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Abstract We study the D — 7+ (ap(980)° —)7%,
7%(ap(980)T —)mn decays, which have been recently
measured by the BESIII collaboration. We propose that
D — 77 9(a(980)°F) —)7%H)y receives the con-
tributions from the triangle rescattering processes, where
M° and p* in Df — M%p*, by exchanging 70,
are formed as a¢(980)°) and 7+, respectively, with
M° = (n,7'). Accordingly, we calculate that B(D}" —
ap(980)° 7 +®) = (1.740.2£0.1) x 1072 and B(D;” —
710 (a9(980)°H) )70 )y = (1.44+0.1+0.1) x 1072,
being consistent with the data.

1 Introduction

Recently, the BESIII collaboration has measured the branch-
ing fraction of the D] decay that involves one of the scalar
mesons below 1 GeV, ay = a¢(980), which still has a con-
troversial identification [1-6]. Explicitly, the branching frac-
tions are observed as [7]

B(DF — 7t O @)™ )z Hp)
= (146 £0.15+0.23) x 1072, )

where the D;r — aar 79, a871+ decays are claimed as the

W-annihilation (WA) dominant processes observed for the
first time, as depicted in Fig. 1. Nonetheless, if D — aom
proceeds through the WA ¢§ — W+ — ud decay, the G-
parities of ud and aom are odd and even, respectively [8,9],
such that agr formed from ud violates G-parity conserva-
tion, indicating the suppressed WA process for D" — aor.

The same WA processes can also be applied to the DT
section, being barely allowed by the current data. With
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Bwa(n?) B(Dt — j.[+(0)(a8(+) )70 n0) we

obtain that

) )2<|Vcd|)2 ) (ma )3
B ~ (== —(—
wa () <st [Ves| ) o, \mp
x B(DY — 7+ O (ag™) —)z"Hy)
=(1.2+02) x 1073, (2)

where fD(S),rD(J), mpy,, and V., (@ = d,s) represent
the decay constant, lifetime, mass for the Dz;) meson, and
the Cabibbo—Kobayashi—-Maskawa (CKM) matrix elements,
respectively. It has been measured that B(n, n’) = B(DT —
7t nt7%) = (1.44+0.4, 1.6+0.5) x 1073 [10]. The
fact of B(n) ~ B(n') indicates that DT — 7 +t7 %, n+70
have the same topologies except for the difference from the
n — n' mixing. With B,(n") = B(DT — nV(p" —
yatr0) and Bwa(n”) that mainly contribute to B(n?"),
that is, B”) = B,(n") + Bwa(n”), one should have
B, wa(m =~ B, wa(n). Nonetheless, due to B(ag —
') ~ 0, caused by B(ap — nn + KK) ~ 100% [10],
it is estimated that Bwa (') = B(DT — 7r+(0)ag(+)) x
Bag™ — x%Py)y =~ 0. This leads to Bwa(n) >
Bwa(n') =~ 0, which strongly contradicts the relation of
Bwa(n) =~ Bwa(n). According to the theoretical studies in
Refs. [11,12],itis obtained that B, (7, n) = (1.54+0.5, 1.2+
0.1) x 1073, which agree with By(n) =~ B,(n'); however,
with B(n) = B,(n) + Bwa (1), B, (n) leaves tiny room for
B(n) to accommodate Bwa (). Therefore, it is reasonable
to conclude that the W-annihilation topologies are unlikely
to be the dominant contributions to ng) - 71TO (a8(+) —
)770(+)77~

The nearly equal B(Dy” — ntal, n%J) ~ 0(1072)
are much larger than the branching fractions of other mea-
sured pure W-annihilation decays [7], such as B(D} —
7+p%) = (2.0+£1.2)x 104 Besides, B(D} — 7+ ©a)™)
is close to B(D;L — ) = (1.70 £ 0.09) x 102 and
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Fig. 1 D(t) — aar 70, a8n+ via the W-annihilation diagrams

D+

S < S

Fig. 2 The short-distance contribution to D}t — nOpt decay

B(D} — 77 £(980)) ~ O(1072) [10], suggesting that
Di - 7t )7y is more associated with
the external W-boson emission processes. Particularly, the
D} — np™,n'pT decays proceed through the external
W-emission topology as depicted in Fig. 2, whose branch-
ing ratios are observed as large as O(10%, 5%), respec-
tively [10]. On the other hand, with B(D} — np) ~ 10%,
D — n(p* —)7+7° could show up very prominently
at the 7+ 7 invariant mass spectrum below 1 GeV, which
might provide a possible 7 77° final state interaction for the
ag formation. Nonetheless, 7 70 — af (af — n+7%) is
a disflavored strong interaction [10]. Moreover, without an
extra particle emitting to change the helicity state, the vec-
tor to scalar transition through the strong interaction should
be much suppressed due to the helicity conservation. We
hence propose that, via the triangle rescattering diagrams in
Fig. 3, D} — 7r+(0)(a8(+) —)% )y is able to receive
the main contributions from D — n"pT, where n) and
pT exchange 7 in the final state interaction, and transform
as ag and m, respectively. In this report, we will calculate
the Dy — 7 +© (a8(+) —)7% )y decays via the triangle
rescattering diagrams, in order to explain the recent BESIII
observation [7].

2 Formalism

The three-body D}f — n T 70 decay predominantly comes
from D} — n(p*t —)m 7. Besides, it receives the con-
tributions from the D;f — 7+ (a) —)7%, n%ad —)n Ty
decays, which proceed through the triangle rescattering dia-
grams in Fig. 3a, b, respectively. These resonant D] decays

@ Springer

(b)

involve D — n¥p*, ap — n”x and p* — 770, For
Ds+ — ;7(/) o1, the relevant effective Hamiltonian for the
¢ — sud transition is given by [13]

Herr = Vualer(ud)(sc) + ca(sd) (uc)], 3)

Gr .
ﬁ cS
where G is the Fermi constant, V;; the CKM matrix ele-
ments, ¢ the Wilson coefficients, and (g1g2) stand for
G17. (1 — ¥5)ga. The amplitude of the D} — 1 p* decay
can be factorized as [14]

ADF — n"p™)

= %v;; Vuaar (pT@d)|0)(n”|(5¢)| DY), 4)

where a; = c¢1 + ¢2/N,, with N, the color number. The
matrix elements in Eq. (4) are defined by [15]

(o 1(@d)|0) = m, fre.
1 1GoIDF) = (pp, + py)uF @ + 4. F (@), (5)

with g, = (pp, — Py e;i the polarization vector and f),
the decay constant. Besides, the form factor F, ((2) (g?) is in
the double-pole parameterization [15]:

F(0)

F(g%) = )
O = a2 + big )

(6)

Substituting the matrix elements in Eq. (4) with those in
Eq. (5), we obtain A(Df — 0V p*) =G, 0€* - (pp, +
pyo) With Gp_p0 = (G /N2 Vi Vagaim, f,FY (m2),
while F) () gives the vanishing contributiondue toe-g = 0.
For the strong decays ag — «f and p™ — 7170, one writes
their amplitudes as

Alap — af) = 8apaps
Aot = 77%) = goane - P+ = Pr0), ©)
where o8 could be )7 or K K, and 8agn® 7 and gpr are the
strong coupling constants. We hence present the amplitudes
of the resonant DSJr — n*non decays as [16-21]
Ay = ADY = n(p* —)mta®) = Ao — ).
1

A(’ )

0
Oy = ADF — 7O (g )70 y0)
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Fig. 3 The triangle rescattering diagrams for a D} —

1 .
— ")
= Byt e
0 d*q QML—WM(8W+q )w 2P+
T .
a) = @n)y* D DDy ’
(3)
with s = (pyo0 + p,;)2 and t = (pﬂ+ + pn) Besides,

we present that Ap = Gp,pn&prrn> A= GDApngaonngpM

and A' = G Dy pn 8agn'w 8aonn &prer - FOT the propagators in
Eq. (8), D; are given by

Dy =x—m} — Y [Rell% (ml ) — T2 (1)),
af
D = q2 —m% +im,ly,
Dy = (P;T0<+> - q)2 - mio(.;.) + i6+7
D3 = (g — pyo)* —mi, +iet, ©)
where x = (s, 1) for aéo’“ in AEZ p- The function of l'[gf (x)
in 1/Dg is adopted as [22],

2 + -
g mggim m
it = et | e [0 ot

o

o \/xf(mf{ﬁ)“r x = (mgp)?
e
\/x—(maﬂ)z—\/x—(maﬂ)z

) JJ=x+ (m;“ﬂ)2 s
— pa,g(l - — mctan[7]>(0[x — (m;f;) 1
T /x — (m‘;ﬂ)2
—0Lx — (mfp)*D)

\/(maﬂ)27x+\/(m 5) - X

gt log[ ]9[(m;)2—x]},
\/(maﬂ)z —x— \/(maﬁ)z —x ’
(10)
where m*, = my, £ m d = — (m*)?
B = o g and pgg = X (mozﬁ)

[x — (m;ﬂ)z) /x. Using 1/Dg that presents the propaga-
tor of ay, instead of the Breit-Wigner function like 1/ D1, we
take into account the contributions from the virtual interme-
diate states of n(’)n and K K, such that the cusp effect at the
threshold of (mx + mg) can be given in the n7 invariant

7t (@) —»)n’nand b D} nOaf —)mty

mass spectra [22,23]. To proceed, we reduce 7, 5 in Eq. (8)
as 7, = 7 (s) and 7, = —7 (), with 7 (x) given by [21]

T(x) = —i(m% —m2 —i—imp o +2m>
1
—2x + m2) f —_—
(27)* D1 D2 D3
2 2
Cifrg o T dq 1
m2 —im,T, | | (2m)* D1 D;
PN
(27)* D1 D,
d*q 1 ; szj - m%
Qm)*¢?Dy - m2 —im,T,
d*q 1 [ dYq 1 an
(2n)* 4> Ds (2m)* DaDs3

where mio (K0 = miﬂ K+ has been used. In the above, the
integrations of the multi-point functions can be found in [24].
It is interesting to note that the ultraviolet divergences caused
by the individual integrations cancel out [21,25], such that a
cut-off needs not to be introduced in our calculation. In the
same way, we obtain 7, by replacing n in 7, () with n". To
integrate over the phase space in the three-body decay, we
refer the general equation of the decay width in the PDG [10]

/ 1 |A|2
s 1(27'[)3

3 Numerical results and discussions

ddt

12)

In the numerical analysis, we use Vo3 = V,g = 1 —
A%/2 with A = 0.22453 4 0.00044 in the Wolfenstein
parameterization and the decay constant f, = (210.6 &
0.4) MeV [10]. For the strong coupling constants, it is
given that (gagyr > agn'n s 8apk g) = (2.87+£0.09, —2.52+
0.08,2.94 &+ 0.13) GeV [21,23], while g,z = 6.0 is
extracted from B(pT — 7T7% ~ 100% [10]. We adopt
F_f_/)(qz) fromRef. [15]as (F(0), a, b) = (0.78, 0.69, 0.002)
and (Fj’L(O), a, b) = (0.73, 0.88, 0.018). By relating the
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comparison with the data points in [7]
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Fig. 5 The partial distributions vs. my, with the cut of m_+ 0 > 1.0 GeV, in comparison with the data points in [7]

calculated branching fraction of D" — np™ to the measured
value of (7.4 £ 0.6)% [7], we determine a; = 0.93 £ 0.04,
where a1 of O(1.0) demonstrates the validity of the general-
ized factorization [14]. Consequently, we obtain the branch-
ing fractions for D} — a7 and 7+ © (@) —
)% decays,

B(D} — afMrt®) = (1.74£02+0.1) x 1072,
B(D;r N 7T+(0)(a8(+) —>)7’l’0(+)77)

=(1.4+0.1+0.1) x 1072, (13)

where the uncertainties consider the main contributions from
ay and gqqqp, in order. We also draw the partial distributions
in Figs. 4 and 5 to compare with the data.

Our results of the branching fractions, Eq. (13), agree with
the data, Eq. (1). Besides, we predict B(D} — ajn*) =
B(D} — a(")|r 79), which agrees with the observation that
these two-body decays have equal sizes. The D;” — pn and
D} — pTn' decays both give triangle rescattering effects.
Despite the fact that B(D;" — p™n’) is a few times smaller

@ Springer

than B(D}" — p*n) [10], they give similar contributions to
B(Dj — agm) and B(D}} — w(ap —)nm). Since T') >>
I')0 7, the p meson decay width is not negligible, which
causes the width effect [21,25,26]. As a test, we also treat
the p meson as a stable particle. Without considering the p-
meson decay width, it is found that the branching fractions
of D} — mag and D} — m(ap —)nm are increased by
10%.

The contributions from D} — 7r+(a8 —)7% and
D} — 710(516|r — )+ are concluded to interfere with a
relative phase of 180° in Ref. [7]. With p*(q) — 7°(¢ —
p)T(p2) and pT(q) — 7 (g — p2)m®(p2) for Aap,
respectively, where p; is the energy flow for the out-going
7 in the integration, it leads to A,(pT — nt7% =
—Ap(pt — 707 ) from Eq. (7). Clearly, the minus sign
gives the theoretical explanation to the phase of 180° in the
data. The wn invariant mass spectra in Figs. 4 and 5 are
demonstrated to be consistent with the data [7].
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4 Conclusions

In summary, we have proposed that D" — xt©® (ag(ﬂ —

)%y mainly proceeds through the triangle loops. By
exchanging 7 7@, M0 and p* in D} — M°p* are formed
as ag and 70, respectively, where M 0 — (n, n'). Partic-
ularly, we have presented that B(D{ — a) "z +©®) =
(17402 +0.1) x 102 and B(D} — 7+t© @)™ -
Y0y = (1.4 4+ 0.1 £0.1) x 1072, in good agreement
with the data.
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