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Motivated by the significant experimental progress in probing semileptonic decays D → P1P2lþνl
ðl ¼ μ; eÞ, we analyze the branching ratios of the D → P1P2lþνl decays with the nonresonant, the light
scalar meson resonant, and the vector meson resonant contributions in this work. We obtain the hadronic
amplitude relations between different decay modes by the SU(3) flavor analysis, and then predict relevant
branching ratios of theD → P1P2lþνl decays by the present experimental data with 2σ errors. Most of our
predicted branching ratios are consistent with present experimental data within 2σ error bars, and others are
consistent with the data within 3σ error bars. We find that the branching ratios of the nonresonant decays
D0→π−K̄0lþνl;π0K−lþνl;Dþ→πþK−lþνl;π0K̄0lþνl;πþπ−lþνl;π0π0lþνl, and Dþ

s → KþK−lþνl;
K0K̄0lþνl are on the order ofOð10−3–10−4Þ. The vector meson resonant contributions are dominant in the
D0→π−K̄0lþνl;π0K−lþνl;π0π−lþνl;Dþ→πþK−lþνl;π0K̄0lþνl;πþπ−lþνl, and Dþ

s → KþK−lþνl;
K0K̄0lþνl; Kþπ−lþνl; K0π0lþνl decays. The nonresonant, the vector meson resonant, and the scalar
resonant contributions are all important in the D0 → ηπ−lþνl decays. The D0 → K−K0lþνl; η0π−lþνl
and Dþ → K̄0K0lþνl; π0π0lþνl; ηπ0lþνl; η0π0lþνl decays only receive both the nonresonant and the
scalar resonant contributions, and both contributions are important in their branching ratios. According to
our predictions, many decay modes could be observed in the experiments like BESIII, LHCb, and Belle II,
and some decay modes might be measured in these experiments in the near future.

DOI: 10.1103/PhysRevD.107.056022

I. INTRODUCTION

Semileptonic heavy meson decays dominated by tree-
level exchange of W-bosons in the SM are very important
processes in testing the standard model and in searching for
the newphysics beyond the standardmodel, for example, the
extraction of the Cabbibo-Kobayashi-Maskawa (CKM)
matrix elements. Four-body semileptonic exclusive decays
D → P1P2lþνl are generated by the c → s=dlþνl tran-
sitions, and they can receive contributions from the non-
resonant, the light scalar meson resonant, and the vector
meson resonant contributions, etc. Therefore, these decays
are also a good laboratory for probing the internal structure
of light hadrons [1–3]. Some nonresonant D → P1P2lþνl

decays, the light scalar meson resonant decays D →
SðS → P1P2Þlþνl, and the vector meson resonant decays
D → SðS → P1P2Þlþνl have been observed by BESIII,
BABAR, CLEO, andMARKIII [4–11]. Present experimental
measurements give us an opportunity to additionally test
theoretical approaches.
Experimental backgrounds of the semileptonic decays are

cleaner than ones of the hadronic decays, and theoretical
description of the semileptonic exclusive decays are rela-
tively simple. Since leptons do not participate in the strong
interaction, the weak and strong dynamics can be separated
in these processes. All the strong dynamics in the initial and
final hadrons is included in the hadronic transition form
factors, which are important for testing the theoretical
calculations of the involved strong interaction. The form
factors can be calculated, for example, by the chiral
perturbation theory [12], the unitarized chiral perturbation
theory [13,14], the light-cone sum rules [15–17], and the
QCD factorization [18]. Nevertheless, due to our poor
understanding of hadronic interactions, the evaluations of
the form factors are difficult and often plugged with large
uncertainties. One needs to find ways to minimize the
uncertainties to extract useful information.
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In the lack of reliable calculations, symmetries provide
very important information for particle physics. SU(3) flavor
symmetry is a symmetry inQCDfor strong interaction. From
the perspective of the SU(3) flavor symmetry, the leptonic
part of theD → P1P2lþνl decay is the SU(3) flavor singlet,
which makes no difference between different decay modes
with certain lepton (e or μ). The different hadronic parts (the
hadronic amplitudes or the hadronic form factors) of the
D → P1P2lþνl decays could be related by the SU(3) flavor
symmetry without the detailed dynamics. Nevertheless, the
size of the hadronic amplitudes or the form factors cannot be
determined by itself in the SU(3) flavor symmetry approach.
However, if experimental data are enough, one may use the
data to extract the hadronic amplitudes or the form factors,
which can be viewed as predictions based on symmetry and
has a smaller dependency on estimated form factors.
Although the SU(3) flavor symmetry is only an approximate
symmetry because up, down, and strange quarks have
different masses, it still provides some very useful informa-
tion about the decays. The SU(3) flavor symmetry has been
widely used to study hadron decays, for instance, b-hadron
decays [19–32], c-hadron decays [31–46], and light hadron
decays [31,47–52].
Although the SU(3) flavor symmetry works well in

heavy hadron decays, the calculations of SU(3) flavor
breaking effects would play a key role in the precise
theoretical predictions of the observables and a precise test
of the unitarity of the CKM matrix. If up and down quark
masses are neglected, a nonzero strange quark mass breaks
the SU(3) flavor symmetry down to the isospin symmetry.
When up and down quark mass difference is kept, isospin
symmetry is also broken. Applications of the SU(3) flavor
breaking approach on hadron decays can be found in
Refs. [53–60]. The SU(3) flavor breaking effects due to
the fact of ms ≫ mu;d will be considered in our analysis of
the nonresonant D → P1P2lþνl decays.
Four-body semileptonic decays D → P1P2lþνl have

been studied, for instance, in Refs. [13,61–66]. In this
work, we will study the D → P1P2lþνl decays with the
SU(3) flavor symmetry/breaking. In three cases of the
nonresonant decays, the light scalar meson resonant decays
and the vector meson resonant decays, we will firstly
construct the hadronic amplitude relations between differ-
ent decay modes, use the available data to extract the
hadronic amplitudes, then predict the not-yet-measured
modes for further tests in experiments, and finally analyze
the contributions with the nonresonance, the light scalar
meson resonances, and the vector meson resonances in the
branching ratios.
This paper is organized as follows. In Sec. II, the

expressions of the branching ratios are given. In Sec. III,
we will give our numerical results of the D → P1P2lþν
decays with the nonresonant, the light scalar meson
resonant, and the vector meson resonant contributions.
Our conclusions are given in Sec. IV.

II. THEORETICAL FRAME

A. Decay branching ratios

The effective Hamiltonian for c → qilþνl transition can
be written as

Heffðc → qilþνlÞ ¼
GFffiffiffi
2

p Vcqi q̄iγ
μð1 − γ5Þcν̄lγμð1 − γ5Þl;

ð1Þ

where GF is the Fermi constant, Vcqi is the CKM matrix
element, and qi ¼ d, s for i ¼ 2, 3. The decay amplitude of
the DðpÞ → P1ðk1ÞP2ðk2Þlþðq1Þνlðq2Þ decay can be di-
vided into leptonic and hadronic parts

AðD → P1P2lþνlÞ ¼ hP1ðk1ÞP2ðk2Þlþðq1Þνlðq2Þ
× jHeffðc → qilþνlÞjDðpÞi ð2Þ

¼ GFffiffiffi
2

p VcqiLμHμ; ð3Þ

where Lμ ¼ ν̄lγμð1 − γ5Þl is the leptonic charged current,
andHμ ¼ hP1ðk1ÞP2ðk2Þjs̄=d̄γμð1 − γ5ÞcjDðpÞi is the had-
ronic matrix element. The leptonic part Lμ is calculable
using the perturbation theory, while the hadronic part Hμ is
encoded into the transition form factors. Following
Refs. [18,67], the D → P1P2 form factors are given as

hP1ðk1ÞP2ðk2Þjs̄=d̄γμcjDðpÞi ¼ iF⊥
1ffiffiffiffiffi
k2

p qμ⊥; ð4Þ

− hP1ðk1ÞP2ðk2Þjs̄=d̄γμγ5cjDðpÞi

¼ Ft
qμffiffiffiffiffi
q2

p þ F0

2
ffiffiffiffiffi
q2

p
ffiffiffi
λ

p kμ0 þ Fk
1ffiffiffiffiffi
k2

p k̄μk; ð5Þ

with

kμ0 ¼ kμ −
k · q
q2

qμ; ð6Þ

k̄μk ¼ k̄μ −
4ðk · qÞðq · k̄Þ

λ
kμ þ 4k2ðq · k̄Þ

λ
qμ; ð7Þ

qμ⊥ ¼ 2ϵμαβγ
qαkβk̄γffiffiffi

λ
p ; ð8Þ

where k≡ k1 þ k2, q≡ q1 þ q2, k̄≡ k1 − k2, q̄≡ q2 − q1,
and λ ¼ λðm2

D; q
2; k2Þ with λða; b; cÞ ¼ a2 þ b2 þ c2 −

2ab − 2bc − 2ac.
In terms of the form factors, the differential branching

ratio of the nonresonant D → P1P2lþνl decays can be
written as [18]
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dBðD → P1P2lþνÞN
dq2dk2

¼ 1

2
τDjN j2βlð3 − βlÞjFAj2; ð9Þ

with

jN j2 ¼G2
FjVcqj2

βlq2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðm2

D;q
2;k2Þ

p
3×210π5m3

D
with βl ¼ 1−

m2
l

q2
;

jFAj2 ¼ jF0j2þ
2

3
ðjFkj2þjF⊥j2Þþ

3m2
l

q2ð3−βlÞ
jFtj2; ð10Þ

where τMðmMÞ is lifetime(mass) of M particle. In this
work, we ignore the small contributions of the jFtj2 term,
which is proportional to m2

l. The corresponding limits of
integration are given by ðmP1

þmP2
Þ2≤k2≤ðmDq

−mlÞ2
and m2

l ≤ q2 ≤ ðmDq
−

ffiffiffiffiffi
k2

p
Þ2. The calculations of the

form factors F0, Fk, F⊥, and Ft are quite complicated,
and their specific expressions in the QCD factorization
limit can be found in Ref. [18]. Nevertheless, we will not
use the specific expressions in this work, and we will relate
the different hadronic decay amplitudes or the different
form factors between different decay modes by the SU(3)
flavor symmetry/breaking, which are discussed in Sec. II C.
Except for the nonresonant D → P1P2lþνl decays, the

resonant D → RðR → P1P2Þlþνl decays with the scalar
(R ¼ S) resonance and the vector (R ¼ V) resonance are
also studied in this work. In the case of the decay widths of
the resonances are very narrow, the resonant decay branch-
ing ratios respect a simple factorization relation

BðD → Rlþνl; R → P1P2Þ
¼ BðD → RlþνlÞ × BðR → P1P2Þ; ð11Þ

and this result is also a good approximation for wider
resonances. Above Eq. (11) will be used in our analysis for
the scalar resonant D → SðS → P1P2Þlþνl decays and the
vector resonant D → VðV → P1P2Þlþνl decays in
Secs. III B and III C, respectively. Relevant BðD →
RlþνlÞ and BðR → P1P2Þ are also obtained by the
SU(3) flavor symmetry in our later analysis.

B. Meson multiplets

Before giving the hadronic amplitudes based on the
SU(3) flavor analysis, we will collect the representations
for the multiplets of the SU(3) flavor group first in this
subsection.
Charmed mesons containing one heavy c quark are

flavor SU(3) antitriplets

Di ¼ ðD0ðcūÞ; Dþðcd̄Þ; Dþ
s ðcs̄ÞÞ: ð12Þ

Light pseudoscalar meson (P) and vector meson (V) octets
and singlets under the SU(3) flavor symmetry of light u, d,
s quarks are [68]

P¼

0
BBB@

π0ffiffi
2

p þ η8ffiffi
6

p þ η1ffiffi
3

p πþ Kþ

π− − π0ffiffi
2

p þ η8ffiffi
6

p þ η1ffiffi
3

p K0

K− K̄0 − 2η8ffiffi
6

p þ η1ffiffi
3

p

1
CCCA; ð13Þ

V ¼

0
BBB@

ρ0ffiffi
2

p þ ωffiffi
2

p ρþ K�þ

ρ− − ρ0ffiffi
2

p þ ωffiffi
2

p K�0

K�− K̄�0 ϕ

1
CCCA; ð14Þ

where the η and η0 are mixtures of η1 ¼ uūþdd̄þss̄ffiffi
3

p and η8 ¼
uūþdd̄−2ss̄ffiffi

6
p with the mixing angle θP

�
η

η0

�
¼

�
cos θP − sin θP
sin θP cos θP

��
η8

η1

�
: ð15Þ

And θP ¼ ½−20°;−10°� from the Particle Data Group
(PDG) [11] will be used in our numerical analysis.
The structures of the light scalar mesons are not fully

understood yet. Many suggestions are discussed, such as
ordinary two quark state, four quark state, meson-meson
bound state, molecular state, glueball state, or hybrid state;
for examples, see Refs. [69–77]. In this work, we will
consider the two-quark and the four-quark scenarios for the
scalar mesons below or near 1 GeV. In the two-quark
picture, the light scalar mesons can be written as [78]

S ¼

0
BBB@

a0
0ffiffi
2

p þ σffiffi
2

p aþ0 Kþ
0

a−0 − a0
0ffiffi
2

p þ σffiffi
2

p K0
0

K−
0 K̄0

0 f0

1
CCCA: ð16Þ

The two isoscalars f0ð980Þ and f0ð500Þ are obtained by the
mixing of σ ¼ uūþdd̄ffiffi

2
p and f0 ¼ ss̄,

�
f0ð980Þ
f0ð500Þ

�
¼

�
cos θS sin θS
− sin θS cos θS

��
f0
σ

�
; ð17Þ

where the three possible ranges of the mixing angle
θS [69,79], 25° < θS < 40°, 140° < θS < 165° and −30° <
θS < 30° will be analyzed in our numerical results. In the
four-quark picture, the light scalar mesons are given
as [11,80]

σ¼uūdd̄; f0¼ðuūþdd̄Þss̄=
ffiffiffi
2

p
;

a00¼ðuū−dd̄Þss̄=
ffiffiffi
2

p
; aþ0 ¼ud̄ss̄; a−0 ¼dūss̄;

Kþ
0 ¼us̄dd̄; K0

0¼ds̄uū; K̄0
0¼sd̄uū; Kþ

0 ¼sūdd̄; ð18Þ

and the two isoscalars are expressed as
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�
f0ð980Þ
f0ð500Þ

�
¼

�
cosϕS sinϕS

− sinϕS cosϕS

��
f0
σ

�
; ð19Þ

where the constrained mixing angle ϕS ¼ ð174.6þ3.4
−3.2Þ° [70].

C. Nonresonant hadronic amplitudes

Since the hadronic amplitudes of the semileptonic D →
V=Slþνl decays based on the SU(3) flavor symmetry/
breaking have been discussed in Ref. [81], we will focus
on the hadronic amplitudes of the nonresonant D →
P1P2lþνl decays in this subsection.
In terms of the SU(3) flavor symmetry, the quark current

q̄iγμð1 − γ5Þc can be expressed as a SU(3) flavor antitriplet
ð3̄Þ, and the effective Hamiltonian in Eq. (1) is transformed
as [41]

Heffðc → qilþνlÞ ¼
GFffiffiffi
2

p Hð3̄Þν̄lγμð1 − γ5Þl; ð20Þ

with Hð3̄Þ ¼ ð0; Vcd; VcsÞ. The decay amplitude of the
nonresonant D → P1P2lþνl decay can be written as

AðD → P1P2lþνlÞN
¼ GFffiffiffi

2
p HðD → P1P2ÞN ν̄lγμð1 − γ5Þl; ð21Þ

and the hadronic amplitude HðD → P1P2ÞN can be para-
metrized as

HðD → P1P2ÞN ¼ c10DiPi
jP

j
kHð3̄Þk þ c20DiPi

jHð3̄ÞjPk
k

þ c30DiHð3̄ÞiPj
kP

k
j þ c40DiHð3̄ÞiPk

kP
j
j;

ð22Þ

where ci0 (i ¼ 1, 2, 3, 4) are the nonperturbative coef-
ficients under the SU(3) flavor symmetry. Feynman dia-
grams for the nonresonant D → P1P2lþνl decays are
displayed in Fig. 1.
SU(3) flavor breaking effects come from different

masses of u, d, and s quarks, and they will become useful
once we have measurements of several D → P1P2lþνl
decays that are precise enough to see deviations from the
SU(3) flavor symmetry. The diagonalized mass matrix can
be expressed as [59,60]

(a) (b)

(c) (d)

FIG. 1. Diagrams of the nonresonant D → P1P2lþνl decays.
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0
B@

mu 0 0

0 md 0

0 0 ms

1
CA ¼ 1

3
ðmu þmd þmsÞI þ

1

2
ðmu −mdÞX

þ 1

6
ðmu þmd − 2msÞW; ð23Þ

with

X ¼

0
B@

1 0 0

0 −1 0

0 0 0

1
CA; W ¼

0
B@

1 0 0

0 1 0

0 0 −2

1
CA: ð24Þ

Compared with s quark mass, the u and d quark masses are
much smaller which can be ignored. The SU(3) flavor
breaking effects due to a nonzero s quark mass dominate
the SU(3) breaking effects. When u and d quark mass
difference is ignored, the residual SU(3) flavor symmetry
becomes the isospin symmetry and the term proportional to
X can be dropped. The identity I part contributes to the
D → P1P2lþνl decay amplitudes in a similar way as that
given in Eq. (21) which can be absorbed into the coef-
ficients ci0. Only the W part will contribute to the SU(3)
breaking effects. The SU(3) breaking contributions to the
hadronic amplitudes due to the fact of ms ≫ mu;d are

ΔHðD → P1P2ÞN ¼ c11DiWi
aPa

jP
j
kHð3̄Þk þ c12DiPi

jW
j
aPa

kHð3̄Þk þ c13DiPi
jP

j
kW

k
aHð3̄Þa

þ c21DiWi
aPa

jHð3̄ÞjPk
k þ c22DiPi

jW
j
aHð3̄ÞaPk

k

þ c31DiWi
aHð3̄ÞaPj

kP
k
j þ c32DiHð3̄ÞiPj

kW
k
aPa

j

þ c41DiWi
aHð3̄ÞaPk

kP
j
j; ð25Þ

where cij ði; j ¼ 1; 2; 3; 4Þ are the nonperturbative SU(3)
flavor breaking coefficients.
Full hadronic amplitudes of the different nonresonant

D → P1P2lþν decays and their relations under the SU(3)
flavor symmetry/breaking are given in Sec. III A.

III. NUMERICAL RESULTS OF THE
D → P1P2l+ ν DECAYS

The branching ratios with the nonresonant contributions,
the light scalar meson resonant contributions, and the
vector meson resonant contributions will be analyzed in
this section. If not specially specified, the theoretical input
parameters, such as the lifetimes and the masses, and the
experimental data within the 2σ error bars from PDG [11]
will be used in our numerical analysis.

A. Nonresonant D → P1P2l+ ν decays

The hadronic amplitudes of the nonresonant D →
P1P2lþνl decays including both the SU(3) flavor
symmetry and the SU(3) flavor breaking terms are sum-
marized in the second column of Table I, in which we can
see the relations of different hadronic amplitudes. The
following relations are held in both the SU(3) flavor
symmetry and the SU(3) flavor breaking due to a strange
quark mass:

HðD0 → π−K̄0lþνlÞN ¼ HðDþ → πþK−lþνlÞN
¼

ffiffiffi
2

p
HðD0 → π0K−lþνlÞN

¼ −
ffiffiffi
2

p
HðDþ → π0K̄0lþνlÞN;

HðD0 → η8K−lþνlÞN ¼ HðDþ → η8K̄0lþνlÞN;
HðD0 → η1K−lþνlÞN ¼ HðDþ → η1K̄0lþνlÞN;

HðDþ
s → KþK−lþνlÞN ¼ HðDþ

s → K0K̄0lþνlÞN;
HðD0 → K−K0lþνlÞN ¼ HðDþ → K̄0K0lþνlÞN

−HðDþ → KþK−lþνlÞN;
HðDþ

s → Kþπ−lþνlÞN ¼ −
ffiffiffi
2

p
HðDþ

s → K0π0lþνlÞN:
ð26Þ

If assuming the SU(3) flavor breaking effects are small and
can be ignored, more amplitude relations will be obtained.
Moreover, as shown in Fig. 1, the SU(3) flavor symmetry
contributions of Figs. 1(b)–(1d) are suppressed by the
Okubo-Zweig-Iizuka (OZI) rule [82–84]. If ignoring both
the OZI suppressed SU(3) flavor symmetry contributions
and the SU(3) flavor breaking contributions, almost all
hadronic amplitudes of the nonresonant D → P1P2lþνl
decays can be related by the coefficient c10.
Since the leptonic charged current ν̄lγμð1 − γ5Þl is the

SU(3) flavor singlet, it is completely generic between
different decay modes with certain l ¼ e or μ. The same
relations as the hadronic amplitudes listed in Table I are
valid in the decay amplitudes of the D → P1P2lþνl
decays and the form factors of the D → P1P2 transitions.
For the nonresonant D → P1P2lþνl decays, only
BðDþ → πþK−μþνμÞN has been measured, and BðDþ →
πþK−eþνeÞN has been upper limited. Because the non-
resonant D → P1P2lþνl decays have not been measured
enough to reveal the OZI suppressed SU(3) flavor sym-
metry contributions and the SU(3) symmetry breaking
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TABLE I. The hadronic amplitudes for the D → P1P2lþνl decays. C1 ≡ c10 þ c11 þ c12 − 2c13, C2 ≡ c20 þ c21 − 2c22,
C3 ≡ c30 − 2c31, C4 ≡ c40 − 2c41, and ½C0;00�R denotes the contributions come from the decays with R resonances.

Decay modes Nonresonant hadronic amplitudes Scalar resonant ones Vector resonant ones

c → slþνl:
D0 → π−K̄0lþνl C1 ½C0

1�K−
0

½C00
1�K�−

D0 → π0K−lþνl 1ffiffi
2

p C1 ½ 1ffiffi
2

p C0
1�K−

0
½ 1ffiffi

2
p C00

1 �K�−

D0 → η8K−lþνl − 1ffiffi
6

p C1 þ
ffiffiffi
6

p
c12 � � � � � �

D0 → η1K−lþνl 2ffiffi
3

p ðC1 þ 3
2
C2Þ −

ffiffiffi
3

p
c12 � � � � � �

Dþ → πþK−lþνl C1 ½C0
1�K̄0

0
½C00

1 �K�0

Dþ → π0K̄0lþνl − 1ffiffi
2

p C1 ½ 1ffiffi
2

p C0
1�K̄0

0
½ 1ffiffi

2
p C00

1�K�0

Dþ → η8K̄0lþνl − 1ffiffi
6

p C1 þ
ffiffiffi
6

p
c12 � � � � � �

Dþ → η1K̄0lþνl 2ffiffi
3

p ðC1 þ 3
2
C2Þ −

ffiffiffi
3

p
c12 � � � � � �

Dþ
s → KþK−lþνl C1 þ 2C3 − 3c11 − c32 ½cos2θSC0

1�f0ð980Þ ½C00
1�ϕ

Dþ
s → K0K̄0lþνl C1 þ 2C3 − 3c11 − c32 ½cos2θSC0

1�f0ð980Þ ½C00
1�ϕ

Dþ
s → π0π0lþνl

ffiffiffi
2

p
C3 þ

ffiffiffi
2

p
c32 ½sin θS cos θSC0

1�f0ð980Þ � � �
½− sin θS cos θSC0

1�f0ð500Þ
Dþ

s → πþπ−lþνl 2ðC3 þ c32Þ ½ ffiffiffi
2

p
sin θS cos θSC0

1�f0ð980Þ � � �
½− ffiffiffi

2
p

sin θS cos θSC0
1�f0ð500Þ

Dþ
s → η8η8lþνl 2

ffiffi
2

p
3
ðC1 þ 3

2
C3Þ −

ffiffiffi
2

p ð2c11 þ 2c12 þ c32Þ � � � � � �
Dþ

s → η1η1lþνl
ffiffi
2

p
3
ðC1 þ 3C2 þ 3C3 þ 9C4Þ −

ffiffiffi
2

p ðc11 þ c12 þ 3c21Þ � � � � � �
Dþ

s → η8η1lþνl − 2
ffiffi
2

p
3
ðC1 þ 3

2
C2Þ þ 2

ffiffiffi
2

p ðc11 þ c12 þ 3
2
c21 þ c32Þ � � � � � �

c → dlþνl:
D0 → K−K0lþνl C1 − 3ðc12 − c13Þ ½C0

1�a0ð980Þ � � �
D0 → π0π−lþνl � � � � � � ½ 1ffiffi

2
p C00

1�ρ−
D0 → η8π

−lþνl
ffiffi
2
3

q
C1 þ

ffiffiffi
6

p
c13 ½

ffiffi
2
3

q
C0
1�a0ð980Þ ½ 1ffiffi

6
p C00

1�ρ−
D0 → η1π

−lþνl 2ffiffi
3

p ðC1 þ 3
2
C2Þ þ

ffiffiffi
3

p ð2c13 þ 3c22Þ ½ 2ffiffi
3

p C0
1�a0ð980Þ ½ 1ffiffi

3
p C00

1�ρ−
Dþ → K̄0K0lþνl C1 þ 2C3 − 3ðc12 − c13 − 2c31Þ − c32 ½1

2
C0
1�a0ð980Þ � � �

½ 1ffiffi
2

p sin θS cos θSC0
1�f0ð980Þ

Dþ → KþK−lþνl 2C3 þ 6c31 − c32 ½− 1
2
C0
1�a0ð980Þ � � �

½ 1ffiffi
2

p sin θS cos θSC0
1�f0ð980Þ

Dþ → πþπ−lþνl C1 þ 2C3 þ 3c13 þ 6c31 þ 2c32 ½sin2θSC0
1�f0ð980Þ ½1

2
C00
1 �ρ0;ω

½cos2θSC0
1�f0ð500Þ

Dþ → π0π0lþνl 1ffiffi
2

p ðC1 þ 2C3Þ þ 1ffiffi
2

p ð3c13 þ 6c31 þ 2c32Þ ½ 1ffiffi
2

p sin2θSC0
1�f0ð980Þ � � �

½ 1ffiffi
2

p cos2θSC0
1�f0ð500Þ

Dþ → η8π
0lþνl − 1ffiffi

3
p ðC1 þ C2Þ −

ffiffiffi
3

p ðc13 þ c22Þ ½− 1ffiffi
6

p C0
1�a0ð980Þ � � �

Dþ → η1π
0lþνl −

ffiffi
2
3

q
ðC1 þ C2Þ − 1ffiffi

6
p ð6c13 þ 9c22Þ ½− 1ffiffi

3
p C0

1�a0ð980Þ � � �
Dþ → η8η8lþνl

ffiffi
2

p
6
ðC1 þ 6C3Þ þ 1ffiffi

2
p ðc13 þ 6c31 − 2c32Þ � � � � � �

Dþ → η1η1lþνl
ffiffi
2

p
3
ðC1 þ 3C2 þ 3C3 þ 9C4Þ þ

ffiffiffi
2

p ðc13 þ 3c22 þ 3c31 þ 9c41Þ � � � � � �
Dþ → η8η1lþνl

ffiffi
2

p
3
ðC1 þ 3

2
C2Þ þ

ffiffiffi
2

p ðc13 þ 3
2
c22 þ 2c32Þ � � � � � �

Dþ
s → Kþπ−lþνl C1 − 3c11 þ 3c13 ½C0

1�K0
0

½C00
1 �K�0

Dþ
s → K0π0lþνl − 1ffiffi

2
p C1 − 1ffiffi

2
p ð−3c11 þ 3c13Þ ½− 1ffiffi

2
p C0

1�K0
0

½ 1ffiffi
2

p C00
1�K�0

Dþ
s → η8K0lþνl − 1ffiffi

6
p C1 þ 1ffiffi

6
p ð3c11 þ 6c12 − 3c13Þ � � � � � �

Dþ
s → η1K0lþνl 2ffiffi

3
p ðC1 þ 3

2
C2Þ −

ffiffiffi
3

p ð2c11 þ c12 − 2c13 þ 3c21 − 3c22Þ � � � � � �
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effects, we ignore both of them in our analysis, and then
almost all hadronic amplitudes, form factors, or decay
amplitudes can be related by the SU(3) flavor symmetry
coefficient c10. The simple relations associated by the
coefficient c10 for FA given in Eq. (10) will be used to
obtain our numerical results. Note that, for consistency,
only the SU(3) flavor symmetry contributions will be
considered in the light scalar meson resonant D → SðS →
P1P2Þlþνl decays and the vector meson resonant D →
VðV → P1P2Þlþνl decays in Secs. III B and III C,
respectively.
The experimental data of BðDþ → πþK−μþνμÞN within

2σ errors and the upper limit of BðDþ → πþK−eþνeÞN at
90% confidence level from PDG [11] are listed in the second
column of Table II, whichwill be used to determine c10 in the
nonresonant Dþ → πþK−lþνl decays, and we obtain

jc01j ¼ 12.95� 3.75 after considering 2σ theoretical and
experimental errors. Thenmany other branching ratios of the
nonresonant D → P1P2lþνl decays can be predicted by
using the constrained c10 from the data of BðDþ →
πþK−lþνlÞN listed in the second column of Table II. Our
predictions are listed in the third column of Table II for the
c → slþνl transitions and in the second column of Table III
for the c → dlþνl transitions.
From Tables II and III, one can see that many branch-

ing ratios of the nonresonant D → P1P2lþνl decays,
such as BðD0 → π−K̄0lþνlÞN , BðD0 → π0K−lþνlÞN ,
BðDþ → πþK−lþνlÞN , BðDþ → π0K̄0lþνlÞN , BðDþ

s →
KþK−lþνlÞN , BðDþ

s → K0K̄0lþνlÞN , BðDþ →
πþπ−lþνlÞN , and BðDþ → π0π0lþνlÞN , are on the orders
ofOð10−3–10−4Þ, which could be measured by the BESIII,
LHCb, and Belle II experiments. Nevertheless, for other

TABLE II. The experimental data and the SU(3) flavor symmetry predictions of the nonresonant branching ratios
and the total branching ratios of the D → P1P2lþνl decays with the c → slþνl transitions within the 2σ errors.
The experimental data are taken from PDG [11], “N” denotes the nonresonant contributions, and “T” denotes the
total contributions including the nonresonance, the light scalar meson resonances, as well as the vector meson
resonances.

Branching ratios
Experimental
data with N Ones with N

Experimental
data with T Ones with T

BðD0 → π−K̄0eþνeÞð×10−2Þ � � � 0.076� 0.041 1.44� 0.08 1.57� 0.14
BðD0 → π0K−eþνeÞð×10−2Þ � � � 0.039� 0.021 1.6þ2.6

−1.0 0.80� 0.07
BðD0 → ηK−eþνeÞð×10−6Þ � � � 3.51� 3.51 � � � 3.51� 3.51
BðD0 → η0K−eþνeÞð×10−6Þ � � � 4.03� 2.17 � � � 4.03� 2.17
BðDþ → πþK−eþνeÞð×10−2Þ <0.7 0.20� 0.10 4.02� 0.36 4.06� 0.30
BðDþ → π0K̄0eþνeÞð×10−2Þ � � � 0.100� 0.052 � � � 2.01� 0.15
BðDþ → ηK̄0eþνeÞð×10−5Þ � � � 0.89� 0.89 � � � 0.89� 0.89
BðDþ → η0K̄0eþνeÞð×10−5Þ � � � 1.03� 0.55 � � � 1.03� 0.55
BðDþ

s → KþK−eþνeÞð×10−2Þ � � � 0.034� 0.018 � � � 1.27� 0.13
BðDþ

s → K0K̄0eþνeÞð×10−3Þ � � � 0.33� 0.18 � � � 8.58� 0.95
BðDþ

s → πþπ−eþνeÞð×10−3Þ � � � � � � � � � 1.47� 0.79
BðDþ

s → π0π0eþνeÞð×10−4Þ � � � � � � � � � 8.58� 3.50
BðDþ

s → ηηeþνeÞð×10−4Þ � � � 0.56� 0.49 � � � 0.56� 0.49
BðDþ

s → ηη0eþνeÞð×10−6Þ � � � 5.38� 3.19 � � � 5.38� 3.19

BðD0 → π−K̄0μþνμÞð×10−2Þ � � � 0.073� 0.039 � � � 1.47� 0.13
BðD0 → π0K−μþνμÞð×10−2Þ � � � 0.038� 0.020 � � � 0.75� 0.07
BðD0 → ηK−μþνμÞð×10−6Þ � � � 3.18� 3.18 � � � 3.18� 3.18
BðD0 → η0K−μþνμÞð×10−6Þ � � � 2.76� 1.49 � � � 2.76� 1.49
BðDþ → πþK−μþνμÞð×10−2Þ 0.19� 0.10 0.19� 0.10 3.65� 0.68 3.80� 0.27
BðDþ → π0K̄0μþνμÞð×10−2Þ � � � 0.095� 0.050 � � � 1.89� 0.13
BðDþ → ηK̄0μþνμÞð×10−5Þ � � � 0.81� 0.81 � � � 0.81� 0.81

BðDþ → η0K̄0μþνμÞð×10−5Þ � � � 0.71� 0.38 � � � 0.71� 0.38
BðDþ

s → KþK−μþνμÞð×10−2Þ � � � 0.032� 0.017 � � � 1.19� 0.12
BðDþ

s → K0K̄0μþνμÞð×10−3Þ � � � 0.30� 0.16 � � � 8.02� 0.88
BðDþ

s → πþπ−μþνμÞð×10−3Þ � � � � � � � � � 1.25� 0.69
BðDþ

s → π0π0μþνμÞð×10−4Þ � � � � � � � � � 7.34� 3.09
BðDþ

s → ηημþνμÞð×10−4Þ � � � 0.51� 0.45 � � � 0.51� 0.45
BðDþ

s → ηη0μþνμÞð×10−6Þ � � � 3.98� 2.36 � � � 3.98� 2.36
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decays, for example, the nonresonantD → ηPlþνl decays,
are strongly suppressed by the narrow phase spaces, the
mixing angle θP, or the CKM matrix element Vcd, their
branching ratios are on the orders of Oð10−5–10−7Þ, and
many of them might be observed by the BESIII and Belle II
experiments in the near future.

B. D → SðS → P1P2Þl+ νl decays

We will analyze the D → P1P2lþνl decays with the
light scalar resonances in this subsection. As given in
Eq. (11), their branching ratios can be obtained by using
BðD → SlþνlÞ and BðS → P1P2Þ. The detailed analysis
of BðD → SlþνlÞ by the SU(3) flavor symmetry can be
found in Ref. [81].

1. Branching ratios of the S → P1P2 decays

As for the S → P1P2 decays, the partial decay widths
can be written as [85]

ΓðS → P1P2Þ ¼
pc

8πm2
S
g2S→P1P2

; ð27Þ

where the center-of-mass momentum pc ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðm2

S;m
2
P1
;m2

P2
Þ

p
2mS

,
and gS→P1P2

is the strong coupling constant. With the SU(3)
flavor symmetry, the strong coupling constant can be
parametrized as

g2qS→P1P2
¼ g2SijP

k
i P

j
k ð28Þ

TABLE III. The experimental data and the SU(3) flavor symmetry predictions of the nonresonant branching ratios
and the total branching ratios of the D → P1P2lþνl decays with the c → dlþνl transitions within the 2σ errors.

Branching ratios Ones with N
Experimental
data with T Ones with T

BðD0 → K−K0eþνeÞð×10−5Þ 0.83� 0.45 � � � 1.25� 0.64
BðD0 → π0π−eþνeÞð×10−3Þ 0 1.45� 0.14 1.85� 0.11
BðD0 → ηπ−eþνeÞð×10−5Þ 4.34� 2.68 � � � 16.38� 5.10
BðD0 → η0π−eþνeÞð×10−5Þ 0.39� 0.26 � � � 0.57� 0.35
BðDþ → K̄0K0eþνeÞð×10−5Þ 2.11� 1.13 � � � 3.31� 1.69
BðDþ → KþK−eþνeÞð×10−5Þ � � � � � � 1.31� 0.63
BðDþ → πþπ−eþνeÞð×10−3Þ 0.26� 0.14 2.45� 0.20 3.08� 0.51
BðDþ → π0π0eþνeÞð×10−4Þ 1.33� 0.71 � � � 2.88� 1.75
BðDþ → ηπ0eþνeÞð×10−5Þ 5.68� 3.50 � � � 9.68� 4.49
BðDþ → η0π0eþνeÞð×10−6Þ 5.21� 3.46 � � � 8.28� 5.00
BðDþ → ηηeþνeÞð×10−6Þ 3.16� 2.26 � � � 3.16� 2.26
BðDþ → ηη0eþνeÞð×10−8Þ 3.96� 2.37 � � � 3.96� 2.37
BðDþ

s → Kþπ−eþνeÞð×10−3Þ 0.075� 0.041 � � � 1.66� 0.17
BðDþ

s → K0π0eþνeÞð×10−4Þ 0.38� 0.21 � � � 8.24� 0.85
BðDþ

s → ηK0eþνeÞð×10−5Þ 1.70� 1.06 � � � 1.70� 1.06
BðDþ

s → η0K0eþνeÞð×10−7Þ 5.21� 3.47 � � � 5.21� 3.47

BðD0 → K−K0μþνμÞð×10−5Þ 0.76� 0.43 � � � 1.11� 0.57
BðD0 → π0π−μþνμÞð×10−3Þ 0 � � � 1.76� 0.10
BðD0 → ηπ−μþνμÞð×10−5Þ 4.13� 2.55 � � � 15.04� 4.76

BðD0 → η0π−μþνμÞð×10−5Þ 0.34� 0.23 � � � 0.50� 0.31

BðDþ → K̄0K0μþνμÞð×10−5Þ 1.93� 1.04 � � � 2.94� 1.50

BðDþ → KþK−μþνμÞð×10−5Þ � � � � � � 1.09� 0.53
BðDþ → πþπ−μþνμÞð×10−3Þ 0.25� 0.14 � � � 2.92� 0.48
BðDþ → π0π0μþνμÞð×10−4Þ 1.29� 0.69 � � � 2.68� 1.65
BðDþ → ηπ0μþνμÞð×10−5Þ 5.40� 3.33 � � � 8.71� 4.16
BðDþ → η0π0μþνμÞð×10−6Þ 4.67� 3.10 � � � 7.23� 4.37
BðDþ → ηημþνμÞð×10−6Þ 2.83� 2.02 � � � 2.83� 2.02
BðDþ → ηη0μþνμÞð×10−8Þ 2.43� 1.46 � � � 2.43� 1.46
BðDþ

s → Kþπ−μþνμÞð×10−3Þ 0.072� 0.039 � � � 1.58� 0.16
BðDþ

s → K0π0μþνμÞð×10−4Þ 0.36� 0.20 � � � 7.81� 0.80
BðDþ

s → ηK0μþνμÞð×10−5Þ 1.57� 0.98 � � � 1.57� 0.98
BðDþ

s → η0K0μþνμÞð×10−7Þ 4.08� 2.72 � � � 4.08� 2.72
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for the two quark scalar states, and

g4qS→P1P2
¼ g4SimjnP

j
iP

n
m þ g04S

im
jmP

n
i P

j
n ð29Þ

for the four quark scalar states, where g2, g4, and g04 are the
nonperturbative parameters. The strong coupling constants
of these decays are listed in the second and third columns of
Table IV for the two quark scalar states and the four quark
scalar states, respectively.
Since the width determination is very model dependent,

there are not accurate values about the decay widths of
a0ð980Þ, f0ð980Þ, and f0ð500Þ mesons in Ref. [11].
Therefore, it is difficult to obtain accurate BðS → P1P2Þ
in terms of ΓðS → P1P2Þ=ΓS, where ΓS is the decay width
of scalar meson. We assume the light scalar mesons decay
dominantly into pairs of pseudoscalar mesons and all
other decay channels are negligible, and then one can
obtain BðS → P1P2Þ without the decay width values of the
light scalar mesons, for example, Bðf0ð500Þ → πþπ−Þ≈

Γðf0ð500Þ→πþπ−Þ
Γðf0ð500Þ→πþπ−ÞþΓðf0ð500Þ→π0π0Þ.
In the two-quark picture, the parameter g2 is cancelled in

the branching ratios. Therefore, BðK0 → πK; a0ð980Þ →
KK; f0ð500Þ → ππÞ only depend on the masses of relevant
mesons, Bða0ð980Þ → η0π; η0πÞ depend on the meson
masses and the mixing angle θP, and Bðf0ð980Þ →
ππ; KKÞ depend on the meson masses and the mixing
angle θS. The numerical results of BðS → P1P2Þ in the

two-quark picture are listed in the second column of TableV.
One can see that the branching ratios of the K0, a0ð980Þ,
f0ð500Þ decays are accurately predicted; nevertheless,
Bðf0ð980Þ → ππ; KKÞ are predicted with large error due to
the indeterminatemixing angle θS. The three possible ranges
for the mixing angle θS, 25°<θS<40°, 140°<θS<165°,
and −30°<θS<30° [69,79], have been considered, and the
predictions of Bðf0ð980Þ → ππ; KKÞ are quite dependent
on the mixing angle θS.
In the third column of Table V, we also give the

predictions with two-quark picture of BðS → P1P2Þ further
constrained from the relevant experimental data of BðD →
Slþνl; S → P1P2Þ listed in Tables VI and VII. The pre-
dictions of Bðf0ð980Þ → P1P2Þ are quite accurate when θS
is further constrained from [25°, 40°] to [25°, 36°], from
[140°, 165°] to [144°, 151°], and from jϕSj ≤ 30° to
22° ≤ jϕSj ≤ 30° by the relevant experimental data of
BðD → Slþνl; S → P1P2Þ with 2σ errors. Since θS in
the two-quark picture has been further constrained by
BðD → Slþνl; S → P1P2Þ, the predictions ofBðfð980Þ →
ππ; KKÞ are more accurate as listed in the third column of
Table V. Other BðS → P1P2Þ are not further constrained
from the data of BðD → Slþνl; S → P1P2Þ, so we do not
list them in the third column of Table V.
In the four-quark picture, the two nonperturbative

parameters g4 and g04 in the a0ð980Þ, f0ð980Þ, f0ð500Þ
decays, and jg04=g4j ¼ 0.61� 0.13 are obtained by the
data Γða0ð980Þ→KK̄Þ=Γða0ð980Þ→ ηπÞ¼ 0.177�0.048

TABLE IV. The strong coupling constants of the S → P1P2 decays by the SU(3) flavor symmetry.

Strong couplings Ones for two-quark state Ones for four-quark state

gK−
0
→π0K− 1ffiffi

2
p g2 − 1ffiffi

2
p g4

gK−
0
→π−K̄0 g2 g4

gK̄0
0
→πþK− g2 g4

gK̄0
0
→π0K̄0 − 1ffiffi

2
p g2 1ffiffi

2
p g4

ga0ð980Þ−→ηπ− 2 g2ð 1ffiffi
6

p cos θP − 1ffiffi
3

p sin θPÞ 2 g04ð 1ffiffi
6

p cos θP − 1ffiffi
3

p sin θPÞ
ga0ð980Þ−→η0π− 2 g2ð 1ffiffi

6
p sin θP þ 1ffiffi

3
p cos θPÞ 2 g04ð 1ffiffi

6
p sin θP þ 1ffiffi

3
p cos θPÞ

ga0ð980Þ−→K0K− g2 g4

ga0ð980Þ0→ηπ0 g2 ð 1ffiffi
3

p cos θP −
ffiffi
2
3

q
sin θPÞ g04 ð 1ffiffi

6
p cos θP − 1ffiffi

3
p sin θPÞ

ga0ð980Þ0→η0π0 g2ð 1ffiffi
3

p sin θP þ
ffiffi
2
3

q
cos θPÞ g04ð 1ffiffi

6
p sin θP þ 1ffiffi

3
p cos θPÞ

ga0ð980Þ0→KþK− 1ffiffi
2

p g2
1ffiffi
2

p g4
ga0ð980Þ0→K0K̄0 − 1ffiffi

2
p g2 − 1ffiffi

2
p g4

gf0ð980Þ→πþπ−
ffiffiffi
2

p
g2 sin θS

ffiffiffi
2

p
g04 cosϕS þ g4 sinϕS

gf0ð980Þ→π0π0 g2 sin θS g04 cosϕS − 1ffiffi
2

p g4 sinϕS

gf0ð980Þ→KþK− g2 cos θS 1ffiffi
2

p g4 cosϕS

gf0ð980Þ→K0K̄0 g2 cos θS 1ffiffi
2

p g4 cosϕS

gf0ð500Þ→πþπ−
ffiffiffi
2

p
g2 cos θS −

ffiffiffi
2

p
g04 sinϕS þ g4 cosϕS

gf0ð500Þ→π0π0 g2 cos θS −g04 sinϕS − 1ffiffi
2

p g4 cosϕS
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from PDG [11]. In this work, we treat g4 and g04 as real
number, then two possible cases (g04=g4 > 0 and g04=g4 < 0)
are analyzed. The numerical results with the four-quark
picture are listed in the last column of Table V. As for
Bðf0ð980Þ → ππÞ and Bðf0ð500Þ → ππÞ, very large errors
come from the mixing angles ϕS, and they are obviously
different in the g04=g4 > 0 and g04=g4 < 0 cases. In general,
there is a relative strong phase between g04 and g4; therefore,
the common relevant branching ratios are between those in
the g04=g4 > 0 case and those in the g04=g4 < 0 case. In
addition, BðK0 → P1P2Þ are the same in both the two-
quark and four-quark pictures.

2. Branching ratios of the
D → SðS → P1P2Þl+ νl decays

ThenBðD → Slþνl; S → P1P2Þ canbeobtained in terms
of BðS → P1P2Þ listed in Table V and the expressions of

BðD → SlþνlÞ given in Ref. [81]. Using the experimental
data of BðDþ

s → f0ð980ÞeþνeÞ ¼ ð2.3� 0.8Þ × 10−3 [11]
as well as BðD → Slþνl; S → P1P2Þ listed in the second
columns of Tables VI and VII. The numerical results of
BðD → Slþνl; S → P1P2Þwith 2σ errors for the two-quark
and four-quark pictures are given in Tables VI andVII for the
c → slþνl and c → dlþνl transitions, respectively. Our
comments on the results are as follows.

(i) The experimental lower limits of BðD0 →
a0ð980Þ−eþνe; a0ð980Þ− → ηπ−Þ and BðDþ →
f0ð500Þeþνe; f0ð500Þ → πþπ−Þ have not been used
to constrain the predictions of BðD → Slþνl;
S → P1P2Þ, since the two lower limits of the SU
(3) flavor symmetry predictions are slightly lower
than their experimental data in both the two-quark
and four-quark pictures. For BðD0→a0ð980Þ−eþνe;
a0ð980Þ−→ηπ−Þ, one can see that the prediction in
the two-quark picture agrees with experimental data

TABLE V. Branching ratios of the S → P1P2 decays within 2σ errors. The results are obtained by the SU(3) flavor
symmetry relations and Γða0ð980Þ → KK̄Þ=Γða0ð980Þ → ηπÞ ¼ 0.177� 0.048 [11]. †denotes the results with
g0
4

g4
> 0, and ♯denotes ones with g0

4

g4
< 0.

Branching ratios
Ones with 2q state

in S1 case
Ones with 2q state

in S2 case Ones with 4q state

BðK−
0 → π0K−Þ 0.34� 0.00 0.34� 0.00

BðK−
0 → π−K̄0Þ 0.66� 0.00 0.66� 0.00

BðK̄0
0 → πþK−Þ 0.67� 0.00 0.67� 0.00

BðK̄0
0 → π0K̄0Þ 0.33� 0.00 0.33� 0.00

Bða0ð980Þ− → ηπ−Þ 0.64� 0.04 0.86� 0.03
Bða0ð980Þ− → η0π−Þ 0.03� 0.01 0.04� 0.01
Bða0ð980Þ− → K0K−Þ 0.33� 0.03 0.10� 0.02

Bða0ð980Þ0 → ηπ0Þ 0.60� 0.04 0.67� 0.06
Bða0ð980Þ0 → η0π0Þ 0.04� 0.01 0.05� 0.02
Bða0ð980Þ0 → KþK−Þ 0.19� 0.02 0.15� 0.03
Bða0ð980Þ0 → K0K̄0Þ 0.17� 0.01 0.13� 0.03

Bðf0ð980Þ → πþπ−Þ 0.45� 0.09θS¼½25°;40°� 0.43� 0.07θS¼½25°;35°� 0.42� 0.16†

0.36� 0.17θS¼½140°;165°� 0.41� 0.09θS¼½144°;158°� 0.59� 0.13♯

0.22� 0.22θS¼½−30°;30°� 0.38� 0.06½22°≤jθS j≤30°�

Bðf0ð980Þ → π0π0Þ 0.22� 0.04θS¼½25°;40°� 0.21� 0.03θS¼½25°;35°� 0.34� 0.11†

0.18� 0.09θS¼½140°;165°� 0.21� 0.04θS¼½144°;158°� 0.20� 0.10♯

0.11� 0.11θS¼½−30°;30°� 0.19� 0.03½22°≤jθS j≤30°�

Bðf0ð980Þ → KþK−Þ 0.17� 0.07θS¼½25°;40°� 0.19� 0.05θS¼½25°;35°� 0.12� 0.04
0.24� 0.14θS¼½140°;165°� 0.20� 0.07θS¼½144°;158°�
0.35� 0.17θS¼½−30°;30°� 0.22� 0.04½22°≤jθS j≤30°�

Bðf0ð980Þ → K0K̄0Þ 0.16� 0.06θS¼½25°;40°� 0.17� 0.05θS¼½25°;35°� 0.11� 0.04
0.22� 0.12θS¼½140°;165°� 0.18� 0.06θS¼½144°;158°�
0.32� 0.16θS¼½−30°;30°� 0.20� 0.04½22°≤jθS j≤30°�

Bðf0ð500Þ → πþπ−Þ 0.66� 0.00 0.73� 0.09†

0.57� 0.12♯

Bðf0ð500Þ → π0π0Þ 0.34� 0.00 0.27� 0.09†

0.43� 0.12♯
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within 2σ error bars; nevertheless, the prediction in
the four-quark picture is smaller, which only agrees
with experimental data within 3σ error bars. As for
BðDþ → f0ð500Þeþνe; f0ð500Þ → πþπ−Þ, the pre-
diction in the two-quark picture is much smaller than
its experimental lower limit with 2σ error; never-

theless, the prediction with g0
4

g4
> 0 (g

0
4

g4
< 0) in the

four-quark picture agrees with its data within 2σ (3σ)
error bars. Therefore, in the later analysis of total
contributions to BðD → P1P2lþνlÞ, the predictions
of BðD → Slþνl; S → P1P2Þ with g0

4

g4
> 0 in the

four-quark picture will be used.
(ii) In the two-quark picture, though the mixing angle θS

only appears in the D → P1P2lþνl decays with
f0ð980Þ and f0ð500Þ resonances, all other predic-
tions of the branching ratios are slightly affected by
the experimental constraints. So we list all predic-
tions in the three possible ranges of the mixing angle
θS in the third through fifth columns of Tables VI
and VII. One can see that all of the predictions that
included the decays with f0ð980Þ and f0ð500Þ
resonances are similar in the three possible ranges
of the mixing angle θS. As mentioned before, θS is
constrained from [25°, 40°] to [25°, 36°], from
[140°, 165°] to [144°, 151°], and from jϕSj ≤ 30°

to 22° ≤ jϕSj ≤ 30° by the relevant experimental
data with 2σ errors.

(iii) A lot of the branching ratio predictions are quite
different between the two-quark picture and the
four-quark picture. Present datum of BðDþ →
f0ð500Þeþνe; f0ð500Þ → πþπ−Þ favors the four-
quark picture of scalar mesons. BðD → Slþνl; S →
P1P2Þ with the c → slþνl transitions are predicted
on the order of Oð10−3–10−4Þ. Due to the CKM
matrix element Vcd suppressed, BðD → Slþνl; S →
P1P2Þ with the c → dlþνl transitions are predicted
on the order of Oð10−4–10−6Þ.

(iv) Some branching ratios of theD → SðS → P1P2Þlþνl
decays have been obtained in Refs. [13,61]. BðDþ →
Seþνe; S → πþπ−Þ ¼ ð6.99� 2.46Þ × 10−4 [13],
BðDþ → Sμþνμ; S→ πþπ−Þ ¼ ð7.20� 2.52Þ× 10−4

[13], and BðD0 → a0ð980Þ−lþνl; a0ð980Þ− →
ηπ−Þ ¼ ð1.36� 0.21Þ × 10−4 [61]. Our predictions
in the four-quark picture of BðDþ → Slþνl; S →
πþπ−Þ are consistent with ones in Ref. [13]; our
predictions in the two-quark picture of BðD0 →
a0ð980Þ−lþνl; a0ð980Þ− → ηπ−Þ are consistent
with ones in Ref. [61]; nevertheless, our predictions
in the four-quark picture are smaller than ones
in Ref. [61].

TABLE VI. The experimental data and the SU(3) flavor symmetry predictions of the D → SðS → P1P2Þlþνl decays with the

c → slþνl transitions within 2σ errors.†denotes the results with g0
4

g4
> 0, and ♯denotes ones with g0

4

g4
< 0.

Branching ratios
Experimental

data

Ones in the two-quark picture with Ones in the four-quark
pictureθS¼½25°;35°� θS¼½144°;158°� 22°≤ jθSj≤30°

BðD0 → K−
0 e

þνe; K−
0 → π−K̄0Þð×10−4Þ � � � 19.99� 7.34 19.86� 7.26 19.74� 6.97 8.37� 3.01

BðD0 → K−
0 e

þνe; K−
0 → π0K−Þð×10−4Þ � � � 10.18� 3.77 10.12� 3.73 10.05� 3.57 4.19� 1.50

BðDþ → K̄0
0e

þνe; K̄0
0 → πþK−Þð×10−3Þ � � � 5.17� 1.92 5.19� 1.85 5.12� 1.86 2.24� 0.83

BðDþ → K̄0
0e

þνe; K̄0
0 → π0K̄0Þð×10−3Þ � � � 2.57� 0.96 2.59� 0.92 2.55� 0.92 1.12� 0.42

BðDþ
s →f0ð980Þeþνe;f0ð980Þ→πþπ−Þð×10−3Þ 1.30�0.63 [86] 1.19� 0.18 1.17� 0.17 1.18� 0.17 1.22�0.55†, 1.44�0.49♯

BðDþ
s →f0ð980Þeþνe;f0ð980Þ→π0π0Þð×10−4Þ 7.9� 2.9 [4] 5.95� 0.92 5.89� 0.85 5.90� 0.86 7.91�2.85†, 7.13�2.10♯

BðDþ
s →f0ð980Þeþνe;f0ð980Þ→KþK−Þð×10−4Þ � � � 5.11� 2.34 5.53� 2.78 6.28� 2.07 3.33�1.53†, 3.07�1.34♯

BðDþ
s →f0ð980Þeþνe;f0ð980Þ→K0K̄0Þð×10−4Þ � � � 4.62� 2.12 5.01� 2.52 5.68� 1.87 3.01�1.39†, 2.78�1.22♯

BðDþ
s →f0ð500Þeþνe;f0ð500Þ→πþπ−Þð×10−4Þ � � � 9.91� 2.83 9.67� 3.07 9.44� 3.30 2.49�2.49†, 0.90�0.90♯

BðDþ
s →f0ð500Þeþνe;f0ð500Þ→π0π0Þð×10−5Þ <64 [4] 49.77� 14.23 48.57� 15.43 47.44� 16.56 6.66�6.66†, 0.78�0.78♯

BðD0 → K−
0 μ

þνμ; K−
0 → π−K0Þð×10−4Þ � � � 17.27� 6.48 17.16� 6.41 17.04� 6.14 7.19� 2.63

BðD0 → K−
0 μ

þνμ; K−
0 → π0K−Þð×10−4Þ � � � 8.63� 3.24 8.58� 3.20 8.52� 3.07 3.59� 1.32

BðDþ → K̄0
0μ

þνμ; K̄0
0 → πþK−Þð×10−3Þ � � � 4.43� 1.68 4.46� 1.62 4.40� 1.62 1.92� 0.73

BðDþ → K̄0
0μ

þνμ; K̄0
0 → π0K0Þð×10−3Þ � � � 2.22� 0.84 2.23� 0.81 2.20� 0.81 0.96� 0.36

BðDþ
s →f0ð980Þμþνμ;f0ð980Þ→πþπ−Þð×10−3Þ � � � 1.01� 0.16 1.00� 0.15 1.00� 0.16 1.02�0.46†, 1.23�0.42♯

BðDþ
s →f0ð980Þμþνμ;f0ð980Þ→π0π0Þð×10−4Þ � � � 5.05� 0.83 4.99� 0.77 5.00� 0.78 6.72�2.48†, 6.04�1.82♯

BðDþ
s →f0ð980Þμþνμ;f0ð980Þ→KþK−Þð×10−4Þ � � � 4.31� 1.94 4.70� 2.34 5.34� 1.75 2.79�1.28†, 2.59�1.14♯

BðDþ
s →f0ð980Þμþνμ;f0ð980Þ→K0K̄0Þð×10−4Þ � � � 3.90� 1.76 4.25� 2.12 4.83� 1.58 2.52�1.16†, 2.34�1.03♯

BðDþ
s →f0ð500Þμþνμ;f0ð500Þ→πþπ−Þð×10−4Þ � � � 8.88� 2.62 8.70� 2.86 8.49� 3.05 2.30�2.30†, 0.83�0.83♯

BðDþ
s →f0ð500Þμþνμ;f0ð500Þ→π0π0Þð×10−5Þ � � � 44.67� 13.23 43.85� 14.53 42.77� 15.49 6.16�6.16†, 7.23�7.23♯
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C. D → VðV → P1P2Þl+ νl decays

We will analyze the D → P1P2lþνl decays with the
vector resonances in this subsection. Since the light vector
mesons are understood well, the calculations of BðD →
Vlþνl; V → P1P2Þ are much easier than the ones of
BðD → Slþνl; S → P1P2Þ. From Eq. (11), their branching
ratios ofD → VðV → P1P2Þlþνl can be obtained by using
BðD → VlþνlÞ and BðV → P1P2Þ. The D → Vlþνl
decays have been studied by the SU(3) flavor symmetry
in Ref. [81]. Many BðD → VlþνlÞ have been accurately
measured and have been listed in the second column of
Table V in Ref. [81]. The expressions of BðD → VlþνlÞ
within the C3 case in Ref. [81] will be taken for our
analysis.

Following Ref. [85], BðV → P1P2Þ can be written as

BðV → P1P2Þ ¼
τVp03

c

6πm2
V
g2V→P1P2

; ð30Þ

where p0
c ≡

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðm2

V ;m
2
P1
;m2

P2
Þ

p
2mV

and gV→P1P2
are the strong

coupling constants. Similar to g2qS→P1P2
in Eq. (28),

gV→P1P2
can be parametrized by the SU(3) flavor symmetry

gV→P1P2
¼ gVVi

jP
k
i P

j
k; ð31Þ

where gV is the corresponding nonperturbative parameter.

TABLE VII. The experimental data and the SU(3) flavor symmetry predictions of the D → SðS → P1P2Þlþνl decays with the

c → dlþνl transitions within 2σ errors. †denotes the results with g0
4

g4
> 0, ♯denotes ones with g0

4

g4
< 0, and adenotes the experimental lower

limits not used to constrain the predictions.

Branching ratios
Experimental

data

Ones in the two-quark picture with Ones in the
four-quark pictureθS¼½25°;35°� θS¼½144°;158°� 22°≤ jθSj≤30°

BðD0→a0ð980Þ−eþνe;a0ð980Þ−→ηπ−Þð×10−5Þ 13.3þ6.8
−6.0a 5.99� 2.69 5.86� 2.48 6.05� 2.57 3.81� 0.98

BðD0→a0ð980Þ−eþνe;a0ð980Þ−→η0π−Þð×10−6Þ � � � 2.88� 1.71 2.97� 1.77 2.97� 1.73 1.88� 0.98
BðD0→a0ð980Þ−eþνe;a0ð980Þ−→K0K−Þð×10−6Þ � � � 29.99� 13.81 30.73� 13.81 30.57� 13.70 4.22� 1.93
BðDþ→a0ð980Þ0eþνe;a0ð980Þ0→ηπ0Þð×10−5Þ 17þ16

−14 7.35� 3.28 7.25� 3.13 7.32� 3.17 4.00� 1.00

BðDþ→a0ð980Þ0eþνe;a0ð980Þ0→η0π0Þð×10−6Þ � � � 5.53� 3.26 5.69� 3.32 5.65� 3.20 3.08� 1.56
BðDþ→a0ð980Þ0eþνe;a0ð980Þ0→KþK−Þð×10−5Þ � � � 2.28� 1.06 2.30� 1.00 2.29� 0.99 0.88� 0.36
BðDþ→a0ð980Þ0eþνe;a0ð980Þ0→K0K̄0Þð×10−5Þ � � � 1.99� 0.92 2.01� 0.88 2.00� 0.86 0.77� 0.31
BðDþ→f0ð980Þeþνe;f0ð980Þ→πþπ−Þð×10−5Þ <2.8 [5] 1.15� 0.50 1.10� 0.58 0.96� 0.43 1.65�1.15†, 2.14�0.65♯

BðDþ→f0ð980Þeþνe;f0ð980Þ→π0π0Þð×10−6Þ � � � 5.75� 2.53 5.51� 2.92 4.80� 2.18 10.53�3.67†, 10.10�5.37♯

BðDþ→f0ð980Þeþνe;f0ð980Þ→KþK−Þð×10−6Þ � � � 5.07� 0.88 5.06� 0.85 5.01� 0.80 4.35�2.78†, 4.60�2.76♯

BðDþ→f0ð980Þeþνe;f0ð980Þ→K0K̄0Þð×10−6Þ � � � 5.07� 0.88 5.06� 0.85 5.01� 0.80 4.35�2.78†, 4.60�2.76♯

BðDþ→f0ð500Þeþνe;f0ð500Þ→πþπ−Þð×10−4Þ 6.3�1.0a 1.44� 0.64 1.72� 0.92 1.79� 0.85 3.64�2.57†, 2.95�1.87♯

BðDþ→f0ð500Þeþνe;f0ð500Þ→π0π0Þð×10−4Þ � � � 0.72� 0.32 0.87� 0.46 0.91� 0.43 1.45�1.02†, 2.08�1.57♯

BðDþ
s →K0

0e
þνe;K0

0→π−KþÞð×10−5Þ � � � 22.34� 8.09 22.13� 7.97 22.34� 7.64 9.54� 3.38

BðDþ
s →K0

0e
þνe;K0

0→π0K0Þð×10−5Þ � � � 11.17� 4.04 11.07� 3.99 11.17� 3.82 4.77� 1.69

BðD0→a0ð980Þ−μþνμ;a0ð980Þ−→ηπ−Þð×10−5Þ � � � 4.95� 2.27 4.84� 2.10 5.00� 2.18 3.14� 0.84

BðD0→a0ð980Þ−μþνμ;a0ð980Þ−→η0π−Þð×10−6Þ � � � 2.39� 1.44 2.46� 1.48 2.45� 1.45 1.56� 0.82

BðD0→a0ð980Þ−μþνμ;a0ð980Þ−→K0K−Þð×10−6Þ � � � 24.78� 11.68 25.37� 11.62 25.20� 11.53 3.51� 1.62

BðDþ→a0ð980Þ0μþνμ;a0ð980Þ0→ηπ0Þð×10−5Þ � � � 6.09� 2.78 6.00� 2.65 6.06� 2.69 3.30� 0.86

BðDþ→a0ð980Þ0μþνμ;a0ð980Þ0→η0π0Þð×10−6Þ � � � 4.58� 2.74 4.72� 2.79 4.67� 2.69 2.55� 1.31

BðDþ→a0ð980Þ0μþνμ;a0ð980Þ0→KþK−Þð×10−5Þ � � � 1.89� 0.89 1.91� 0.85 1.89� 0.83 0.73� 0.30

BðDþ→a0ð980Þ0μþνμ;a0ð980Þ0→K0K̄0Þð×10−5Þ � � � 1.65� 0.78 1.66� 0.74 1.65� 0.73 0.64� 0.27

BðDþ→f0ð980Þμþνμ;f0ð980Þ→πþπ−Þð×10−5Þ � � � 0.94� 0.43 0.91� 0.48 0.79� 0.36 1.37�0.96†, 1.76�0.55♯

BðDþ→f0ð980Þμþνμ;f0ð980Þ→π0π0Þð×10−6Þ � � � 4.74� 2.14 4.58� 2.43 3.97� 1.82 8.67�3.13†, 8.32�4.47♯

BðDþ→f0ð980Þμþνμ;f0ð980Þ→KþK−Þð×10−6Þ � � � 4.21� 0.73 4.19� 0.71 4.15� 0.67 3.55�2.29†, 3.76�2.26♯

BðDþ→f0ð980Þμþνμ;f0ð980Þ→K0K̄0Þð×10−6Þ � � � 4.21� 0.73 4.19� 0.71 4.15� 0.67 3.55�2.29†, 3.76�2.26♯

BðDþ→f0ð500Þμþνμ;f0ð980Þ→πþπ−Þð×10−4Þ � � � 1.28� 0.59 1.54� 0.84 1.61� 0.79 3.30�2.39†, 2.68�1.74♯

BðDþ→f0ð500Þμþνμ;f0ð980Þ→π0π0Þð×10−4Þ � � � 0.64� 0.30 0.78� 0.43 0.81� 0.40 1.32�0.95†, 1.89�1.46♯

BðDþ
s →K0

0μ
þνμ;K0

0→π−KþÞð×10−5Þ � � � 19.61� 7.20 19.43� 7.10 19.60� 6.80 8.38� 3.01

BðDþ
s →K0

0μ
þνμ;K0

0→π0K0Þð×10−5Þ � � � 9.80� 3.60 9.71� 3.55 9.80� 3.40 4.19� 1.50

WANG, QIAO, ZHANG, CHENG, and XU PHYS. REV. D 107, 056022 (2023)

056022-12



At present, many involved BðV → P1P2Þ have been well
measured [11]

BðK�þ → πKÞ ¼ ð99.902� 0.018Þ%;

BðK�0 → πKÞ ¼ ð99.754� 0.042Þ%;

Bðρþ → π0πþÞ ¼ 100%; Bðρ0 → πþπ−Þ ¼ 100%;

Bðϕ → KþK−Þ ¼ ð49.1� 1.0Þ%;

Bðω → πþπ−Þ ¼ ð1.53þ0.22
−0.26Þ%: ð32Þ

From Eq. (31), the relations of the strong coupling
constants can be obtained

ffiffiffi
2

p
gK�−→π0K− ¼ gK�−→π−K0 ;

ffiffiffi
2

p
gK�0→π0K0 ¼ gK�0→π−Kþ ;

gρ−→π0π− ¼
ffiffiffi
3

p
gρ−→η8π

− ¼
ffiffiffiffiffiffiffiffi
3=2

p
gρ−→η1π

− ;

gϕ→KþK− ¼ gϕ→K0K̄0 ; ð33Þ

In terms of Eqs. (32) and (33), the strong coupling
constants are

jgK�−→π−K0 j ¼ 4.62� 0.08; jgK�0→π−Kþj ¼ 4.40� 0.10;

jgρ−→π0π− j ¼ 6.00� 0.03; jgρ0→πþπ− j ¼ 5.95� 0.04;

jgϕ→KþK− j ¼ 4.47� 0.08; jgω→πþπ− j ¼ 0.18� 0.02:

ð34Þ

Then the following BðV → P1P2Þ can be written as

BðK�0 → π0K0Þ ¼ ð33.02� 0.02Þ%;

BðK�0 → π−KþÞ ¼ ð66.74� 0.04Þ%;

BðK�þ → π0KþÞ ¼ ð33.62� 0.01Þ%;

BðK�þ → π−K0Þ ¼ ð66.28� 0.01Þ%;

Bðρþ → ηπþÞ ¼ ð4.38� 0.66Þ%;

Bðϕ → K0K0Þ ¼ ð32.42� 1.04Þ%: ð35Þ

For D → VðV → P1P2Þlþνl decays, the branching
ratios of Dþ → K̄�0ðK̄�0 → πþK−Þeþνe and Dþ →
K̄�0ðK̄�0 → πþK−Þμþνμ have been measured, and the
experimental data with 2σ errors are listed in the second
column of Table VIII. Using the experimental data of
BðDþ → K̄�0lþνl; K̄�0 → πþK−Þ, BðV → P1P2Þ and
BðD → VlþνlÞ, we obtain the predictions of BðD →
Vlþνl; V → P1P2Þ by the SU(3) flavor symmetry, which
are given in the third column of Table VIII. We can see that
BðD → Vlþνl; V → P1P2Þ with the c → slþνl transi-
tions are predicted on the order of Oð10−2–10−3Þ, and
BðD → Vlþνl; V → P1P2Þ with the c → dlþνl transi-
tions are predicted on the order of Oð10−3–10−5Þ. The
predictions of BðD → Vlþνl; V → P1P2Þ are about

one order larger than those of the corresponding
BðD → Slþνl; S → P1P2Þ.
Previous predictions are also listed in the last column of

Table VIII. Our predictions of BðD0 → K�−lþνl; K�− →
π0K−Þ and BðDþ → K̄�0lþνl; K̄�0 → πþK−Þ are in good
agreement with those in Ref. [62]. And our predictions of
BðDþ → ρ0lþνl; ρ0 → πþπ−Þ are slight larger than those
obtained by the light-front quark model and the light-cone
sum rules in Ref. [13].

D. Total branching ratios

As analyzed above, some four-body semileptonic decays
of D mesons receive the contributions of the nonresonant
states, the scalar resonant states, and the vector resonant
states; nevertheless, some decay modes only receive one or
two kinds of them. For clearly showing the resonant
contributions, we also list the scalar and vector resonant
amplitudes in the third and last columns of Table I,
respectively. The resonant amplitudes are obtained by
multiplying the hadronic helicity amplitudes HðD →
RlþνlÞ given in Ref. [81] and the strong coupling
constants gR→P1P2

obtained in this work. Note that the
resonant amplitudes listed in the last two columns of Table I
are given only to see clearly the kinds of the resonant
contributions, and we do not use them to obtain the
numerical total branching ratios BðD → P1P2lþνlÞT .
We have some comments for the contributions in Table I.

For DðsÞ → ηKlþνl; η0Klþνl; ηηlþνl; ηη0lþνl decays,
since both final state mesons are quite heavy, they only
receive the nonresonant contributions. The decays
Dþ

s → π0π0lþνl, Dþ
s → πþπ−lþνl, D0 → K−K0lþνl,

Dþ → K̄0K0lþνl, Dþ → KþK−lþνl, Dþ → π0π0lþνl,
and Dþ → ηð0Þπ0lþνl receive both the nonresonant con-
tributions and the scalar resonant contributions; moreover,
the nonresonant contributions in the Dþ

s → π0π0lþνl,
Dþ

s → πþπ−lþνl and Dþ → KþK−lþνl decays are sup-
pressed by the OZI rule, and the main contributions of
these decay branching ratios come from the scalar resonant
states. All other decay modes except the D0 → π0π−lþνl
decays receive all three kinds of the contributions, and
their branching ratios are dominant by the vector resonant
states. Due to the quantum number constraint, the D0 →
π0π−lþνl decays only receive the contributions of the
vector resonant states.
In the last columns of Tables II and III, total branching

ratio predictions of theD → P1P2lþν decays including the
possible nonresonant, scalar resonant and vector resonant
contributions are listed. The present six experimental data
with 2σ errors are also listed in the fourth column of
Table II and in third column of Table III for convenient
comparison. One can see that for BðD0 → π−K̄−eþνeÞ,
BðD0 → π0K−eþνeÞ, BðDþ → πþK−eþνeÞ, BðDþ →
πþK−μþνμÞ, and BðDþ → πþπ−eþνeÞ, our SU(3) flavor
symmetry predictions are consistent with present data
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within 2σ error bars. Our prediction of BðD0 → π0π−eþνeÞ
is slightly larger than its experimental datum; nevertheless,
the prediction will be very close to the datum within 3σ
error bars.
For some Cabibbo suppressed decays due to c → dlþνl

transitions, such as theD0 → K−K0lþνl,D0 → η0π−lþνl,
Dþ → K̄0K0lþνl, Dþ → π0π0lþνl, Dþ → ηπ0lþνl, and
Dþ → η0π0lþνl decays, they only receive both the
nonresonant contributions and the scalar resonant contri-
butions, and we can see that both the nonresonant and
the scalar resonant contributions are important. The non-
resonant contributions in the Dþ → KþK−lþνl decays are
suppressed by the OZI rule, and the scalar resonant con-
tributions in the Dþ → KþK−lþνl decays are dominant.
Please note that the interference terms between nonreso-

nant, scalar, and vector resonant contributions exist. As
discussed in Refs. [12,67], the interference terms between
different partial waves vanish upon angular integration in
the branching ratios, but they may effect a number of
angular observables of these decays, which have not been

discussed in this work. Nevertheless, there still are the
interference effects between nonresonant and resonant
contributions as well as the ones between different scalar
resonances in the D → P1P2lþνl decays, for example,
between Dþ → ða0ð980Þ → K̄0K0Þlþνl and Dþ →
ðf0ð980Þ → K̄0K0Þlþνl. So the interference effects
might also be important for the D0 → π0K−lþνl,
Dþ

s → πþπ−lþνl, Dþ
s → π0π0lþνl, D0 → K−K0lþνl,

D0 → ηπ−lþνl, D0 → η0π−lþνl, Dþ → K̄0K0lþνl,
Dþ→πþπ−lþνl, Dþ → π0π0lþνl, Dþ → ηπ0lþνl, and
Dþ → η0π0lþνl decays, in which the two or three kinds of
contributions are important. Currently, we cannot deter-
mine the size of interference effects by the SU(3) flavor
symmetry.

IV. SUMMARY

Semileptonic decays of heavymesons are quite interesting
not only because of relatively simple theoretical description
but also the clean experimental signals. Some semileptonic

TABLE VIII. The experimental data and the SU(3) flavor symmetry predictions of D → VðV → P1P2Þlþνl
decays within 2σ errors.

Branching ratios Experimental data Our predictions Previous ones

c → seþνe:
BðD0 → K�−eþνe; K�− → π−K̄0Þð×10−2Þ … 1.42� 0.07 …
BðD0 → K�−eþνe; K�− → π0K−Þð×10−3Þ … 7.18� 0.37 7.17 [62]
BðDþ → K̄�0eþνe; K̄�0 → πþK−Þð×10−2Þ 3.77� 0.34 3.64� 0.11 3.51 [62]
BðDþ → K̄�0eþνe; K̄�0 → π0K̄0Þð×10−2Þ … 1.80� 0.06 …
BðDþ

s → ϕeþνe;ϕ → KþK−Þð×10−2Þ … 1.20� 0.10 …
BðDþ

s → ϕeþνe;ϕ → K0K̄0Þð×10−3Þ … 7.94� 0.65 …

c → sμþνμ:
BðD0 → K�−μþνμ; K�− → π−K̄0Þð×10−2Þ … 1.33� 0.07 …

BðD0 → K�−μþνμ; K�− → π0K−Þð×10−3Þ … 6.76� 0.35 7.17 [62]
BðDþ → K̄�0μþνμ; K̄�0 → πþK−Þð×10−2Þ 3.52� 0.20 3.43� 0.11 3.51 [62]
BðDþ → K̄�0μþνμ; K̄�0 → π0K̄0Þð×10−2Þ … 1.70� 0.05 …

BðDþ
s → ϕμþνμ;ϕ → KþK−Þð×10−2Þ … 1.13� 0.09 …

BðDþ
s → ϕμþνμ;ϕ → K0K̄0Þð×10−3Þ … 7.46� 0.62 …

c → deþνe:
BðD0 → ρ−eþνe; ρ− → π0π−Þð×10−3Þ … 1.85� 0.11 1.63 [62]
BðD0 → ρ−eþνe; ρ− → ηπ−Þð×10−5Þ … 8.23� 1.59 …
BðDþ → ρ0eþνe; ρ0 → πþπ−Þð×10−3Þ … 2.40� 0.12 1.57� 0.07 [13], 2.10 [62]
BðDþ → ωeþνe;ω → πþπ−Þð×10−5Þ … 3.55� 0.82 …
BðDþ

s → K�0eþνe; K�0 → π−KþÞð×10−3Þ … 1.49� 0.10 …
BðDþ

s → K�0eþνe; K�0 → π0K0Þð×10−4Þ … 7.39� 0.51 …

c → dμþνμ:
BðD0 → ρ−μþνμ; ρ− → π0π−Þð×10−3Þ … 1.76� 0.10 …

BðD0 → ρ−μþνμ; ρ− → ηπ−Þð×10−5Þ … 7.83� 1.51 …

BðDþ → ρ0μþνμ; ρ0 → πþπ−Þð×10−3Þ … 2.29� 0.11 1.57� 0.07 [13]
BðDþ → ωμþνμ;ω → πþπ−Þð×10−5Þ … 3.38� 0.78 …

BðDþ
s → K�0μþνμ; K�0 → π−KþÞð×10−3Þ … 1.42� 0.10 …

BðDþ
s → K�0μþνμ; K�0 → π0K0Þð×10−4Þ … 7.03� 0.48 …
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decays D → P1P2lþνl have been measured by BESIII,
CLEO, and BABAR. Using the present data of BðD →
P1P2lþνlÞ and the SU(3) flavor symmetry, we have
presented a theoretical analysis of the D → P1P2lþνl
decayswith the nonresonant, the light scalarmeson resonant,
and the vector meson resonant contributions.

(i) Nonresonant D → P1P2lþνl decays.—The ampli-
tude relations including the SU(3) flavor breaking
effects have been obtained. Almost all amplitudes
can be related after ignoring the OZI suppressed and
the SU(3) flavor breaking contributions. Via the
experimental data of the nonresonant branching
ratios BðDþ → πþK−lþνlÞN , we have predicted
other nonresonant branching ratios. We have found
that the branching ratios of the nonresonant decays
D0 → π−K̄0lþνl; π0K−lþνl, Dþ→πþK−lþνl;
π0K̄0lþνl;πþπ−lþνl;π0π0lþνl, and Dþ

s →
KþK−lþνl; K0K̄0lþνl are on the order of
Oð10−3–10−4Þ, which might be measured by the
BESIII, LHCb, and Belle II experiments, and some
other decays might be measured at these experi-
ments in the near future.

(ii) Decays with the light scalar meson resonances.—
Using the SU(3) flavor symmetry and the present
experimental data of BðD → SlþνlÞ, BðD →
Slþνl; S → P1P2Þ as well as BðS → P1P2Þ, the
not-measured BðD → Slþνl; S → P1P2Þ have been
obtained by the SU(3) flavor symmetry. We have
found that BðD → Slþνl; S → P1P2Þ with the
c → slþνl transitions are predicted on the order
of Oð10−3–10−4Þ, and BðD → Slþνl; S → P1P2Þ
with the c → dlþνl transitions are predicted on the
order of Oð10−4–10−6Þ. The two-quark picture and
the four-quark picture for the scalar mesons have
been analyzed in the D → SðS → P1P2Þlþνl de-
cays. Present experimental data might favor the four-
quark picture for the scalar mesons.

(iii) Decays with the vector meson resonances.—Using
the experimental data of BðDþ → K̄�0eþνe;
K̄�0 → πþK−Þ, BðDþ → K̄�0μþνμ; K̄�0 → πþK−Þ,

many BðD → VlþνlÞ and many BðV → P1P2Þ,
the not-measured BðD → Vlþνl; V → P1P2Þ have
been predicted by the SU(3) flavor symmetry. We
have found that BðD → Vlþνl; V → P1P2Þ with
the c → slþνl transitions are predicted on the order
of Oð10−2–10−3Þ, and BðD → Vlþνl; V → P1P2Þ
with the c → dlþνl transitions are predicted on the
order of Oð10−3–10−5Þ.

(iv) Total branching ratios.—Total branching ratio pre-
dictions including the possible nonresonant, light
scalar meson resonant and vector meson resonant
contributions have been obtained. The six total
branching ratios have been measured, and we did
not use them to further constrain the predictions. Our
five predictions are consistent with present data
within 2σ errors, and the prediction of BðD0 →
π0π−eþνeÞ will be very close to the datum within
3σ error bars. We have found that the vector
meson resonant contributions are dominant in
the D0 → π−K̄0lþνl; π0K−lþνl; π0π−lþνl, Dþ →
πþK−lþνl; π0K̄0lþνl; πþπ−lþνl, and Dþ

s →
KþK−lþνl; K0K̄0lþνl; Kþπ−lþνl; K0π0lþνl de-
cays. All three kinds of contributions are important
inD0 → ηπ−lþνl decays. Both the nonresonant and
the scalar resonant contributions are important in
D0→K−K0lþνl;η0π−lþνl and Dþ → K̄0K0lþνl;
π0π0lþνl; ηπ0lþνl; η0π0lþνl decays.

Although SU(3) flavor symmetry is approximate, it can
still provide very useful information about these decays.
According to our rough predictions, many decay modes
could be observed at BESIII, LHCb, and Belle II, and some
decay modes might be measured in near future experi-
ments. Therefore, the SU(3) flavor symmetry will be
further tested by these semileptonic decays in future
experiments.
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