K°KOx*

1 _
+CXK+K_717+ —E(C—FR)KJFKOEO . (10)
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FIG. 2. Mechanisms of the D¥ — z77%: (a) tree diagram,
(b) the final-state interaction of z*#, K+ K°, and (c) the final-state
interaction of 7%, K°K°, and KTK~.

The elements of the CKM matrix are shrunk into a
normalization factor of V(@ in Eq. (10), where the R =
Vis)/V(a) represents the relative weight of Fig. 1(b) to
Fig. 1(a), and C is the color factor mentioned above. The
weak processes of Figs. 1(a) and 1(b) are the same, so in
this work, we take R =V, /V(,) = 1. From Eq. (10),
one can find the final states of the process D+ — 7%z
could be produced directly with the relative strength
—/2/3(1 + C+ R). As depicted in Fig. 2(a), we can
write the amplitude for the tree diagram as

Ttree:—\@(ucwe)vw (11)

As depicted in Figs. 2(b) and 2(c), we can write the
transition amplitude of generating the ay(980)™ in the
process D — 7%ztn as follows:
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Tu0(980)0 = V(a) [hﬂ'oﬂ+}’[Gﬂol’] (eror/) tzroq—nzon (Mzron)
=+ hKOI_(Oﬂ+ GKOI‘(O (Mﬂon)tKoko_,ﬂon(Mﬂon)
+hK+K’ﬂ+GK+K’ (Mﬂ[)}’])tK+K_—>ﬂ'oﬂ(Mﬂoi’])]’ (12)

Tu0(980)+ = V(a) [hﬂ0ﬂ+r]G7[+l1(Mﬂ+f7)tﬂ+i7—>ﬂ+7[(Mﬂ+l’])
+hKJrI_(OrzOGK*I_(O (Mﬂ+f7)tK+1_(O—>ﬂ+r](Mﬂ+l])]’ (13)

where iy, = —\/§(1 Y CH+R), hgopop =1+C,

hg+g-+ = C, and hygigoo = —% (C + R), obtained from

Egs. (12) and (13). The G; is the loop function of two-meson
propagator, and ¢;_, ; represents the transition amplitude from
channel i to channel j. The ¢-matrix can be obtained by
solving the Bethe-Salpeter equation in coupled channels [4],

T=[1-VGV, (14)

where the V is a 2 x 2 matrix of interaction kernel potential
between isospin channels KK and 75 [45]. Because of iso-
spin multiple states K = (K™, K°), K = (K°,—K~), and
7= (—n",7%z"), this matrix V can also be expressed
as [50]

V6 3 1
VKK—»:m = 12f2 (3S _gm%( _gM% - m,%),

-y 3 f
with the pion decay constant f = 93 MeV and the invariant
mass square s of the meson-meson system. There is also a

conversion method between charge channels and isospin
channels,

1

I=1

\/EIKI_(—nm’

tK*K’—mOr] =

1

, _ =1
TKORO =% = \/itKK—ﬂrﬂ’

K ROty = —tf,;-(‘_)m. (16)

The loop function G, for two-mesons in Eq. (14) is given by

[ 1 1
G, = / : (17)

27%) (q — P)? —m3 + ie g*> — m? +ie’

where the m, m, are the masses of mesons in the i-channel, ¢
is the four-momentum of one meson, and the P is the total
four-momentum. Since the loop function G; in Egs. (12) and
(14) is logarithmically divergent, we have two methods to
solve this singular integral, either using the three-momentum

cutoff method, or the dimensional regularization method
[10,51,52]. The choice of method does not significantly
impact our results. In this work, we use the method of
dimensional regularization method, where the loop function
G, can be written as

1 m% m%—m%—i—s m%
Gi:@{ai—f—ln?—f‘T l’lm—%
+slints = (3 =) +2pV5)

+1In(s + (m3 — m?) + 2p\/s)
—In(=s + (m3 = m}) + 2pv/s)

s = (3 =) + 2pV5)] . (18)

where  p = /(s — (my +my)?)(s — (my — my)?)/2:/5,
and p is the dimension normalization scale, according to
Ref. [53], we have p =600 MeV, a,, =-1.71, and
aAxg = —1.66.

According to the previous discussion, the scattering
amplitude of a((980) can be written as

Ta0(980)° = v h:r%*nGnon (Mzr”n) tzl;—lnm (Mzron)
hKOKU”+

V2
Tao(980)+ = V(a) [hﬂ0ﬂ+i7Gﬂ+i7 (Mﬂﬂy ) tgr?—lnm (Mﬂ+l1)

- hK*l’(OnOGKﬂ_(" (M,,+,7)t§(:1—(l_>m (M,,+,7)}. (20)

Grogo (M) tig . (Mpoy) |, (19)

It is notable that, the most reliable prediction range of the
S-wave pseudoscalar meson-pseudoscalar meson inte-
raction within the chiral unitary approach is up to 1100-
1200 MeV, and one can not use this model for higher
invariant masses [54]. In order to present the reasonable 7°y
and 75 invariant mass distributions, we evaluate Gt(M,,,)
combinations up to M;,, = M., and from there we
multiply Gt by a smooth factor to make it gradually
decreasing at large Mo, and M,+,, as done in

T

Gt(Minv) = Gt(Mcut)e_(l(Minv_Mcm) s Minv > Mcut- (21)
Here, we take the value M., = 1150 MeV and the
smoothing factor o = 0.0054 MeV [54].

B. Mechanism of the intermediate p and a,(1710)

In the process D™ — 7%z, in addition to considering
the contribution of a,(980), we also take into account the
contribution of p™ and a((1710). The hadron-level diagram
for the process D+ — ptn — 2%y is depicted in Fig. 3,
and the decay amplitude can be written as [55]
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n

D] l

FIG. 3. Process Dt — pTn — 7%y via the intermediate
vector meson p.

, M?
Tlﬁ :M2 291, M1 |:<m72[+ _mfzto) <l - ”;”+>
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2 2 2
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2 2 2
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2P Py } (22)
ms.
where
o Mion B mio - m%
Pro- p’7 - 2 ’
m%)* + m; o Mzzr o Mi0”+
Prt " Py = ) . (23)

The g, can be regarded as the weight factor of meson p,
containing the coupling constants of the vertices
DT = ptyand p* — 72 and the M o, is the invariant
mass of the 7%z system.

As discussed in the introduction, the measured invariant
mass spectrum of 7% and z*# have significant enhance-
ment structure around 1.6 GeV [40], and the scalar meson
ag(1710) could play a role in this process. Thus, we will
take into account a((1710) with the Breit-Wigner form,

(b) 2
Vim XMy (1710
T 400 = — e IE( ) i . (24)
Mmoo, = My 1710y T Uay17100 M ag(1710)
(b) 2
Va XMy (1710
T 4y(1710)* =72 o 1719) . (25)

2
w0~ Mo amo) T Lag(17100Ma(1710)

where the V(lh) and Véb) represent the weight proportions of
ay(1710)° and ay(1710)*, respectively. The width and
mass of ay(1710) are taken as I'; (1719) = 110 MeV and
M 4 1710) = 1704 MeV [11].

Finally, the total scattering amplitude of process
Dt — 7t 72% can be written as

|T‘2 |Ttree+T 9800 +Ta0 980 +e¢_|_T +el¢
+ T gymope® + Tyyamop-e ", (26)

where the ¢, ¢/, ¢", ¢ are the phase angles between
different contributions.' Then, the invariant mass distribu-
tion of the double differential width of the D* — 727 z%
can be expressed as

d’r 1 Mo,M,,

= TR, 27

dM o, dM,-,  (2n)3  8m3, 171 @7)
4r 1 Mﬂquﬂ.+

ZITR. (28)

dM 0, dM 0 (27)3 8m3,

One could obtain the invariant mass distributions
dU/dM,, dU'/dM,+, and dI'/dM,:, by integrating
Egs. (27) and (28) over each of the invariant mass variables.
For a given value of M,, the range of M5 is determined by

[46]

2
(m%3)mm - (EZ + E* (\/E - m% + Eiz - m%) ’
(m33)max = (E3 + E3)? (\/Ez -mj3 - \/E —m3> )

(29)

where E7 and E7 are the energies of particles 2 and 3 in the
M, rest frame, which are written as

2 2 2
M7y, — mj{ + m;

ES =
2 2M, ’
M. — M3, —m3
E; = , 30
3 2M12 ( )

where m;, m,, and my are the masses of involved particles
1, 2 and 3, respectively. All the masses and widths of the
particles involved in this work are taken from the Review of
Particle Physics [46].

III. RESULTS AND DISCUSSIONS

In this work, there are eight parameters: (1) V@), the
factor normalization of a(980) in Egs. (19) and (20); (2) g,
represents the weight of p™ in Eq. (22); (3) V(lb) and V<2b)
represent the weights of the contributions from a,(1710)°
and ay(1710)" in Egs. (24) and (25), respectively; (4) four
phase angles ¢, ¢', ¢", ¢" for the interference between

'"Here we have not considered the relative phase angle between
the 7 e and 7, (9g0)0 in order to reduce the number of the free
parameters. Indeed, we have performed the fit by adding the
relative phase angle between two amplitudes, and found that the
fitted 42 /d.o.f. = 1.69 is the same as the following result without
this phase angle.
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TABLE 1. Values of the fitting parameters.

Fit numerical results

Parameter A B
;{2/Ndof 1.69 2.55

y(a) 196.27 +5.73 179.39 4+ 2.55
V(Ib> 84.66 + 8.31 e

ng> 15.33 +13.68

I 36.04 + 6.66 7.81 +3.78
¢ (0.29 £0.02)x (0.40 £0.03)x
¢ (-1.14 £0.10)x (031 £0.14)x
@’ (—0.42 £ 0.50)x e

@ (—=1.08 £0.15)x

different contributions in Eq. (26). To demonstrate our
theoretical results, we have fitted the 7%, zt#n, ztz°
invariant mass distributions measured by BESIII, where
the background are subtracted. Then we obtained
y*/d.of. =200.53/(42 +42+43-9) = 1.69, and the
fitted parameters are shown in Table I (Case A).

Then we have calculated the 7%, zty, and 2t 7°
invariant mass distributions with the fitted parameters, as
present in Figs. 4(a)-4(c). The black points with error bars
labeled as “BESIII data” are the BESIII data taken from
Ref. [40], and the black solid line labeled “Total” represents
the results of total contributions. One can find that,
in the 7% [Fig. 4(a)] and 77y [Fig. 4(b)] invariant mass

distributions, our results show a significant peak structure
around 980 MeV, which can be associated with a,(980)°
and a((980)". Our results of the z*z° invariant mass
distribution are in reasonable agreement with the BESIII
measurements. In addition, one can find that the scalar
ao(1710)° plays a significant role for the enhancement
structure in the 7% invariant mass distribution around
1.6 GeV.

On the other hand, we have performed another fit by
turning off the contribution from the a,(1710), and present
the fitted parameters in Table I (Case B). In this case, the
fitted y2/doof. =313.84/(42 +42 + 43 —4) = 2.55,
which is larger than the previous result. The 7%, 777,
and 777" invariant mass distributions with the fitted
parameters of Case B are shown in Figs. 4(d)—4(f). One
can find that, although the peaks of the ay(980) in the 7’y
and 77 invariant mass distribution can be well described,
the enhancement structure around 1.6 GeV can not be well-
reproduced. Thus, one can conclude that the ag(1710)
should play an important role in this process.

It is notable that the nz scattering amplitude is largely
unknown at the higher mass tail of the 7 mass distribu-
tions, and we introduce an exponential dampening factor to
make it gradually decreasing at higher #z mass distribu-
tions, as shown in Eq. (21). Thus, the smoothing factor «
could give rise to the uncertainties in the analysis. Then we
make the fitting by taking different values of a = 0.0037,
0.0054, 0.0077, and obtain the fitted y?/d.o.f. = 1.68,

100 100 100
pt ap(1710)0 wvmeeenenns pt ap(1710)0 sneeeneeeas ot ap(1710)°
Troe — — — - — PACTAT) S Tree — — — - - ag(LT10)* wereeanenas Tree - — ap(1710)+
80 PR K p—— Total 30 i @0(980) =+ =- == Total 30 @0(980)0 =+ ms = me = Total
a(980)F =+ = memem EXP 1 a0(980) 7 =eme e EXP —— ap(980)F =+ meme EXP
i
£ ! F 60
= -
] =
~= ~ ———
Pl —~ - S
S = 40 .-
20
0 ¢
0.2 0.4 0.6 0.8 1 1.2 1.4
M.+ 10(GeV)
(b) ©
100 100
pH s ap(980)F =< =e e = pr o au(9SU)+ —————
Tree - - = - - Total —— Tree - - = - - Total
80 PITCEL) L — EXP ——— 80 @9(980)0 = =ememem EXP
£ £ T 60
& 21 &
5 3 5
] S 5]

M+ r0(GeV)

®

FIG. 4. 7% (a), z*n (b), and 2%z (c) invariant mass distributions for the process D™ — z%z" considered the a((980), ay(1710), p™;
7% (d), 775 (e) and 7%z (f) invariant mass distributions for the process D — z%z™" by turning off the contribution of a(1710). The
experimental data of BESIII is represented by the points with error bars [40].
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35 T T T T T

3+

0 0.5 1 1.5 2 2.5 3
MZ, (GeV?)
(a)

0.5 1 1.5 2 2.5 3
Mfron (GeV?)
(b)

FIG. 5. Dalitz plots of “Mio 7 vs “M;Zﬁ ” for the process Dt — 7%z 5. The results of (a) are obtained from our full model, and (b) are

obtained by turning off the contribution of the ag(1710).

1.69, 1.78, respectively, which implies that the uncertain-
ties from the smoothing factor a should be very small.
Furthermore, we have also predicted the Dalitz plots of
the process D™ — %7z " with and without the contribution
of ag(1710) in Figs. 5(a) and 5(b), respectively. One can
find the clear signals of a((980) in both figures. However,
one can find that the a(1710)° gives an important
contribution around M}ZTO” = 2.7 GeV? in Fig. 5(a).

With the fitted parameters of Case A, we have calculated
the ratio B(D* — ay(980)*z)/B(D* — ay(980)°z") =
1.87, which is consistent with the BESIII data B(DT —
ay(980)T7)/B(D* — ay(980)°z") = 2.6 = 0.6 £ 0.3
within the uncertainties. Thus, the large a,(980)* contri-
bution with respect to the ay(980)° could be explained
within our theoretical model.

Although our results are in agreement the BESIII
measurements, it is notable that the BESIII data have large
experimental errors and large fluctuation. Considering that
the Belle/Belle 11 and LHCb have more data sample, the
more precise measurements of this process could shed light
on the scalar mesons a,(980) and a,(1710) production in
this reaction.

IV. SUMMARY AND CONCLUSIONS

Motivated by the BESIII measurements about the proc-
ess DT — %77y, we have investigated the single Cabibbo-
suppressed process by taking into account the final-state
interactions of the meson-meson interaction in couple

channels with the chiral unitary approach, which will
dynamically generates the scalar a((980). In addition,
we also consider the contributions of intermediate reso-
nance p and ay(1710).

Based on the decay mechanism of this process
D* — 7%y, we calculated the invariant mass distribu-
tions of 7%, ztn, and 77 7°, and found a clear peak near
980 MeV, which is associated with scalars a,(980)° or
ay(980)". Meanwhile, one can conclude that the scalar
ay(1710)° plays an significant role for the enhancement
structure in the 77 invariant mass distribution around
1.6 GeV. More precise experimental measurements of this
process by Belle II [56] or proposed STCF [57] could
provide deeper insight into the nature of the scalar mesons
ay(980) and ay(1710).
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