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Motivated by the significant experimental progress in probing semileptonic decays D — P, P,/ " v,
(¢ = u, e), we analyze the branching ratios of the D — P, P,£"v, 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 the D — P, P,¢ v, decays by the present experimental data with 2¢ errors. Most of our
predicted branching ratios are consistent with present experimental data within 26 error bars, and others are
consistent with the data within 3¢ error bars. We find that the branching ratios of the nonresonant decays
D=7~ K¢ v, i’ K~ ¢t vy, DT - n" K¢t v, i’ Kt vp,ntn vy, n2%¢ vy, and DY — KTK~ ¢y,
K°K%¢* v, are on the order of O(1073~107*). The vector meson resonant contributions are dominant in the
D’ -7 K%t v, a’ K¢t v, i’n v, , DY - at K¢t v, . s’ K0¢ v, ata ¢t vy, and DY - KYK~ ¢y,
KK¢*v,,KTn¢*v,, K°2°¢+ v, decays. The nonresonant, the vector meson resonant, and the scalar
resonant contributions are all important in the D° — yz~¢*v, decays. The D° — K=K/ *v,,n'n~¢* v,
and DT — K°K°¢*v,, n%2°%¢F v, . na’¢* v, f 2°¢* v, 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 new physics beyond the standard model, for example, the
extraction of the Cabbibo-Kobayashi-Maskawa (CKM)
matrix elements. Four-body semileptonic exclusive decays
D — P,P,¢ Vv, are generated by the ¢ — s/d¢ Vv, 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 — P, P,¢ " v,
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decays, the light scalar meson resonant decays D —
S(S - P,P,)¢*"v,, and the vector meson resonant decays
D — S(S - P,P,)¢ v, have been observed by BESIII,
BABAR, CLEO, and MARKIII [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 in QCD for strong interaction. From
the perspective of the SU(3) flavor symmetry, the leptonic
partof the D — P, P,¢ v, decay is the SU(3) flavor singlet,
which makes no difference between different decay modes
with certain lepton (e or u). The different hadronic parts (the
hadronic amplitudes or the hadronic form factors) of the
D — P,P,¢"v, 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 m; > m,, , will be considered in our analysis of
the nonresonant D — P, P,¢ v, decays.

Four-body semileptonic decays D — P P,¢"v, have
been studied, for instance, in Refs. [13,61-66]. In this
work, we will study the D — P,P,¢" v, 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 — P P,¢ v
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 ¢ — ¢,;£ v, transition can
be written as

G _ _
Hege(c = Qif+yf) = 7%‘/%%}’”(1 - 7’5)01//7’,4(1 - s),
(1)

where Gy is the Fermi constant, V., is the CKM matrix
element, and ¢; = d, s for i = 2, 3. The decay amplitude of
the D(p) — P (k;)P2(k2)¢ " (qy)ve(g,) decay can be di-
vided into leptonic and hadronic parts

A(D — PPyt vp) = (Py(ky)Py(ka) " (q1)ve(q2)
X [Het(c = q;¢%v.)|D(p))  (2)

_Cry o, (3)

N

where L, = vyy,(1 —ys)¢ is the leptonic charged current,
and H" = (P (k)P (ky)|5/dy" (1 = y5)c|D(p)) is the had-
ronic matrix element. The leptonic part L, is calculable
using the perturbation theory, while the hadronic part H* is
encoded into the transition form factors. Following
Refs. [18,67], the D — PP, form factors are given as

(P\ (k)P (ko) |5/dre|D(p)) = z'h%k_zqi, (4)

— (Py(ky)Ps(ky)|5/dy*ysc|D(p))

2
g 2‘/;1&(;

=F,——+4F,

1 -
+F‘|ﬁkﬁ, (5)

VAR
with
k-
K= do ==L g, (6)
q
- - Ak -k 4k*(q - k
A A
q()zk/il_C
Ho— D ehaPy —7’ 8
qJ_ \/1 ( )

wherek = ky +ky, g =q) + qp. k=ky =k, G = g2 — g1,
and A= A(m3,q* k*) with A(a,b,c) =a*+b*+ -
2ab —2bc - 2ac.

In terms of the form factors, the differential branching
ratio of the nonresonant D — PP,/ v, decays can be
written as [18]
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dB(D — PPt 1)y

1
=3 NPAB = Be)lFalP, (9)

dg*di>
with
/ 2 k2 m2
NZ G2 V Qﬂfq mD’ ith — f’
| | F| | 3X210 5m D w1 ﬂf qz
3m?>
[Fal? =Fol* + (|F|||2+|FL| )+ 70 fﬁ )|Ft|21 (10)

where 7,,(my,) is lifetime(mass) of M particle. In this
work, we ignore the small contributions of the |F,|? term,
which is proportional to m2. The corresponding limits of
integration are given by (mp, +mp,)* <k*<(mp —m,)*
Vi2).
form factors Fo, F, F, and F, 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 — P, P,¢ v, decays, the
resonant D — R(R — PP,)¢" v, decays with the scalar
(R = §) resonance and the vector (R = 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

and m2 < ¢*> < (mp, = The calculations of the

B(D - Rf+IJf,R g P1P2)
=B(D — RCTus) x B(R > PiP,). (1)

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 — S(S — P, P,)¢ v, decays and the
vector resonant D — V(V — PP,){"v, decays in
Secs. B and IIIC, respectively. Relevant B(D —
R¢"v,) and B(R — P|P,) 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 ¢ quark are
flavor SU(3) antitriplets

D; = (D°(cit), D* (cd), Df (c5)). (12)
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]

— 0

e I = A LD

- K0 _ 218 4 m

S

ﬁ L + *4
e e L
K*— I_(*O ¢

where the # and #’ are mixtures of 7, = 7“”%*“ and g =

uitdd=3s3 with the mixing angle Op

(;7/) _ (C?SHP —sin9p)<r]8)' (15)
n sinfp  cosfp m

And 6p = [-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]

a ., . + +
\/—% + 75 Llo KO

— _ uo .
Ky K9 So

The two isoscalars f(980) and f,(500) are obtained by the

mixing of ¢ = mﬁd" and f, = s5,
<f0(980)) B ( cos Oy sin95><fo> (17)
f0(500) ) \ —sinfg cosfs )\ o )’
where the three possible ranges of the mixing angle
05 [69,79], 25° < 6 < 40°, 140° < O5 < 165° and —30° <
0 < 30° will be analyzed in our numerical results. In the

four-quark picture, the light scalar mesons are given
as [11,80]

o=undd, fo=(uii+dd)ss/V2,
a)=(uit—dd)s5/V?2, ai =udss, ay=diss,
K =usdd, K)=dsuiu, K=sduii, Kj=sudd, (18)

and the two isoscalars are expressed as
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(f0(980)) - ( cos s Sin¢s><f0) (19)
f0(500) ) \ —singg cosgg )\ 6 )’

where the constrained mixing angle ¢ = (174.6737)° [70].

C. Nonresonant hadronic amplitudes

Since the hadronic amplitudes of the semileptonic D —
V/S¢Tv, 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 —
P,P,¢"v, decays in this subsection.

In terms of the SU(3) flavor symmetry, the quark current
gir" (1 —ys)c can be expressed as a SU(3) flavor antitriplet
(3), and the effective Hamiltonian in Eq. (1) is transformed
as [41]

Gr o =
Her(c = g0 vp) = 7%1‘1(3)1457#(1 —7s)¢, (20)

with H(3) = (0,V 4, V). The decay amplitude of the
nonresonant D — P;P,¢" v, decay can be written as

Vg

(©)

FIG. 1.

A(D = PPyt vs)y

G _
= —FH(D - PIPZ)Nl/fyﬂ<1 - Vs)f, (21)

V2

and the hadronic amplitude H(D — P;P,), can be para-
metrized as

H(D — P\Py)y = coD;PiPLH(3)* + cyoD;PiH (3) Pf
+ c30D;H(3) P{P% + c4oD;H(3)' PLP!,
(22)

where ¢;o (i =1, 2, 3, 4) are the nonperturbative coef-
ficients under the SU(3) flavor symmetry. Feynman dia-
grams for the nonresonant D — P,P,¢"v, 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 — PP, v,
decays that are precise enough to see deviations from the
SU(3) flavor symmetry. The diagonalized mass matrix can
be expressed as [59,60]

(b)

(d)

Diagrams of the nonresonant D — P P,¢ v, decays.
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m, 0 O ) |
0 my O g(m +md+m)l—|-2( —mg)X
0 my
1
—I—g(mu—i—md—st)W, (23)
with
0 O 1 0 O
x=[0 -1 0. w=]01 o0 (24)
0O 0 O 00 -2

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 / part contributes to the
D — P,P,¢"v, decay amplitudes in a similar way as that
given in Eq. (21) which can be absorbed into the coef-
ficients c;y. 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 m; > m, , are

AH(D = P\P,)y = ¢ ,D;W,P4P{H(3)* + c\nD;PiW4P{H(3)* + ¢ 3D, PLP|WEH (3)
+ ¢ D;Wi,P4H(3) Pk + ¢ D;PIWLH (3)° P}

+ C31D5WZH
+ C41D1'W51H

where ¢;; (i,j =1,2,3,4) are the nonperturbative SU(3)
flavor breaking coefficients.

Full hadronic amplitudes of the different nonresonant
D — P, P,¢"v decays and their relations under the SU(3)
flavor symmetry/breaking are given in Sec. III A.

III. NUMERICAL RESULTS OF THE
D — P,P,¢*v 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 2¢ error bars from PDG [11]
will be used in our numerical analysis.

A. Nonresonant D — P,P,¢*v decays

The hadronic amplitudes of the nonresonant D —
PP, " v, 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:

H(D° - 2= K°%*v,)y = HD" - 2" K¢,y

= V2H(D" - 2°K~¢*tu,)y
= —V2H(D* = 2°K%%¢*v,)y,

(3)*P{P% + c3,D;H(3) PLWkP¢
(3)“PPy,

(25)

[

H(D® — ngK~¢*v;)y = H(D*

H(D® = mK~ ¢ v,)y = HD" » mK°Ctu,)y.
H(D}y - KTK ¢*v,)y = HD} - K0K0f+vf)N,
H(D° - K~K°%*v,)y = H(D* — K°K°¢*u,)y
—H(D" - KtK~ ¢ u,)y,
—V2H(D} - K°72°*v,)y.

(26)

H(D} —» K*n¢tu,)y =

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-lizuka (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 — PP, v,
decays can be related by the coefficient c .

Since the leptonic charged current Dy, (1 —ys)¢ is the
SU(@3) flavor singlet, it is completely generic between
different decay modes with certain £ = e or u. The same
relations as the hadronic amplitudes listed in Table I are
valid in the decay amplitudes of the D — PP,/ v,
decays and the form factors of the D — PP, transitions.
For the nonresonant D — P;P,¢%v, decays, only
B(D* — z"K~p*v,)y has been measured, and B(D* —
ztK~e*v,)y has been upper limited. Because the non-
resonant D — PP, " v, decays have not been measured
enough to reveal the OZI suppressed SU(3) flavor sym-
metry contributions and the SU(3) symmetry breaking

056022-5
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TABLE 1. The hadronic amplitudes for the D — P1P2f+l/f decays. Cl =Cyo —+ Cl1 —+ Cip — 2C13, C2 = C)o + Cy — 2C22,
C3 = c39 — 2¢31, C4 = cq9 — 2¢4;, and [C""'] denotes the contributions come from the decays with R resonances.

Decay modes Nonresonant hadronic amplitudes Scalar resonant ones Vector resonant ones
c— sy,
D° = 7~ K%y, C, [Cll]l(a [CY]k-
DY AR o 5 Cilk; 5 Cile-
D° — ngK~¢*u, —%Cl +v6ey,
D’ =y K¢ty T(Cl +3 Cz) V3ep
D* - 1" K¢t v, C [Cilko [Clko
DT~ 2K v ~5C [5Cilkg [ Clleo
Dt = ngK¢ v, —ﬁcl-ir\/gclz
D" = mK°Cty, (€1 +3GC) =V3ep,
D - K"K~ ¢*u, C; +2C3 =3¢y — 3 [cos*05C' 11, 9s0) (1],
Di = K'KO¢*u, C, +2C3 =3¢ — ¢ [cos? 05C} }fo(ggo) [C/]’]d,
Df - n nofﬂ/,f V2Cs 4+ V2¢3 [sin & cos O5C' ], (030

[—sin &g cos O5Ci] 1, (s00)
Df - rtaftu, 2(C5 + c3) [v/2sin 6 cos 65C] ¢, (950)

[—V/2sin O cos O5C, ] £ (500)

Dy — ngngt v, zﬁ(C1+3C3)—\/_(ZCU +2¢p + c32)
D = mmt Ty, Y2(Cy 43C, +3C5 +9Cy) = vV2(ery + ¢1a + 3¢a)
Dy = ngm e ve ——I(Q+§C2)+2\/—(011+C12+%021+C32)
c—>dttu,:
DY —» K-K%*v, C, —3(cp —c3) [C1]ay(o80)
DY - 2'n ¢y, . e [% C’{]pf
D° — mym £ v \/écl +V6eys [\/%Cll]a(,(%o) [ﬁ Cil-
DY = g ttu, % (C,+3Cy) + V3(2¢15 + 3¢2) [% C']ay(980) [ﬁ Cil,-
Dt — KVKY¢ty, Ci +2C3=3(cip—c13—2¢31) — 3 [3 C1 1y 980) o

[ 75 sin 05 cos 05C1] 1, os0)
Dt - KtK~¢tu, 2C5 +6¢31 — 3 (=3 Cllag(080)

[\/iisinﬁs cos O5C1l 7, 980)
Dt -t ¢ty C, +2C5+ 3¢5 + 603, + 23, [sinzgsC/l]f0<980) [% Cilp o

[cos*05C] £0(500)
Dt — 2%, \/L‘(Cl +2C3) + %(3013 + 6¢31 + 2¢3) [%Sinzescll]fo(oxm
[ﬁ cos’05C1 ], (500)

Dt = ety —%(Cl +C,y) = V3(c13 4+ ¢2) [_\/Lgcll]ao(‘)SO)
DY — ma’ttue _\/E(Cl +G) —%(6013 +9¢2) [_%C”ao(%o)
D™ = ngngt v \/_(Cl +6C3) + f(613 + 6¢31 — 2¢3)
DT = mme e N2(Cy +3C, +3C5 +9Cy) + V2(c13 + 3ex + 3¢5 + 9eqy)
e \/Ti(cl +3C) +V2(ci3 +3en +2¢3)
DY - K*n ¢ v, Cy =3¢y + 33 [Cilko [Clgo
Dy —» K°n°¢*u, _L\/‘Cl —%(—3011 +3c13) (=5 Cllko [75 Cllkeo
Dy - ngK°¢tv, %/— (36‘11+6C12—3013)

Dy = mK° v, F(C+3G) - \/_(26’11+C12—2C13+3Cz1—3C22)
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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 c¢o. The simple relations associated by the
coefficient ¢, for F, 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 — S(§ —
P,P,)¢ v, decays and the vector meson resonant D —
V(V —» P,P,){"v, decays in Secs. IIIB and IIIC,
respectively.

The experimental data of B(D* — z*K~u*v,)y within
26 errors and the upper limit of B(D" —» z"K~ ey, )y at
90% confidence level from PDG [11] are listed in the second
column of Table II, which will be used to determine ¢ in the
nonresonant D" — gztK~¢"v, decays, and we obtain

TABLE II.

|cor| = 12.95 £ 3.75 after considering 26 theoretical and
experimental errors. Then many other branching ratios of the
nonresonant D — PP,/ v, decays can be predicted by
using the constrained ¢,y from the data of B(Dt —
n" K~ ¢ u,)y listed in the second column of Table II. Our
predictions are listed in the third column of Table II for the
¢ — st v, transitions and in the second column of Table I1I
for the ¢ — d¢"v, transitions.

From Tables II and III, one can see that many branch-
ing ratios of the nonresonant D — PP,f v, decays,
such as B(D° - z=K°%*v,)y, B(D' = 2°K=¢Fv,)y,
B(D* — atK~¢*u,)y, B(DY — 2°K°¢*u,)y, B(DY —
KYK= ¢t vy)y, B(D} — K°K°¢*u,)y, B(D" -
ata¢tv,)y, and B(D' — 7°2°¢*v,)y, are on the orders
of O(1073~10~*), which could be measured by the BESIII,
LHCb, and Belle II experiments. Nevertheless, for other

The experimental data and the SU(3) flavor symmetry predictions of the nonresonant branching ratios

and the total branching ratios of the D — P P,¢ v, decays with the ¢ — s£" v, transitions within the 2¢ 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.
Experimental Experimental

Branching ratios data with N Ones with N data with T Ones with T
B(D0 - 7 K%"u,)(x1072) 0.076 & 0.041 1.44 +0.08 1.57 £0.14

B(D® - z°K~e*v,)(x1072) 0.039 £0.021 1. 6f128 0.80 £ 0.07
B(D° - nK~e*v,)(x107%) 3.51 +£3.51 . 3.51+£3.51
B(D® - 'K~ e*v,)(x1079) 4.03 +£2.17 4.03 £2.17
B(Dt - a"K~eTy,)(x1072) <0.7 0.20 £0.10 4.02£0.36 4.06 £0.30
B(Dt — 2°K% "y, )(x1072) 0.100 =+ 0.052 2.01+0.15
B(D* — nk*y,)(x1077) 0.89 +0.89 0.89 £0.89
B(D* — K% "v,)(x107%) 1.03 £ 0.55 1.03 £0.55
B(Df - KTK~e*v,)(x1072) 0.034 +0.018 1.27£0.13
IS’(DJr — K%KO%*y,)(x1073) 0.33+0.18 8.58 +0.95
B(D} - ntrmetu,)(x1073) 1.47 +£0.79
B(D} — 2%2%%1,)(x107%) 8.58 £3.50
B(Df — nmetv,)(x10~ ) 0.56 £0.49 0.56 £0.49
B(Df — ni'etv,)(x107°) 5.38+3.19 538 +3.19
B(D° - n=Ku*v,)(x1072) 0.073 £0.039 1.47£0.13
B(D° - n°K~ptu,)(x1072) 0.038 £0.020 0.75 £0.07
B(D® —» nK~utv )(x]O‘é) 3.18+3.18 3.18+3.18
B(D® - 'K~ ,u*y )(x107%) 2.76 £ 1.49 e 2.76 +£1.49
B(D* - z"K 'y, )(x1072) 0.19 £0.10 0.19+0.10 3.65 £ 0.68 3.80 +£0.27
B(D* — 2°K° +yﬂ)(><10 2) 0.095 £ 0.050 1.89 £0.13
B(D" — nK%*v,)(x107%) 0.81 £0.81 0.81 £0.81
B(Dt -7 Ko;ﬁu )(x1079) 0.71 £0.38 0.71 £0.38
B(DJr - K"K ptu,)(x1072) 0.032 +£0.017 1.19 £0.12
B(Dy — K°K%utv,)(x107?) 0.30+0.16 8.02 +0.88
B(DJr s atnuty, )(x10’3) 1.25 £0.69
B(Dy — 72" v,)(x107%) 7.34 +3.09
B(DJr - m;,u*y )(x107%) 0.51+0.45 0.51 £0.45
B(Dy — m'utv,)(x107°) 3.98 £2.36 3.98 +2.36
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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 — P, P,¢" v, decays with the ¢ — df v, transitions within the 2¢ errors.

Experimental

Branching ratios Ones with N data with T Ones with T
B(DO - K= K%*1,)(x107%) 0.83 £0.45 e 1.25 £0.64

B(D® - n'z~ ety )(xlO 3) 0 1.45£0.14 1.85 £0.11
B(D® - nr=etv,)(x10~ ) 4.341+2.68 16.38 £5.10
B(D® - yfz~etv,)(x1079) 0.39+£0.26 0.57£0.35
B(D* - K°K%*v,)(x107) 2.11+1.13 331 +1.69
B(D* —» KTK~e*v,)(x1079) 1.31+£0.63
B(Dt - atnmety,)(x1073) 0.26 £0.14 2.45+0.20 3.08 £0.51
B(D* - ﬂonoe+u )(x107%) 1.33 £0.71 2.88 +1.75
B(D" — nzr etu,)(x107%) 5.68 +£3.50 9.68 +4.49
B(D* — y'nletu, )(xlO‘ ) 521 £3.46 8.28 +£5.00
B(D* = nne*u,)(x1079) 3.16 £2.26 3.16 £2.26
B(D* — nr'ety,)(x1078) 3.96 +2.37 3.96 +2.37
B(Df —» Ktn=ety,)(x1073) 0.075 £ 0.041 1.66 £0.17
B(Df — K°2% ", )(x107%) 0.38 £0.21 8.24 +0.85
B(Df — nk*ty )(><10‘5) 1.70 £ 1.06 1.70 £ 1.06
B(D} = K% *v,)(x1077) 521 +347 5.21+347
B(D° - K=K % v,)(x107%) 0.76 £ 0.43 1.11 +£0.57
B(D® - 2z pty,)(x1073) 0 1.76 +0.10
B(D° - na~ptu,)(x1075) 4.13 +£2.55 15.04 £4.76
B(D° - #/z~pty,)(x1079) 0.34+0.23 0.50 £0.31
B(D* - K°K%utv,)(x107) 1.93 +£1.04 2.94 +1.50
B(D* —» K"K~ ptu,)(x1079) 1.09 +0.53
B(D* - ztz pty,)(x1073) 0.25+0.14 2.92+0.48
B(DJr — 797° /4 v,)(x107%) 1.29 +£0.69 2.68 £ 1.65
B(D* — nauty )(><10‘5) 5.40 £3.33 8.71 £4.16
B(D* - n';zopﬁu )(x1079) 4.67 £3.10 7.23 £4.37
l’:w’(DJr - my;ﬁy )(x1079) 2.83 +£2.02 2.83 +£2.02
B(D" = np'utv )(><10‘8) 243 +£1.46 243 +1.46
B(Df - Ktn~ y v,)(x107%) 0.072 £0.039 1.58 £0.16
B(D} — K°2% )(><10‘4) 0.36 £ 0.20 7.81 £0.80
B(D} — nKou*v )(><10‘ ) 1.57 £0.98 1.57 £ 0.98
B(D} — Ko;ﬁu )(x1077) 4.08 £2.72 4.08 £2.72

decays, for example, the nonresonant D — yP£ v, decays,
are strongly suppressed by the narrow phase spaces, the
mixing angle @p, or the CKM matrix element V,, their
branching ratios are on the orders of O(107>~1077), and
many of them might be observed by the BESIII and Belle 11
experiments in the near future.

B.D — S(S — PP,)¢*v, decays

We will analyze the D — P,P,¢"v, decays with the
light scalar resonances in this subsection. As given in
Eq. (11), their branching ratios can be obtained by using
B(D — S¢*v,) and B(S — PP,). The detailed analysis
of B(D - S¢*v,) by the SU(3) flavor symmetry can be
found in Ref. [81].

1. Branching ratios of the S — PP, decays

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

Pe
(S — PP,) = ngePle’ (27)

N

ﬂ(m%.m%,l ,mf,z)
2mg ’

and gs_, p, p, 18 the strong coupling constant. With the SU(3)
flavor symmetry, the strong coupling constant can be

parametrized as

where the center-of-mass momentum p, =

95l p p, = D SLPEP, (28)
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for the two quark scalar states, and

95 p,p, = GSIHPIPY + ASTPIPL (29)
for the four quark scalar states, where g,, g4, and ¢/, 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
ap(980), f¢(980), and f,(500) mesons in Ref. [11].
Therefore, it is difficult to obtain accurate B(S — P,P,)
in terms of I'(S — P, P,)/T’s, where Iy 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 B(S — P, P,) without the decay width values of the
light scalar mesons, for example, B(f((500) — zt77) ~

['(fo(500)—z"7~)
T(fo(500)—x" 77 )+T(f(500)—z°7")"

In the two-quark picture, the parameter g, is cancelled in
the branching ratios. Therefore, B(K, — 7K, ay(980) —
KK, f,(500) — zx) only depend on the masses of relevant
mesons, B(ay(980) — 'z, n'z) depend on the meson
masses and the mixing angle 0p, and B(fy(980) —
zr, KK) depend on the meson masses and the mixing
angle 0. The numerical results of B(S — P;P,) in the

two-quark picture are listed in the second column of Table V.
One can see that the branching ratios of the K, a(980),
f0(500) decays are accurately predicted; nevertheless,
B(f¢(980) — zx, KK) are predicted with large error due to
the indeterminate mixing angle 6. The three possible ranges
for the mixing angle g, 25° <63 <40°, 140° <05 <165°,
and —30° <05 <30° [69,79], have been considered, and the
predictions of B(f(980) — zz, KK) are quite dependent
on the mixing angle 6.

In the third column of Table V, we also give the
predictions with two-quark picture of B(S — P, P,) further
constrained from the relevant experimental data of B(D —
S¢*v,, S — P\ P,) listed in Tables VI and VII. The pre-
dictions of B(f((980) — P, P,) are quite accurate when 6y
is further constrained from [25°, 40°] to [25°, 36°], from
[140°, 165°] to [144°, 151°], and from |¢pg| < 30° to
22° < |¢pg| <30° by the relevant experimental data of
B(D - S¢*v,, S - P|P,) with 20 errors. Since g in
the two-quark picture has been further constrained by
B(D - S¢*v,, S — P, P,), the predictions of B(f(980) —
nrw, KK) are more accurate as listed in the third column of
Table V. Other B(S — P,P,) are not further constrained
from the data of 5(D — Sttv,, S — P P,), so we do not
list them in the third column of Table V.

In the four-quark picture, the two nonperturbative
parameters g4 and ¢, in the a((980), f,(980), fo(500)
decays, and |g}/g4| = 0.61 £0.13 are obtained by the
data T'(ay(980) — KK)/T'(ay(980) — nr) =0.177 +0.048

TABLE IV. The strong coupling constants of the S — PP, decays by the SU(3) flavor symmetry.

Strong couplings

Ones for two-quark state

Ones for four-quark state

gKa—nrOK’ ﬁgz _%94
gKa—ﬂT_kU 92 94

gf(g—nr*l(’ 92 94

IRy 20K ~ 5% 50

Gay(980) =~ 292(\/—005 Op — ﬂsin 0p) 2g4(\/—cos Op — ﬁsin 0p)
Gay(980)—'n~ 2 92(\/— sinfp + \/-cos 0p) 2 gﬁ‘( sinfp + \/—cos 0p)

YGay(980)"=K K~

Gay(980)0—na®

9ag(980)0—'z°

92

9 (\/—COSHP \/%sinep)
g2(7§sm9,3 + \/%COS@P)

9a,(980)° K+ K~ ﬁ 9
Yay(980)°—KOKO - % 92
9f0(980)—z* V2 g sin O
9,(980)—2x0 92 sin0s
9Fo(980) KK~ 9> cos O
9,(980)—K KO go cos Oy
9f0(500)>z* 7~ \/§g2 cos Oy
9£4(500)— 207 g cos by

94
%( =Cos Op — \/-Singp)
g4(\/-sm9p+\/-cosgp)

ﬁ94
—%94
V2 g, cos s + gy sin g
dy cos s — - gy sin b
\/%94 cos ¢
\/%94 Cos ¢
—V/2 g sin s + g4 cos ¢
—g), sin¢g —%g4 cos g
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TABLE V. Branching ratios of the S — P P, decays within 2o errors. The results are obtained by the SU(3) flavor
symmetry relations and T'(ag(980) — KK)/T'(ag(980) — nz) = 0.177 + 0.048 [11]. 'denotes the results with

i—j > 0, and "denotes ones with g'f—j <0.

Ones with 2¢ state

Ones with 2¢g state

Branching ratios in §; case in S, case Ones with 4¢ state
B(Ky — nOK‘) 0.34 £ 0.00 0.34 £ 0.00
B(Ky — zr‘l_(o) 0.66 £ 0.00 0.66 £+ 0.00
B(f(g - 7"K") 0.67 £0.00 0.67 £0.00
B(Kg — ztOKO) 0.33 £0.00 0.33 £0.00
B(ay(980)~ — nz™) 0.64 £0.04 0.86 +0.03
B(ay(980)™ — n'z™) 0.03 £0.01 0.04 £0.01
B(ap(980)" — KOK‘) 0.33 +£0.03 0.10 £ 0.02
B(a0(980)° - ;7710) 0.60 £ 0.04 0.67 £ 0.06
B(a0(980)0 — n/no) 0.04 £0.01 0.05 £0.02
B(a0(980)0 - KtK™) 0.19 £0.02 0.15 +£0.03
B(a0(980)0 - KOKO) 0.17 £0.01 0.13 £0.03
B(f0(980) - ztz™) 0.45 £ 0.09,_ s 40| 0.43 £ 0.07,_pse 35 0.42 +0.16"
0.36 + 0-1765:[140",165°] 041 + 0~090S:[144°,158°] 0.59 +0.13*
0.22 :l: 0.2265:[_300‘300] 0.38 :t 0.06[22°S‘95|530°]
B(f0(980) e ﬂ'oﬂ'o) 022 :l: 0.0455:[25044()0] 021 :t 0.039S:[25°'35°] 034 :l: 01 IT
0.18 + 0.0995:[14031650] 0.21 £ 0.04552[144011580] 0.20 + 0.10*
0. 1 1 :I: 0 1 1&52[_300,300] 0 19 :t 0'03[22°S‘9s|530"]
B(f0(980) > K*K™) 0.17 £ 0.0795:[250'4001 0.19 + 0.059S:[250'3501 0.12 £0.04
0.24 + 0-14«9s:[140°,165°] 0.20 + 0~070S:[144°,158°]
0.35 £ 0.179,—-30° 307 0.22 + 0.04250<)9| <307
B(f0(980) e KOI_{O) 016 :l: 0'0693:[250«4001 017 :t 0'059S:[25°'35°] 011 :l: 004
0.22 + 0.12952[1401165? 0.18 £ 0.06&3‘:[144011580]
0.32 + 0.16€S:[_30e,300] 0.20 £ 0.0422°<|05|<307]
B(fo(500) - ztz™) 0.66 + 0.00 0.73 4 0.09°
0.57 +0.12°
B(f,(500) —» ITOITO) 0.34 +£0.00 0.27 4+ 0.09
0.43 +0.12°

from PDG [11]. In this work, we treat g4 and ¢ as real
number, then two possible cases (¢, /g, > 0and ¢, /g, < 0)
are analyzed. The numerical results with the four-quark
picture are listed in the last column of Table V. As for
B(f,(980) — zx) and B(f,(500) — nx), very large errors
come from the mixing angles ¢g, and they are obviously
different in the ¢} /g, > 0 and ¢/;/g, < O cases. In general,
there is a relative strong phase between ¢}, and g,; therefore,
the common relevant branching ratios are between those in
the ¢,/g, > 0 case and those in the ¢,/g, <O case. In
addition, B5(Ky — P,P,) are the same in both the two-
quark and four-quark pictures.

2. Branching ratios of the
D — S(S — PP,)¢*v, decays

Then B(D — S¢*v,, S — P, P,)canbe obtained in terms
of B(S — P P,) listed in Table V and the expressions of

B(D — S¢"v,) given in Ref. [81]. Using the experimental
data of B(D} = f,(980)e*r,) = (2.3 £0.8) x 107 [11]
as well as B(D — S¢*v,, S — P,P,) listed in the second
columns of Tables VI and VII. The numerical results of
B(D - S¢*v,, S — P, P,) with 26 errors for the two-quark
and four-quark pictures are given in Tables VI and VII for the
¢ — stTv, and ¢ — df v, transitions, respectively. Our
comments on the results are as follows.

(i) The experimental lower limits of B(D°—
ag(980)~e*v,,ay(980)" - yz~) and B(D" -
f0(500)ety,, fo(500) - z"z~) have not been used
to constrain the predictions of B(D — S£Tv,,
S — P,P,), 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 B(D® — a((980)~e*v,,
ay(980)~ —nx~), one can see that the prediction in
the two-quark picture agrees with experimental data
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FOUR-BODY SEMILEPTONIC CHARM DECAYS ... PHYS. REV. D 107, 056022 (2023)

TABLE VL

¢ = s¢"v, transitions within 26 errors. denotes the results with % > 0, and !denotes ones with % < 0.

The experimental data and the SU(3) flavor symmetry predictions of the D — S(S — P, P,)¢ Vv, decays with the

Ones in the two-quark picture with

Experimental Ones in the four-quark
Branching ratios data 05=[25°35°] O5=1144°158° 22°<|0g|<30° picture
B(DO - Kye'v, K5 — 0)(><10—4) 1999 +734 19864726 19.74+6.97 8.37 £3.01
B - Kjetv, Ky — OK )(x107) 10.18 £3.77 10.12+£3.73  10.05 +£3.57 4.19+£1.50
B(D* — Ketv,, Ky » T K™)(x1073) 5.17+£1.92 5.19 £1.85 5.12+1.86 2.244+0.83
B(D* — Kie*v,, K} - z°K%)(x1073) e 2.57£0.96 2.59£092 2.55+0.92 1.12+0.42
B(D: = fo(980)¢*v,.fo(980)~ 7" n “)(x107%) 130+£0.63 [86] 1.19+£0.18 1174017  1.18£0.17 1224055, 1.4440.49
B(D? — £o(980)etu,. fo(980) - 2020) (x107) 79429 [4] 5954092 589+085 590+086 7.91+2.85", 7.13+2.10°
B(Di — £0(980)e v, f(980) » K+ K~)(x1074) 5114234 5534278 6284207 3.33+1.53%,3.074+1.34°
B(D{ = £4(980)e ™ v, f(980) = KK) (x10~) 4624212 5014+252  5.68+1.87 30141397, 2.78+1.22°
B(D{ = fo(500)e" v, fo(500) = x* 7~) (x10-*) : 9914283 9.67+3.07 9.44+330 2.49:+£2.49",0.90:£0.90°
B(D7 = fo(500)e 1, fo(500) = 2°20)(x1075) <64 [4]  49.77+£ 1423 4857+ 1543 47.44+16.56 6.66=6.66", 0.78+0.78"

(D°

(

(

(

(

(

(

(

( (
B(D° - Kyutv,. Ky 107%)
B( )

(

(

(

(

(DY

(

(

(

- 17K (x1 1727 +648 1716+ 641  17.04+6.14 7.19 +2.63

D" - Kyu*u,, Ky — 2°K~)(x10~* 8.63+324 858+320 852+3.07 359+ 1.32

B(D* = Koutu,, K — 7t K~)(x1073) 4434168 446+ 1.62 440+ 1.62 1.92 +0.73

B(D* — Koutu,, KO - 2°K)(x1073) 2224084 223+£081  2.20+0.81 0.96 +0.36
B D+—>f0(980);4 U f0(980) = 7 27) (x1073) 1.01+£0.16  1.00+£0.15  1.00+£0.16 1.02+0.46, 1.23:£0.42°
B(D} = fo(980)ut v, £0(980) = 202°) (x 10~4) 505+083 4994077 500+078 6.72+248", 6.04+1.82°
B(D§ = fo(980)u* 1, f(980) = KT K~)(x1074) 4314194  470+234  534+175 2.79+1.28",259+1.14°
B D+ — £0(980)uT 1, £6(980) = KOKO) (x107) 390+ 1.76  425+2.12  483+158 2.52+1.16", 2.34+1.03
B(D{ = fo(500)ut v, fo(500) = 2 77) (x1074) 8.88+£2.62 870+£286 849+3.05 230+2.30", 0.83+0.83
B(D} = fo(500)ut v, £o(500) = 202) (x10-5) 4467+ 1323 43.85+ 1453 4277+ 1549 6.16+6.16", 7.23+7.23"

within 2¢ error bars; nevertheless, the prediction in
the four-quark picture is smaller, which only agrees

to 22° < |¢s| <30° by the relevant experimental
data with 20 errors.

with experimental data within 3¢ error bars. As for (iii)) A lot of the branching ratio predictions are quite
B(D* = fy(500)e*v,, f,(500) - z"z~), the pre- different between the two-quark picture and the
diction in the two-quark picture is much smaller than four-quark picture. Present datum of B(D' —
its experimental lower limit with 26 error; never- fo(500)e*v,, £(500) = zta~) favors the four-
theless, the prediction with % >0 (Z—j < 0) in the quark pic'ture of scalar mesons. B(D - 8¢ +Vf’.S -
four-quark picture agrees with its data within 26 (36) PyPy) with the ¢ — 57", transitions are predicted
error bars. Therefore, in the later analysis of total on the order of O(107°-107*). Due to the CKM
contributions to B(D — PP,/ *v,), the predictions I;alt)rl;i el?lflle}rllt Vea Sl;];}lressed, B(D - Sz,”ﬂ/fd,.S Z
. . with the ¢ - v, transitions are predicte

of B(D — s.f+uf,s.—> P\P,) with %> 0 in the e 0(10_4_]%_6)' P

four-quark picture will be used. (iv) Some branching ratios ofthe D — S(S — P, P,)¢ v,

(ii) In the two-quark picture, though the mixing angle 6
only appears in the D — P{P,¢"v, decays with
f0(980) and f,(500) resonances, all other predic-

tions of the branching ratios are slightly affected by

decays have been obtained in Refs. [13,61]. B(D" —
Setv,,S = nta™) = (6.99 +2.46) x 107 [13],
B(DY - Sptv,,S—ntn) =(720+£2.52) x 107
[13],

the experimental constraints. So we list all predic-
tions in the three possible ranges of the mixing angle
6 in the third through fifth columns of Tables VI
and VII. One can see that all of the predictions that
included the decays with f((980) and f,(500)
resonances are similar in the three possible ranges
of the mixing angle 6. As mentioned before, 6 is
constrained from [25°, 40°] to [25° 36°], from
[140°, 165°] to [144°, 151°], and from |¢pg| <

056022-11

and  B(D° — ay(980)"¢*v,, ap(980)~
nr~) = (1.36 £ 0.21) x 10™* [61]. Our predictions
in the four-quark picture of B(D" - S¢tv,, S —
ntx~) are consistent with ones in Ref. [13]; our
predictions in the two-quark picture of B(D° —
ay(980)"¢"v,,a0(980)” — na~) are  consistent
with ones in Ref. [61]; nevertheless, our predictions
in the four-quark picture are smaller than ones
in Ref. [61].
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TABLE VIL

The experimental data and the SU(3) flavor symmetry predictions of the D — S(S — P, P,)¢ v, decays with the

¢ = dt¢*tv, transitions within 26 errors. Tdenotes the results with?—: >0, “denotes ones withz—: < 0, and “denotes the experimental lower

limits not used to constrain the predictions.

Ones in the two-quark picture with

Experimental Ones in the
Branching ratios data 05=125°35° 05=[144°158°] 22°<|05| <30° four-quark picture
B(D° = ay(980)"¢*1,.ap(980) =5z~ )(x1075)  13.3%68,  5.99+£2.69 586248  6.05%2.57 3.81 +0.98
B(D° = ao(980)~€* v,,a9(980)~ — /=) (x107) 2884171 2974177 297+ 173 1.88 +0.98
B(D° = ay(980)~ " v,.a(980)~ — K°K~)(x 1079) 29.99 + 13.81 30.73 + 13.81 30.57 & 13.70 4224193
B(D* — a0(980)°¢* v, ay (980)° — 5a) (x107%) 1746 735+328 7254313 7.32£3.17 4.00 £ 1.00
B(D* = ay(980)°¢*v,.ay(980)° = 5/2%) (x1076) 5534326 5694332 565+320 3.08 £ 1.56
B(D* = ay(980)°e*v,.,ay(980)° - K+ K~)(x107) 228 +£1.06 230+1.00 229+ 0.99 0.88 + 0.36
B(D* = ay(980)°¢*v,.ay(980)° — KOK?) (x10-5) 1994092 201+088  2.00+0.86 0.77 +0.31
B(D* = £4(980)e* v, £(980) >z 77 ) (x105) <28[5] 1154050 1.10+058 0964043 1.65+1.15", 2.14+0.65°
B(D* = £(980)e* v, £4(980) - 2°2°) (x1076) o 5754253 5514292 480+2.18 10.53+3.67", 10.10+537"
B(D* — £5(980)e* v, f0(980) —K*K~)(x1079) 5074088 506+085 501+080 4.35+2.78", 4.604+2.76"
B(D* = £,(980)e v, £4(980) — K°K?)(x1076) : 507+£088 5064085 501+£080 43542787, 4.60+2.76"
BID* = fo(500)e v, fo(500) > 7 )(x 1074 63£1.0° 1442064 1724092 1794085 3.64+2.57", 295+1.87
B(D* = £4(500)e* v, £o(500) = 2°2°) (x1074) 0724032 0874046 091 +£043 145+1.027, 2.0841.57°
B(Df —>Koe+1/ K - K*)(x107) 2234 £8.09 22.13+7.97 2234+7.64 9.54 +3.38
B(D+—>K8e+ue,K°—>ﬂ0K0)(x -5) 1117 £4.04 11074399 11.17+£3.82 477 +1.69
B(D° - ay(980) V,,a0(980)” = nx ~)(x1079) 495+£227 484+£210 5.00+£2.18 3.14 +0.84
B(D - ag(980)~p*1,,a0(980)~ —5/'x~) (x1070) 239+ 144 2464148 245+ 145 1.56 + 0.82
B(D® — a(980) u uﬂ,a0(980) —K°K™)(x1079) 2478 £11.68 2537 +11.62 2520+ 11.53 3.51+1.62
B(D* = ay(980)°utv,,,ay(980)° = n2°) (x 1075) 6.09+£278 6.00£2.65 6.06+2.69 330+ 0.86
B(D* = ay(980)°u*,,,ay(980)° — 1/ z°) (x 1076) 458 £2.74 4724279  4.67+2.69 2.55 + 1.31
B(D* —ay(980)°u*,,,ao(980)° — K+ K~) (x1075) 1894089 1.91+£085 1.89+0.83 0.73 £ 0.30
B(D* — a(980)°u Izwao(980) - K°K0)(x1077) 1.65£0.78  1.66 +0.74 1.65+0.73 0.64 +0.27
B(D* = £4(980)u* ., £o(980) = 7+ 7~) (x1075) 094+£043 091+048 0794036 1.3740.96', 1.76:0.55"
B(D* — £4(980)u* v, £o(980) - 2°7%) (x 100) 4744214 458+£243 3974182 8.6743.137, 8324447
B(D* — £4(980)u* v, fo(980) — K+ K~)(x1076) 4214073 4194071  415+£0.67 3.5542.29, 3.76+2.26"
B(D* = £4(980)u* v, fo(980) — KK®) (x1076) 4214073 4194071  415+0.67 3.5542.297, 3.76+2.26"
B(D* — fo(500)u*v,,, £4(980) — 7+ 7~) (x1074) 1284059 1.54+£084 1.61+£079 3304239, 2.6841.74"
B(D* — £4(500)u* v, £o(980) — 207%) (x 1074) 0644030 078+£043 081+£040 13240957, 1.894 1.46°
B(DY - Ku+ Uy JK)—aKT)(x1079) 19.61 £7.20 19.43£7.10 19.60 £ 6.80 8.38 £3.01
B(Df —>K8;ﬁv LK) — 7K%)(x1075) 9.80£3.60 9.71+3.55 9.80+3.40 4.19 £ 1.50

C.D - V(V - PP,)¢*v, decays

We will analyze the D — P,P,¢ v, decays with the
vector resonances in this subsection. Since the light vector
mesons are understood well, the calculations of B(D —
V&tv,, V.- PP,) are much easier than the ones of
B(D - S¢*v,, S - P, P,). From Eq. (11), their branching
ratios of D — V(V — P, P,)¢ v, can be obtained by using
B(D - V¢ty,) and B(V - PP,). The D - V£,
decays have been studied by the SU(3) flavor symmetry
in Ref. [81]. Many B(D — V£"v,) have been accurately
measured and have been listed in the second column of
Table V in Ref. [81]. The expressions of B(D — V£Tv,)
within the C; case in Ref. [81] will be taken for our
analysis.

Following Ref. [85], B(V — P;P,) can be written as

typ';
B(V - P\P,) = P g%/—>P|P2’ (30)
v

6xm

/l(m%,,mil .,m%z)

where pl. = o

and gy_p p, are the strong
in Eq. (28),

gv—p,p, can be parametrized by the SU(3) flavor symmetry

coupling constants. Similar to ggq_ml P,

gv-p.p, = gij-Pf»‘Pf;, (31)

where gy is the corresponding nonperturbative parameter.
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At present, many involved B(V — P, P,) have been well
measured [11]

B(K** - nK) = (99.902 + 0.018)%,

B(K* — zK) = (99.754 + 0.042)%,

B(p™ - n’z") = 100%, B(p® = ztx~) = 100%,
B(¢p » KTK~) = (49.1 + 1.0)%,

B(w - ata™) = (1.531032)%. (32)

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

\/Egl(*‘ >

9y = \/ggp’—mgﬂ’ =

\/Eg[(*o—mol(o = 9Kk K+>»
V 3/29/)’—»;7171’7

= 9p—K°K°> (33)

K- = 9Kz KO

9p—K+ K-

In terms of
constants are

Egs. (32) and (33), the strong coupling

|Gk g0 | = 4.62 £ 0.08,
|9 p05-| = 6.00 +0.03,
|9p—k+k-| = 4.47 £0.08,

|9k0 i+ | = 440 £0.10,
G0 gt p-| = 5.95 £ 0.04,
|Gt n-| = 0.18 £ 0.02.

(34)
Then the following B(V — P, P,) can be written as
B(K* - 2°K°) = (33.02 £ 0.02)%,
B(K* — 7~ K*) = (66.74 £ 0.04)%,
B(K** = 729K™*) = (33.62 4+ 0.01)%,
B(K*+ — 77K®) = (66.28 £ 0.01)%,
B(p™ — nat) = (4.38 £ 0.66) %,
B(¢ — KOK®) = (32.42 £ 1.04)%. (35)

For D —» V(V - P,P,){ v, decays, the branching
ratios of Dt — K*(K** - ztK~)e*v, and D' —
K*(K* — z*K™)u'v, have been measured, and the
experimental data with 20 errors are listed in the second
column of Table VIII. Using the experimental data of
B(DT - K%ty K - x*K~), B(V - P,P,) and
B(D - V£*u,), we obtain the predictions of B(D —
V£tu,, V. — P\ P,) by the SU(3) flavor symmetry, which
are given in the third column of Table VIII. We can see that
B(D — V£tv,,V — PP,) with the ¢ —» s¢tv, transi-
tions are predicted on the order of O(1072-1073), and
B(D - V¢tv,,V — P P,) with the ¢ - df*v, transi-
tions are predicted on the order of O(1073-107%). The
predictions of B(D — V¢*v,,V — P|P,) are about

one order larger than those of the corresponding
B(D g SerUf,S i P]Pz).

Previous predictions are also listed in the last column of
Table VIII. Our predictions of B(D° - K*¢*v,, K*~ —
72°K~) and B(DT —» K*°¢*v,, K" — 2t K~) are in good
agreement with those in Ref. [62]. And our predictions of
B(DT = p°¢*tu,, p° — nt ™) 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 H(D —
R¢%vy) given in Ref. [81] and the strong coupling
constants gg_p p, 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 B(D — P{P,¢ vy);.

We have some comments for the contributions in Table I.
For D, = nK¢t vy, ' K¢ ve,mt ™ ve, ¢t v,  decays,
since both final state mesons are quite heavy, they only
receive the nonresonant contributions. The decays
DY — n°2°¢*v,, DY - ntn¢tv,, D°— K K°ftu,,
Dt — KOKOWW Dt - K*K ¢*v,, DT = 2°2%¢*v,,
and Dt — n")z% v, receive both the nonresonant con-
tributions and the scalar resonant contributions; moreover,
the nonresonant contributions in the D] — 7°2%*v,,
D} - ztn¢tv, and DT - KTK~¢*v, 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 D — 7297~ 7% v,
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 D —
%7~ ¢*v, decays only receive the contributions of the
vector resonant states.

In the last columns of Tables II and III, total branching
ratio predictions of the D — P; P, v decays including the
possible nonresonant, scalar resonant and vector resonant
contributions are listed. The present six experimental data
with 20 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 B(D? — 7= K~e*v,),
B(D° - 2°K~e*v,), B(D* - atK etv,), B(D' —
ntKp*v,), and B(D* — ntzn~e*y,), our SU(3) flavor
symmetry predictions are consistent with present data
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TABLE VIIL
decays within 2¢ errors.

The experimental data and the SU(3) flavor symmetry predictions of D — V(V — P P,){ v,

Branching ratios

Experimental data

Our predictions Previous ones

c—sety,:

B(D® - K*~etv,, K*~ - 27 K?)(x1072) 1.42 +£0.07
(D - K*~etv,, K* = 72°K~)(x1073) 7.18 £0.37 7.17 [62]

B(Dt - KV, K0 — 27 K7)(x1072) 3.77£0.34 3.64 £0.11 3.51 [62]

B(D* — K¢tv,, K0 — 2°9K0)(x1072) 1.80 + 0.06

B(Df — ¢etv,, ¢ — K+K_)(X10_2) 1.20 £0.10

B(D{ — ¢etv,, ¢ — K'RO)(x1073) 7.94 £ 0.65

c—=suty,:

B(DO = Ky, K~ = 7-K°)(x1072) 133 £0.07

B(D® > K*p*v,, K*= — 2K~)(x107?) 6.76 + 0.35 7.17 [62]

B(DJr - K*O/frl/ K - 77K7)(x1072) 3.52+£0.20 343 +£0.11 3.51 [62]

B(D* - K*%u*v,, K — 7°K?)(x107%) 1.70 £0.05

B(Df = dutv,. ¢ — K*K~)(x1072) 1.13 £ 0.09

B(D; = dutv,, ¢ — K°RO)(x107?) 7.46 +0.62

c—>dety,

B(D0—>p e+ue,p - 7'z~ )(><10 %) 1.85 +£0.11 1.63 [62]
B(D"  pe*ve, pm = ) (x107) 8.23 4 1.59
B(D* = pletu,,p® — ntn7)(x1073) 240 £0.12 1.57 £0.07 [13], 2.10 [62]
B(Dt - wetv,,w = nta)(x1079) 3.55+0.82
B(Df — K*Oem,K*O - 7 K*)(x1073) 1.49 +0.10

B(Df - K*Oem, K0 — 7°K%)(x107*) 7.39 £0.51

c—duty,

B(D0—>p W, p~ = 1°27)(x1073) 1.76 £0.10

B(D° = p~utv,, p~ = na)(x1075) 7.83 £1.51

B(D* = poutu,.p° - ntam)(x1073) 229+0.11 1.57 £0.07 [13]

B(DY - opt v, 0 - ata)(x1077) 3.38£0.78

B(D} — K*O/ﬁy K > 7K*+)(x107%) 142 £0.10

B(Df - K%y, K — 72°K°)(x107*) 7.03 £0.48

within 26 error bars. Our prediction of B(D° — %z~ ¢"v,)
is slightly larger than its experimental datum; nevertheless,
the prediction will be very close to the datum within 3¢
error bars.

For some Cabibbo suppressed decays due to ¢ — d¢ v,
transitions, such as the D° - K=K *v,, D° = n'n=¢*v,,
Dt = K°K°%*v,, D" = 2°2°%*v,, D* - na¢*v,, and
Dt — y/'z°¢*v, 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 D™ — KT K~#"v, decays are
suppressed by the OZI rule, and the scalar resonant con-
tributions in the D™ — K"K~ ¢, 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 — PP,/ Vv, decays, for example,
between Dt — (ay(980) - K°k®)¢*v, and Dt —
(f0(980) - K°K®)¢*v,. So the interference effects
might also be important for the D° — z°K=¢*u,,
DY - nta¢*v,, D} - 1°2°%*v,, D°— K K%*tu,,
D’ = yn¢tv,, D°—uyn f+1/f Dt = K°K°¢*y,,
Dt —satn¢tv,, DY - 1°%2°¢*v,, DT = na’¢*v,, and
D* — f/7°¢*v, 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 heavy mesons are quite interesting
not only because of relatively simple theoretical description
but also the clean experimental signals. Some semileptonic
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decays D — P,P,¢"v, have been measured by BESIII,
CLEO, and BABAR. Using the present data of B(D —
P,P,¢"v,) and the SU(3) flavor symmetry, we have
presented a theoretical analysis of the D — PP,/ Vv,
decays with the nonresonant, the light scalar meson resonant,
and the vector meson resonant contributions.

(i) Nonresonant D — P|P,¢*%v, 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 B(D" —» z"K~¢*v,)y, we have predicted
other nonresonant branching ratios. We have found
that the branching ratios of the nonresonant decays
DO g ﬂ_kol/ﬂ+l/f,ﬂ'OK_f+l/f, D+—>7T+K_Lﬂ+l/f,
K¢t ntn¢tu,, 7’2’ *v,,  and D} —
K"K ¢*v,,K°%k°¢*v, are on the order of
O(1073-107*), 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.

(i) Decays with the light scalar meson resonances.—
Using the SU(3) flavor symmetry and the present
experimental data of B(D — S¢*v,), B(D —
Sttv,, S — PP,) as well as B(S — P\P,), the
not-measured B(D — S¢"v,, S - P{P,) have been
obtained by the SU(3) flavor symmetry. We have
found that B(D — S¢*v,, S - P P,) with the
¢ — st v, transitions are predicted on the order
of 0(10_3—10_4), and B(D - Slxp+IJ,f, S - PIPZ)
with the ¢ — d¢ v, transitions are predicted on the
order of O(1074-107%). The two-quark picture and
the four-quark picture for the scalar mesons have
been analyzed in the D — S(S — P, P,){ v, 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 B(DT — K*¥*y,,
K > ztK"), B(D* - I_(*O/frvﬂ,l_(*o - 7tK™),

many B(D — V£*tv,) and many B(V — P P,),
the not-measured B(D — V£ v,,V — P|P,) have
been predicted by the SU(3) flavor symmetry. We
have found that B(D — V£*v,,V — P\ P,) with
the ¢ — s£ ", transitions are predicted on the order
of O<10_2—10_3), and B(D - Vf+yf, V- P1P2)
with the ¢ — d¢"v, transitions are predicted on the
order of O(1073-1073).

(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 26 errors, and the prediction of B(D° —
%z~ e*v,) will be very close to the datum within

30 error bars. We have found that the vector
meson resonant contributions are dominant in
the D° —» 7= K°¢*v,, n°K~¢*v,, 2’ ¢*v,, DT —
K= ¢tu,, i°K¢tv, atn ¢y, and DY —
K*K¢tu,, KK v, KT n ¢ tv,, KO2¢*u, de-
cays. All three kinds of contributions are important
in D — ya~¢*v, decays. Both the nonresonant and
the scalar resonant contributions are important in
D’ K K°¢*tv, n¢*v, and DT — K°K¢*u,,
7% v, ¢t v, n' 7 v, 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, LHCDb, 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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