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Abstract

Many exclusive ¢ — d/s¢tvy (£ =e, u, T) transitions have been well measured, and they can be used
to test the theoretical calculations. Motivated by this, we study the D — P/V/S¢* v, decays induced by
the ¢ — d/s¢T v, transitions with the SU(3) flavor symmetry approach, where P denotes the pseudoscalar
meson, V denotes the vector meson, and S denotes the scalar meson with a mass below 1 GeV. The
different decay amplitudes of the D — P¢tv,, D — Vtv, or D — ST, decays can be related by
using the SU(3) flavor symmetry and by considering the SU(3) flavor breaking. Using relevant data, we
predict the not yet measured or not yet well measured processes in the D — P/V/S£T v, decays. We find
that the SU(3) flavor symmetry approach works well in the D — P/ V £% v, decays. Many branching ratios
of the D — S¢T vy decays are predicted by using the data of the D;" — f0(980)et v, and D — S(S —
P1 Py)¢T v, decays, in addition, the two quark and the four quark scenarios for the light scalar mesons are
analyzed. The SU(3) flavor symmetry predictions of the D — ST v, decays need to be further tested, and
our predictions of the D — S¢1 v, decays are useful for probing the structure of light scalar mesons. Our
results in this work could be used to test the SU(3) flavor symmetry approach in the semileptonic D decays
by the future experiments at BESIII, LHCb and Bellell.
© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
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1. Introduction

Semileptonic heavy meson decays dominated by tree-level exchange of W-bosons in the
standard model have attracted a lot of attention in testing the standard model and in search-
ing for the new physics beyond the standard model. Many semileptonic D — P/ V£ vy decays
and one D — S¢*v, decay have been observed [1], present experimental measurements of the
D — P/V ety decays give us an opportunity to additionally test theoretical approaches, and
many D — S£*v, decays can be predicted by one measured D — S£* v, decay.

In theory, the description of semileptonic decays is relatively simple, and the weak and strong
dynamics can be separated in these processes since leptons do not participate in the strong in-
teraction. All the strong dynamics in the initial and final hadrons is included in the hadronic
form factors, which are important for testing the theoretical calculations of the involved strong
interaction. The form factors of the D decays have been calculated by many ways, for examples,
quark model [2-7], QCD sum rules [8], light-cone sum rules [9—11], covariant light-front quark
models [12-14], and lattice QCD [15,16]. Most studies of the form factors are focused on the
D — P/V transitions, and less studies are focused on the D — S transitions.

The SU(3) flavor symmetry approach is independent of the detailed dynamics offering us an
opportunity to relate different decay modes, nevertheless, it cannot determine the sizes of the
amplitudes or the form factors by itself. However, if experimental data are enough, one may use
the data to extract the amplitudes or the form factors, which can be viewed as predictions based
on symmetry, has a smaller dependency on estimated form factors, and can provide some very
useful information about the decays. The SU(3) flavor symmetry works well in the b-hadron
decays [17-30], and the c-hadron decays [29-47].

Semileptonic decays of D mesons have been studied extensively in the standard model and
its various extensions, for instance, in Refs. [3,48—59]. In this work, we will systematically study
the D — P/V/S€T vy decays with the SU(3) flavor symmetry. We will firstly construct the am-
plitude relations between different decay modes of D — P£1vy, D — V£ v, or D — S€Tvy,
decays by the SU(3) flavor symmetry and the SU(3) flavor breaking. We use the available data
to extract the SU(3) flavor symmetry/breaking amplitudes and the form factors, and then predict
the not yet measured modes for further tests in experiments. The forward-backward asymme-
tries A(F - the lepton-side convexity parameters C*., the longitudinal polarizations of the final
charged lepton P/, the transverse polarizations of the final charged lepton P%, the lepton spin
asymmetries A, and the longitudinal polarization fractions F of the final vector mesons with
two ways of integration have also been predicted in the D — P/V {1y, decays. In addition,
the ¢> dependence of some differential observables for the D — P/ V£ v, decays is shown in
figures.

This paper will be organized as follows. In Sec. 2, the theoretical framework in this work
is presented, including the effective hamiltonian, the hadronic helicity amplitude relations, the
observables and the form factors. The numerical results of the D — P/V /S v, semileptonic
decays will be given in Sec. 3. Finally, we give the summary and conclusion in Sec. 4.

2. Theoretical frame
2.1. The effective Hamiltonian

In the standard model, the four-fermion charged-current effective Hamiltonian below the elec-
troweak scale for the decays D — M£*v, (M = P, V, S) can be written as
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Hep(c = g€ ve) = NG ay" (1= ys)e veyu (1 — ps)e, (1)
with g = s, d. The helicity amplitudes of the decays D — M £ v, can be written as
M(D = Mt vy) = \/_ 5 g Ly HEN 2
mm’
with
Ly = eq(m)vey® (1 = y5)¢, 3)
v _ ) Vea€pm)(P/S(pr/s)layP (1 = ys)el D(pp) @
haem! V::]e;;(m WV (pv,€)IgyP (1 —ys)e|D(pp))

where the particle helicities Ayy =0 for M = P/S, Ay =0, L1 for M =V, Ay = :I:% and A, =
—i—%, as well as €,,(mm) is the polarization vectors of the virtual W with m =0, ¢, 1. Note that
the CKM matrix element V7, is written into Hx"fl v for the later convenience.

The form factors of the D — P, D — S and D — V transitions are given by [2,3,13]

2 _ 2
(P [dirie| Do) = £L @D P+ P+ [ (6D = HE @] 2 g )

2 2
(S dirvsel Do) = =i (5@ 0+ o)+ [ 56D = 126D] 2 70).
6
*\ | 7 2Vv(q2) *v o B ()
(V(p, &") |dkyu(1 = y5)c| D(pp)) = oy v PhP
. . AY(g?)
—i |:8M(mD +my)AY (g% — (pp + P)ule .pD)mDZTmV
2
+ iqu@*.pm%m! @ — AY (@)1, )

where s = ¢ (¢ = pp — pu), and £* is the polarization of vector meson. The hadronic helicity
amplitudes can be written as

P, —0, ®)
2mp,|ppl

HOIE) \/; f+( ) cq’ (9)
oy —

Hy; = L@, (10)

Va?
for D — P£*v, decays,
H}, =0, (11)

¢ i2mp,Ips|

Hyy = Tﬂ.( aHVi. (12)
S i} "D, 2
: 1@V, (13)

HOI—T
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for D — S¢*v, decays, and

2mp,|pv|
HY, =(@mp +my)A 2 — vy 2V*, 14
L= o, £ mnAe) F G REESV @ YG (14)
2 92012
1 4mD Ipvi
H =——— | (m% —m> —qg>m +my)A 2y — el Aa(g? v,
00 va\/éﬁ |:( Dy v —4 )( Dy v)A1(q?) m q+ 2(97) cq
(15)

2mp, |pv|
y = =A@V,

0r — \/q_z cq’ (]6)
for D — V£, decays, where |py| = )»(m%q,m%,,, q*)/2mp, with A(a,b,c) = a’+ b+
¢ —2ab —2ac — 2bc.

2.2. Hadronic helicity amplitude relations by the SU(3) flavor symmetry

Charmed mesons containing one heavy ¢ quark are flavor SU(3) anti-triplets
D; = <l)0(cﬁ), D+ (cd), z)j'(c§)>. (17)

Light pseudoscalar P and vector V meson octets and singlets under the SU (3) flavor symmetry
of u,d, s quarks are [60]

0

o M8 oM + +
Ry R 7 K
pP= - _myms o om KO 18
- X _2ms . om
K K e
2wy o + ot
aAtwts F K
V= o~ —%—l—%—i—% K*0 , (19)
o —x0 _ 2wg o8
K K Jo + 7
where @ and ¢ mix in an ideal form, and the n and 7' (w and ¢) are mixtures of ny(w;) =
M\g*” and ng(wg) = % with the mixing angle 8p (6y). n and 1’ (w and ¢) are given

by

( n ) _ (cosép —sin9p> (ng) <¢>) . <c0s0v —sin9v> <a)g> (20)
n )~ \sinfp cosOp m /)’ o)~ \sinby  cosOy w )’
where 0p = [—20°, —10°] and 0y = 36.4° from Particle Data Group (PDG) [1] 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 states, four quark states, meson-meson bound states,
molecular states, glueball states or hybrid states, for examples, in Refs. [61-69]. 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 [70]

4
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0

dre @ o«
O
_ 20
K, Ky fo
The two isoscalars f(980) and f(500) are obtained by the mixing of o = “’Z%Zd”? and fo=s5§
fo(980) \ [ cosfs  sinfg fo 22)
fo(500) ] — \ —sinfg cosfy o )’

where the three possible ranges of the mixing angle, 25° < 65 < 40°, 140° < 65 < 165° and
—30° < 65 < 30° [61,71] will be analyzed in our numerical results. In the four quark picture, the
light scalar mesons are given as [1,72]

o = uidd, fo = (uii +dd)ss /N2,
ay = (uii — dd)s5 /N2, ag = udss, ay = diiss,
K& =usdd, K = d5ui, K = sduii, Ky =sidd, (23)

which are noted by S?”. The two isoscalars are expressed as
Y Ojm P

Jo(980) \ _ ( cosps  singg fo 24)
fo(500) —sings  cosps o)’
where the constrained mixing angle ¢s = (174. 6+§ 3)" [62].
In terms of the SU(3) flavor symmetry, meson states and quark operators can be parameterized

into SU(3) tensor forms, while the leptonic helicity amplitudes LM " are invariant under the
SU(3) flavor symmetry. And the hadronic helicity amplitude relations of the D — M £ v, (M =
P, V,S) decays can be parameterized as

(D — MtTv) =cg' D;MiHY (25)

A.Mm

where H? = V¥, and H® = V%, are the CKM matrix elements, c}! are the nonperturbative coeffi-

cients of the D — M {7 vy decays under the SU(3) flavor symmetry, and we use that ci clMAMm
and ¢;M = c; % , in this paper. Note that the hadronic helicity amplitudes for the D — S£T v,

decays in Eq. (25) are given in the two quark picture of the light scalar mesons, and ones in the
four quark picture of the light scalar mesons will be given later.

The SU(3) flavor breaking effects mainly come from different masses of u, d and s quarks,
and they have been analyzed in many works, for examples, in Refs. [73-79]. The diagonalized
mass matrix can be expressed as [78,79]

m, O 0

1 1 1
0 mg O = g(mu +mg+mg)l + E(mu —mg)X + g(mu +mg — 2mg)W(26)
0 0 my
with
1 0 O 1 0 O
X = -1 01, w=|0 1 0 227)
0O 0 O 0o 0 -2
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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 non-zero 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 — M {1y, decay amplitudes in a similar way as that given in Eq. (25) which
can be absorbed into the coefficients Co Only W part will contribute to the SU(3) breaking
effects. The SU(3) breaking amplitudes of the D — M £ v, decays can be given as

AHY (D — Mt v) =l DaWiMHY + ¢y D;M,W{HY, (28)

where c% are the nonperturbative SU(3) flavor breaking coefficients.
In the four quark picture of the light scalar mesons, the hadronic helicity amplitudes of the
D — St* vy decays under the SU(3) flavor symmetry are

54‘1,(0 — StTv) =i’ DS H, (29)

and the corresponding SU(3) flavor breaking amplitudes of the D — S£*v, decays are

S4q

AH; (D — Sttvy) =S D WS HT + DS WO HT + ¢S Di ST W HY,(30)

jm

here C6,1,2,3 are the nonperturbative coefficients.

In terms of the SU(3) flavor symmetry, the hadronic helicity amplitude relations for the D —
P¢tve, D — VeTvp and D — S€tv, decays are summarized in later Table 1, Table 4 and
Table 8, respectively.

2.3. Observables for the D — M{1v, decays

The double differential branching ratios of the D — M£% v, decays are [59]
dB(D — M0+ v) _ tGEIVeg P2 (g? — m})?

dg?d(cos0) 64(271)3MD(Y) 2

X |:(1 +cos?0)Hy + 2sin>0H + 2cosOH p

2
m
+—2€(Sin297-[y +2cos?OH +2Hs — 4cos GHSL)], 31
q
where A = )»(sz ,m3y.q%), my <q* < (mp, —my)?*, and

Ho=HL P+ HL P, Ho=IHy P Hp=IHE P —1HLP,
Hs = |Ho I, Hsp=R(HY Ho . (32)
The differential branching ratios integrated over cos6 are [59]

dB(D(S)—>ME+vg) 0G5 Ve [P A2 (g? — m?)?

Hiotal» 33
qu 24(277)3MD( )C]Z total (33)
with
m2 3’"@
Hioa = Hu +Hp) [ 1+ 2— + Z—HS- (34)
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The forward-backward asymmetries are defined as [59]

12, dcosty 4BL=ME) _ pl e, ABD— M)

2dcosb), dq?dcosf,
Abp(a®) = T e (35)
0 dB(D—M¢Lv) 1 dB(D—M¢tv)
f—l dcosty dg?dcosy + fO dcosty dg?dcosb,
2 2
3Hp — %/HSL
= ¢ (36)
4 Htotal
The lepton-side convexity parameters are given by [59]
3 m3\ Hy —2H,
CraH=7(1-=5)—F— (37)
d 4 612 Hiotal
The longitudinal polarizations of the final charged lepton £ are defined by [59]
2 3 2
(Hu +HL) ( - %) — 3 Hs
Pi(¢*) = : (38)
L Htotal
and its transverse polarizations are
3ame Hp +2HsL
PigH =— ) (39)
8V q2 Hiotal
The lepton spin asymmetries in the £ — vy center of mass frame are defined by [80-83]
A dB(D — MU*v)[he = —11/dg? — dB(D — Mt vy)[he = +11/dg? “0)
q =
* dB(D — ME+v)[he = —11/dq? +dB(D — Mt+v)[h = +11/dg?
6 2
Hiotal — %HS
=« 41
Hiotal

For the D — V £+, decays, the longitudinal polarization fractions of the final vector mesons
are given by [59]

2 2

my 3my
Hyp (1 + ﬁ) + Zq_ZHS
Htotal '

Fi(¢®) = (42)
then its transverse polarization fractions Fr (q2) =1-F (q2).

Note that, for ¢g>-integration of X (¢?) = A%, C%, Pf, Pf, A; and Fy, following Ref. [84],
two ways of integration are considered. The normalized ¢2-integrated observables (X) are cal-
culated by separately integrating the numerators and denominators with the same g2 bins. The
“naively integrated” observables are obtained by

a2
_ 1 '
X=— | d’X (@) (43)
9max — 9min 5
Din
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2.4. Form factors

In order to obtain more precise observables, one also needs consider the g2 dependence of the
form factors for the D — P£Tvy, D — V£Tvy and D — S€Tv, decays. The following cases
will be considered in our analysis of D — P/ V£ v, decays.

C1: All form factors are treated as constants without the hadronic momentum-transfer ¢> depen-
dence, and different form factors are related by the SU(3) flavor symmetry, i.e., the SU(3)
flavor breaking terms such as c{‘f’z and cfm in later Tables 1, 4 and 8 are ignored.

C»: With the SU(3) flavor symmetry, the modified pole model for the ¢>-dependence of F;(g?)
is used [85]

Fi(0)

9
2 4
pole pole

where m poje = m ps+ for ¢ — d€* vy transitions and m pere = m s+ for ¢ — s€1 vy transi-

Fi(gh) = (44)

tions, and «; are free parameters and are different for f f (q2), fOP (qz), V(qz), Al (q2) and
Az(qz), we will take «; € [—1, 1] in our analysis.
C3: With the SU(3) flavor symmetry, following Ref. [2]

F; (0)

2 2 4
1--4 1 —o1i 45—+ 024
mpole mpole mpole

- - for /' (4%). A1(¢®) and Ax(g®),  (46)
(1 T mq%mle + o m%ale)

where o1 5 for the D — 7w and D — K* transitions from Ref. [2] will be used in our results.
C4: Considering the SU(3) flavor breaking terms such as c{"”z and c’1:92’3 in later Tables 1, 4 and
8, the form factors in C3 case are used.

Fi(gh) = for fF(q?) and V(g?), (45)

Fi(g%) =

As for the form factors of the D — S¢Tv, decays, we find that the vector dominance model
[86] and the double pole model [87] give the similar SU(3) flavor symmetry predictions for
the branching ratios of the D — S£Tv; decays. The following form factors from the vector
dominance model will be used in the numerical results,

Fi(0)
(1 - qz/miole)

After considering above g2 dependence, we only need to focus on the F;(0). Since these
form factors F;(0) also preserve the SU(3) flavor symmetry, the same relations in Tables 1, 4
and 8 will be used for F;(0). If considering the form factors ratios f(0)/fo(0) =1 for D —
P/Sttv, decays, ry = V(0)/A1(0) = 1.46 4 0.07, r» = A2(0)/A1(0) = 0.68 £ 0.06 in D° —
K*~ £ v, decays from PDG [1] and the SU(3) flavor symmetry, there is only one free form factor
f Jf $ (0) and A1 (0) forthe D — P/S¢* vy and D — V£ Ty, decays, respectively. As a result, the
branching ratios only depend on one form factor f f 0, ff(O) or A;(0) and the CKM matrix
element V.

Fi(ghH = for f3(¢?) and f§ (g%). 47)
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Table 1

The hadronic helicity amplitudes for the D — P¢*v decays including
both the SU(3) flavor symmetry and the SU(3) flavor breaking contribu-
tions. A Ec(‘;J +c1P —205, Ay Ec(f —26‘]P —205, Az Ecé) +c]P +c§,
Ay = C(I)D — 2ch + cf. A=A =A3=Ay4 = cé’ if neglecting the SU(3)
flavor breaking cf and cf terms.

Hadronic helicity amplitudes ~ SU(3) flavor amplitudes

HD® — K~ ¢Tvy) ALV

H(DT — K e+vy) ALVE

H(D} — netvy) (—cosbp/2/3 — sin@p/«/g)Az v
H(D;" — n/'ttvy) (= sinbp /273 + cosOp //3) Ay Vi
H(DF — 70ty —8(— cosOp/Z]3 — sinbp |v/3) Ay Vi,
H(D® — z=etvy) A3VE

H(DT — 7%+)) —L2A3 v

H(DV — nttvy) (cosép/\/gfsinep/\/g)A3VC*d
H(Dt = 7/tTvy) (sinp /N6 + cosOp //3) A3V,
H(DF — K0ty AV

3. Numerical results

The theoretical input parameters and the experimental data within the 2o errors from PDG
[1] will be used in our numerical results.

3.1. D— P{Tvg decays

Considering both the SU(3) flavor symmetry and the SU(3) flavor breaking contributions,
the hadronic helicity amplitudes for the D — P£Tv, decays are given in Table 1, in which we
keep the CKM matrix element V., and V.4 information for comparing conveniently. In addition,
H(D} — 7%*v,) are obtained by neutral meson mixing with 82 = (5.18 +0.71) x 10~* in
Ref. [85]. From Table |, we can easily see the hadronic helicity amplitude relations of the D —
P{¢T v, decays. There are four nonperturbative parameters A1234inthe D — P{T v, decays
with A Ecg—{—cf) —2C§, Ar Ecé’ —2c{D —2C§, Aj Ec(l)')—l—cf)+céD and A4 Ecé) —2cf)—|—c§.
If neglecting the SU(3) flavor breaking ¢ and ¢} terms, A| = Ay = A3 = A4 =cl’, and then all
hadronic helicity amplitudes are related by only one parameter cé’ .

Many decay modes of the D — Pe™v,, Pu'v, decays have been measured, and the exper-
imental data with 2¢ errors are listed in the second column of Table 2. One can constrain the
parameters A; or f _f (0) by the present experimental data within 2¢ errors and then predict other
not yet measured branching ratios. Four cases Cj 2 3.4 will be considered in our analysis. The
constrained form factor ff (0) is 0.876 £ 0.003, 0.763 & 0.097 and 0.737 4+ 0.003 in the Cy,
C, and Cj3 cases, respectively. The numerical results of B(D — P£1vp) in the Cy, C,, C3 and
C4 cases are given in the third, fourth, fifth and sixth columns of Table 2, respectively. And our
comments on the results are as follows.

e Results in C| case: From the third column of Table 2, one can see that the SU(3) flavor
symmetry predictions of B(D — P£*v,) in the C; case are entirely consistent with all
present experiential data. The not yet measured branching ratios of the D} — 70%ty,,
D} — 7%utv,, Dt — y'utv, and D — K%u*v, decays are predicted on the order
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Table 2
Branching ratios of the D — P¢1v decays. Denotes that the corresponding experimental data from PDG [1] are not
used to constrain A; in this case.

Branching ratios Exp. data Ones in C; Ones in Cy Ones in C3  Ones in C4 Previous ones

B(DT = K etv)(x1072) 8.7240.18  8.84+0.06 8.83 +0.07 8.84+0.06 8.83+0.07
B(DT = 70 Tv,)(x1073) 3.72+£034 3.75+0.05540+1.337  5.04+0.12F3.70 £0.11
B(DT = netvo)(x1073)  1.11£0.14  1.15+0.05 1.20 £0.05 1.20+£0.05 0.92+0.08
B(DT — n'et)(x1074)  2.0+0.8 2.59+£0.142.22+0.34 2.09+0.14 1.5040.20
B(DY - K~ e v,)(x1072) 3.549 +0.052 3.52 £ 0.02 3.52 £ 0.03 3.52+0.03 3.52+0.02
B(D? > 77etv,)(x1073) 2.91+£0.08 2.95+0.034.23+1.037  3.974+0.097 2.89 +0.06
B(Dy — netve)(x1072)  232+0.16 2.37+0.112.34+0.14 236+0.12 2.32+0.16
B(DF — n/etve)(x1073) 8.0+£1.4 9.05+0.048.25+1.13 8.04+0.43 8.02+1.38
B(Dy — K%Tv,)(x1073) 3.4+0.8 3.10 +0.08 3.56 + 0.39 3.54+0.12 3.40+0.80
B(Dy — 7% 1) (x1073) ... 1.51+0.07 2.10 +0.56 1.96+0.10 1.92+0.13 2.65 £ 0.38 [85]

B(DT — 70u+vu)(x 1072)8.76 £0.38  8.56 + 0.06 8.69 £ 0.15 8.61 +0.06 8.61+0.06
B(Dt — 7%t v,)(x1073) 3504030 3.67+£0.05532+1317  4.96+0.127 3.64 £0.10
B(Dt = nutv)(x1073)  1.044022  1.11£0.05 1.18 £ 0.07 1.17£0.05 0.90+0.08 1.21 [7]
0.75 +£0.15 [88]
B(Dt =yt (x1074) ... 2.4240.132.10+£0.33 1.96+£0.13 1.414+0.192.11[7]
1.06 = 0.20 [88]
B(D® — K~ utv,)(x1072) 3.41 £0.08  3.41 +0.02 3.44 £ 0.05 3.43+0.02 3.43+0.02
B(D® — n~utv,)(x1073) 2672024 2.89+0.024.17+£1.017  3.90+0.097 2.85+0.06
B(Di = nutv)(x107%) 2.4+1.0 2.3040.102.304+0.17 23140.12 2.2640.16
B(Dy — n'uFv)(x1072) 1.1£1.0 0.86 £0.030.79 £0.11 0.77£0.04 0.76+0.13

B(Di — KOutv,)(x1073) - 3.01 £0.08 3.51 +0.38 3.464+0.11 3.334+0.783.9[7]
3.85+0.76 [88]

B(DF — 7%utv,)(x1079) - 1.48 £0.07 2.09 £ 0.53 1.934+0.10 1.89+0.13

B(DF — 7% Fve)(x10710) ... 3.45£0.21 160.34 + 149.53 4.20 £ 0.26 4.08 +£0.34 (27 ~ 36) [85]

of O(1073 — 1073), nevertheless, B(D{ — 7%t v,) is predicted on the order of O(10710)
due to its narrow phase space and (g2 — m%)2 suppression of the differential branching ratios
in Eq. (33).

e Results in Cy 3 cases: The numerical results in C» 3 cases are similar. The experimental
upper limits of B(DT — 7%+t v,) and B(D® — 7~ ¢*v;) have not been used to constrain
the predictions of B(D — P{£Tvy), since the upper limits of the predictions of B(DT —
79¢%vp) and B(DY — 7= ¢tv)) by the SU(3) flavor symmetry in C; 3 cases are slightly
larger than their experimental data. Other SU(3) flavor symmetry predictions are consistent
with their experimental data within 2o errors.

e Results in C4 case: As given in the sixth column of Table 2, if considering both the hadronic
momentum-transfer ¢> dependence of the form factors and the SU(3) flavor breaking con-
tributions, all SU(3) flavor symmetry predictions are consistent with their experimental data
within 20 errors. For some decays, the errors of the theoretical predictions are much smaller
than ones of their experimental data.

e The previous predictions for the not yet measured branching ratios are listed in the last
column of Table 2, our predictions are in the same order of magnitude as previous ones
for the D — Petv,, Putv, decays. Even if our expression of B(D — P{Tvy) is iden-
tical to one in Ref. [85], our predictions of lS’(DSJr — notﬁzf) are quite different from
one in Ref. [85]. Unlike B(D} — %% v,) and B(D] — 7%uTv,), since the term related
to | fF(g*)? is suppressed by |pp|? in B(D;” — 77 *v;), the dominant contribution of
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Fig. 1. The q2 dependence of the differential branching ratios for some D — P£1 v, with present experimental bounds.

Z‘J’(D;r — 7% %v,) comes from the term related to | fOP (q2)|2. The difference between our
predictions of 5 (D;r — notJrvT) and one in Ref. [85] mainly comes from the choice of the
form factors. Note that B(D}" — 70t v,) is predicted with quite large error in C case in

this work, which is due to our free parameter o e € [—1, 1] in the form factor fOP ( q2).

For the ¢> dependence of the differential branching ratios of the D — P£Tv, decays
with present experimental bounds, we only show the not yet measured processes Dt —
nuwtv,, D — Koutv,, Df - 7%utv, and D} — 7% v, in Fig. 1. We do not show
dB(D} — %% v,)/dg?, since it is similar to dB(D} — 7°utv,)/dg? in Fig. 1 (c). From
Fig. 1, one can see that present experimental measurements give quite strong bounds on the dif-
ferential branching ratios of D* — n'u*v,, D} — 7°u*v, and D} — 707 Fv; decays in the
C1, C3 and Cy cases as well as D;‘ — K0M+V;L decays in the C| and C3 cases, and all predic-
tions of the four differential branching ratios in the C, case have a large error due to the form
factor choice. Comparing with dB(D;" — n0M+v,L)/dq2 in Fig. 1 (c), as shown in Fig. 1 (d),
dB(DF — 7%t v;)/dg? is suppressed about the order of O(10~%) by (¢ — m?2)?.

The forward-backward asymmetries A% - the lepton-side convexity parameters C%., the lon-
gitudinal polarizations of the final charged leptons P,f and the transverse polarizations of the
final charged leptons Pﬁ with two ways of integration for the D — P£*v, decays could also
be obtained. These predictions are very accurate, and they are similar to each other in the four
C1,2.3.4 cases. So we only give the predictions within the C3 case in Table 3 for examples. From
Table 3, one can see that the predictions are obviously different between two ways of g2 inte-
gration, and the slight difference in the same way of ¢? integration is due to the different decay
phase spaces. For displaying the differences between the D — Pe™v, and D — Pu" v, decays,
we take D} — KTy, and D — K°u*v, as examples. The differential forward-backward

11



R.-M. Wang, Y.-X. Liu, M.-Y. Wan et al.

Nuclear Physics B 995 (2023) 116349

0.0
o O o é N
2 s D 04 °n .
> >
& & § °
< X 08lo
T, 1014 T %
o il
= § e: in unit of 10° eﬁ 1.2 §
< 158 oy inunit of 102 [ 5
kel e b ©
200 w w w ‘ 1.6 ‘ ‘ ‘ ‘
00 05 10 15 20 25 00 05 10 15 20 25
2 2
q q
(a) (b)
12 :
. 0.0}
o o
2 09 3 02}
£ B < 0.4
% 0.6 8 % el
o s 3 o A 06
o’ - L e 8
© S ° % 089 ° 8
0.0 1.0L ‘ w w 2
00 05 10 15 20 25 00 05 10 15 20 25
2 2
q q
(c) (d)

Fig. 2. The differential forward-backward asymmetries, differential lepton-side convexity parameters, differential lon-
gitudinal lepton polarizations and differential transverse lepton polarizations for the D_;" — K 0[*\)4 decays in the C3
case.

asymmetries, the differential lepton-side convexity parameters, the differential longitudinal lep-
ton polarizations and the differential transverse lepton polarizations of D — K O¢tv, and
D} - K O/ﬁ‘vu decays within the C3 case are displayed in Fig. 2. And one can see that dif-
ferential observables between £ = ¢ and ¢ = p are obviously different, specially in the low
and high ¢? ranges. As given an example of dAva(Dj — K%%*vy)/dg? in Fig. 2 (a), all
dA%B (D — P€*vy)/dq? are proportional to m%, so they are very small when ¢ =e and ¢ = p,

dA% ,(D—Petv,) dAL,(D—Puty _
718 ) AAep @2 PN 2 2 22,3 % 1075,

and e i :

3.2. D — Vit decays

The hadronic helicity amplitudes for the D — V£Tv, decays are given in Table 4. There
are four nonperturbative parameters B 234 in the D — V£ v, decay modes. If neglecting the
SU(3) flavor breaking CY and c%/ terms, By = By = B3 = By = c(‘)/ , and then all hadronic helicity
amplitudes of D — V£, are related by only one parameter c(‘)/ or A1(0).

Among the D — V£ v, decay modes, 13 branching ratios have been measured, and 2 branch-
ing ratios have been upper limited by the experiments. The experimental data with 2o errors are
listed in the second column of Table 5. Now we use the listed experimental data to constrain
the parameters B; and then predict other not yet measured and not yet well measured branching
ratios. The constrained form factor A (0) is 0.638 £ 0.025, 0.605 4= 0.050 and 0.615 4= 0.020 in
the C1, C; and C3 cases, respectively. The numerical results of B(D — V£%vp) in the Cy, Ca,
C3 and Cy4 cases are given in the third, fourth, fifth and sixth columns of Table 5, respectively.

The results in the C1, C» and C3 cases are very similar. Since the SU(3) flavor symmetry pre-
dictions of B(D* — weTv,) and B(D? — p~ Ty, are slightly larger than their experimental

12
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Table 3
Quantities (X) and X of the D — P¢* v in the C3 case. Note that some errors are tiny, so we only list the central values,
the same below.

e ASpx1076 - ¢ " ¢ PF(x1073)

Decay modes (AfLp Ap;g(x|072) (CE) Cr (Pr) P (Pr) P’T"T

Dt = Ky, —0.087—3.254+£0.001 —1.239 —1.500 0.768 1.000 —0.273 —2.442 £0.001
Dt — 70t v, —0.083-2.054 +0.000 —1.252 —1.500 0.780 1.000 —0.260 —1.730 £ 0.000
Dt - netv, —0.087-3.476 +0.001 —1.239 —1.500 0.768 1.000 —0.273 —2.490 + 0.000
Dt - netv, —0.093—7.075+0.003 —1.222 —1.500 0.753 1.000 —0.290 —3.890 £ 0.001
DO > K~etv, —0.087-3.259 +£0.001 —1.239 —1.500 0.768 1.000 —0.273 —2.446 4 0.001
DY = 77ety, —0.083—2.077 £0.000 —1.252 —1.500 0.779 1.000 —0.260 —1.751 £0.000
DF - netv,  —0.086—3.033 £0.001 —1.242 —1.500 0.770 1.000 —0.270 —2.300 4 0.001
Dy > nletv, —0.091—-5.829 +£0.003 —1.226 —1.500 0.757 1.000 —0.286 —3.484 £0.001
D > K%Tv, —0.085—2.814+0.001 —1.245 —1.500 0.773 1.000 —0.267 —2.118 £0.000
DY — 70ty —0.082—1.850£0.001 —1.254 —1.500 0.781 1.000 —0.258 —1.634£0.001
pt S Kout vy —0.226—4.278 £ 0.001 —0.822 —1.352 0.394 0.851 —0.655 —0.414

Dt = 70uF v, —0.201-2.810+0.000 —0.897 —1.405 0.462 0.907 —0.602 —0.310

DV — putv, —0.227-4.490£0.001 —0.819 —1.347 0.391 0.846 —0.657 —0.419

Dt — y'utv, —0.263-8.097 £0.003 —0.708 —1.213 0.287 0.703 —0.725 —0.581

DO — K~ ptv, —0.226—4.285 +£0.001 —0.822 —1.352 0.393 0.850 —0.656 —0.414

DO — 7~ ptv, —0.201-2.844 +0.001 —0.895 —1.407 0.461 0.910 —0.603 —0.313

D — nutv, —0.221-4.001 £0.001 —0.836 —1.364 0.406 0.864 —0.646 —0.394

Dy — n'utv, —0.254-6.952+0.003 —0.736 —1.254 0.314 0.747 —0.709 —0.540

Dy — KOut v, —0.215-3.701 £0.001 —0.856 —1.377 0.425 0.879 —0.632 —0.367

Dy — 70ut v, —0.197-2.571 +£0.001 —0.907 —1.417 0.472 0.920 —0.594 —0.295

D;r — 70t v, —0.281-27.429 4 0.105—0.211 + 0.003—0.212 4 0.003—0.868 + 0.001—0.873 4 0.001—0.447 + 0.002—0.437 + 0.002

Table 4

The hadronic helicity amplitudes for D — V£ v decays including both
the SU(3) flavor symmetry and the SU(3) flavor breaking contributions.
By :C(‘)/-‘rCY —2c¥, Bg:c(‘)/ —ZCY —26‘;/, B3:Cé/ +c¥+c¥,
By = c(‘)/ — 26‘}/ + c%/ . If neglecting the SU(3) flavor breaking c}/ and
C;/ terms, B = By = B3 = By :C(‘)/.

Hadronic helicity amplitudes ~ SU(3) IRA amplitudes

H(D? — K*¢twy) BV}

H(D - K0ty BV

H(D;f — ¢t vy) (= cosby /273 — sinfy //3) By Vi,
H(D} — wtty) (= sinby /273 + cosOy /N/3) By Vi
H(D® — p~tFvy) A

H(DT = p%*v)) —\%33 v

H(DT = ¢ty (cos@v/\/g—sinev/\/g)B3Vc*d
H(DV — wttyy) (sinfy /N6 + cosby //3) B3V,
H(DF — k¥t vy) B4V

data within 20 errors in the three cases, we do not use them to constrain the nonperturbative
parameter cg . One can see that the prediction of B(D° — p~utv,) agree with its experimen-
tal data within 30 errors, nevertheless, the prediction of B(DT — we*v,) still slightly larger
than experimental data within 3o errors. B(D}} — K*9u*v,) and B(D] — wetv,, oputv,)
are predicted on the order of O1073) and O(107?), respectively. And they could be measured
in BESIII, LHCb and Bellell experiments. In the Cy4 case, as given in the sixth column of Ta-
ble 5, after considering both the hadronic momentum-transfer ¢ dependence of the form factors
and the SU(3) flavor breaking contributions, all SU(3) flavor symmetry predictions are consis-
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Table 5
Branching ratios of the D — Vety within 20 errors. TThe experimental data of B(Dt — wetv,) and IS’(D0 —
p_u+vﬂ) from PDG [1] are not used in the C > 3 cases.

Branching ratios Exp. data Ones in C Ones in Co Ones in C3 Ones in Cy4
Bt = KVetve)(x1072) 5404020 5.44+0.15 5.4240.18 5.36 4+ 0.08 5.4440.16
B(D+ — pletve)(x1073) 2187030 2314007 239+£013  233+£005  1.83+0.15
B(DT — wet,)(x1073) 1.69+022 22440.077  233+0.12F  226+0047  1.77+0.14
B(DT = ¢etve)(x1077) <130 3.1340.12 3.1140.19 3.07£0.07 2.3840.23
B — K*etvp)(x1072) 2154032 2.1240.09 2.1340.10 2.08 +0.06 2.13+0.10
B(DY = p~etvo)(x1073) 1504024  1.7940.08 1.86+0.11 1.804+0.06 1.41+0.13
BDF — ¢etve)(x1072) 2394032  246+0.12 2.4340.14 2.4040.10 2.3940.32
B(DF — weTve)(x1075) <200 2.4540.13 2.56 40.20 2.4740.10 249 +0.38

B(Dy — K0T v,)(x1073) 2154056  2.17+0.10 2.25+0.13 2.17+£0.08 2.15+0.56

B+ - K utu)(x1072) 5274030  5.1240.15 5.13+0.16 5.05+0.08 5.1240.15
B(DF — pOutv,)(x1073) 24408 2.1940.07 2.2940.13 2.22+0.04 174 £0.14
B(Dt — wutv,)(x1073) 1.77+£042  2.13£0.06 2.23+0.12 2.15+£0.04 1.68£0.13
B(Dt = putv,)(x1077) 2.89£0.11 2.89+0.17 2.84+0.07 2.20+0.21
B(D? — K*“putv,)(x1072)  1.894+048  1.99 +0.09 2.01£0.09 1.96 £ 0.06 2.01£0.10

B(DO — p~ptv)(x1073) 1354026  1.70+0077 1780117 1.72+0067  1.34£0.13
B(DF — putv)(x1072) 1.9£1.0 2.30£0.12 2.29+0.12 2.25+0.09 2.24+0.30
B(Di” — optv)(x1075) 2.34+0.12 2.47+0.19 2.37+0.09 2.384+0.36
B(Df — K*0utv,)(x1073) ... 2.06+0.10 2.15+0.13 2.07 +£0.08 2.05+0.53

tent with their experimental data within 20 errors. Among relevant not yet measured decays,
B(D} - K *O/L+UM) is calculated in the SM using light-cone sum rules [88] and in the relativis-
tic quark model [7], B(D}t — K*%u*v,) = (2.23 £0.32) x 1073 [88] and 2.0 x 1073 [7],
and our predictions of B(Dj’ — K*O/ﬁ‘vu) in the Cy, Cp, C3 and C4 cases are coinci-
dent with previous ones in Refs. [7,88]. In addition, the lepton flavor universality parameters

RH/€(D = ViTyy) = %zim have also been studied in this work. Since many terms are
canceled in the ratios, these predicetions of the lepton flavor universality parameters are quite ac-
curate, our predictions in all four cases are similar to each other, and all R*/¢(D — V£t vy) lie
in [0.92,0.97].

For the ¢ dependence of the differential branching ratios of the D — V{%v, decays
with present experimental bounds, we only show the not yet measured processes Dt —
¢utv,, DY — optv, and DY — K*%utv, in Fig. 3. The differential branching ratios
of DT — ¢etv, (D} — wetv,) are similar to D — ¢utv, (D} - optv,), so we do
not shown them in Fig. 3. From Fig. 3, one can see that present experimental data give
quite strong bounds on all differential branching ratios of D™ — ¢utv,, Df — wutv, and
D} — K*u*v, decaysin the C1, C; and C; cases. The prediction of dB(Dt — ¢putv,)/dg?
in the Cy4 case could be distinguished from ones in the Cj > 3 cases within the middle range of
¢*. And the error of dB(D} — K *O,LPLVM) /dq? in the C4 case is obviously larger than ones in
the Cy 2,3 cases.

The forward-backward asymmetries A% > the lepton-side convexity parameters C ¢, the lon-
gitudinal polarizations P, the transverse polarizations P%, the lepton spin asymmetries A; and
the longitudinal polarization fractions of the final vector mesons F7 with two ways of integration
have also been predicted in the four cases. Since many theoretical uncertainties are canceled in
the ratios, these predictions are very accurate. These predictions are similar to each other in the
four cases, and we only list the results in the C3 case in Tables 6-7 for examples. One can see
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Fig. 3. The q2 dependence of the differential branching ratios for some not yet measured D — V;frv,,, decays with
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The forward-backward asymmetries A% - the lepton-side convexity parameters ct, the longitudinal polarizations Pf
of the D — V£%v decays in the C3 case.

Decay modes (alp) Al (ct) ct (Pf) P!

DY KVt 01250006 —0.190+0.020 —1.046£0.019 —0500£0.032 07860004  1.000

DT — pOety, —0.130£0.008 022240024  —1.052£0.023  —0.496£0.041 07890004  1.000

Dt — wetv, —0.130£0.008 022040024  —1.052£0.023  —0.497£0.041 07890004  1.000

D — getu, —0.1214£0.005  —0.164+0017  —1.037£0.015  —0.500£0.025  0.784+0.003  1.000

DY K*"etv,  —0.125£0006 —0.191£0.020 —1.046£0.019 —0.500£0.032 07860004  1.000

DO petu, —0.130£0.008 022140024 —1.052£0.023  —0.497£0.041 07890004  1.000

D — pete ~0.122£0.006  —0.176£0.018  —1.043£0.016 —0.500+0.028  0.786+0.003  1.000

D — wetv, —0.130£0.008 022940025 —1.057£0.025 —0.496£0.044 07900004  1.000

Df - K*¥ty,  —0.128+0007 —0207£0022 —1.049£0.021 —0495+0.036  0.789£0.004  1.000

DY > KUy, —0284+£0009 —0226+0.019 —0466£0.021 —0395+0028 05140017  0.886=0.002
Dt — pOuty,  —0292£0011  —0.252£0.023  —0491£0.027 —0405+£0.037  0.524£0.020  0.903 0.002
DF - wuty 029240011  —02514£0022  —0.490£0.027  —0.405+0.037 052440020  0.902 £0.002
Dt — putvy, —02774£0.008 02060016  —0.433£0.016  —0.376£0.021 05030014  0.864 £0.002
DO K*~ptu,  —0.284£0009  —0.226£0.019  —0466£0.021  —0395£0.029  0.514£0.017  0.8860.002
DO— p~ptu,  —0292£0011  —0252£0023  —04904£0.027 —0.405+0.037 05240020  0.902%0.002
D — putuy, —027740.008  —0213£0017 —0459+£0018 —0391£0.024 05140015  0.88240.002
D — oty 02910012 —025740.024  —0509+0.029 —0.414+£0.041 053140021 0913 £0.002
Df — k*0uty,  —0286£0010  —0.239+£0.021  —0485£0.024  —0402+0.033  0.525+0.018  0.900 %0.002

Table 7

The transverse polarizations P, the lepton spin asymmetries A and the longitudinal polarization fractions of the final
vector mesons Fy, of the D — V£t v decays in the C3 case.

] P ﬁ(x 1073) _ _
Decay modes (Pr) — (Ay) A (FL) Fr
Pr

Dt — f*OeJr Ve —0.251 4+ 0.004 —1.205 £ 0.066 1.000 1.000 0.905 +0.010 0.556 £0.014
Dt — plety, —0.249 £+ 0.005 —1.040 +0.072 1.000 1.000 0.907 +£0.012 0.554 +£0.018
Dt - wet e —0.249 + 0.005 —1.049 £0.073 1.000 1.000 0.907 £0.012 0.554 £0.018
Dt - ¢e+uf —0.254 +0.003 —1.417 +£0.061 1.000 1.000 0.902 £ 0.008 0.556 £0.011
DO — K*~ety, —0.251 £ 0.004 —1.206 +0.067 1.000 1.000 0.905 +0.010 0.556 +0.014
DY — pfeJrv,_.; —0.249 + 0.005 —1.045£0.073 1.000 1.000 0.907 £0.012 0.554 +£0.018
Dj — et v, —0.251 4+ 0.004 —1.2554+0.060 1.000 1.000 0.904 £ 0.009 0.555+0.012
D;’ — weT e —0.247 £ 0.005 —0.953 +£0.071 1.000 1.000 0.908 £0.013 0.554 £0.020
D;r — K*0ety, —0.248 £ 0.004 —1.075 £ 0.066 1.000 1.000 0.905 +0.011 0.553+£0.016
DT — f*olfrv“ —0.454 +0.022 —0.156 £0.012 0.935 +0.005 0.928 +0.002 0.775+0.019 0.557+0.014
Dt — pO/I.*vM —0.452 +0.026 —0.139+£0.014 0.944 + 0.006 0.937 +0.002 0.782+0.023 0.555+0.018
Dt — w,quv# —0.452+£0.026 —0.140 £0.014 0.944 £+ 0.006 0.937 £0.002 0.782 £0.023 0.555+0.018
Dt — gutvy, —0.455+0.018 —0.175+0.011 0.924 +0.005 0.915 +0.002 0.763 +£0.015 0.557+0.011
DO K*ptv, —0.454 +£0.022 —0.156 +£0.012 0.935 +0.005 0.927 +0.002 0.775+0.019 0.557+0.014
pO— p v —0.452 £ 0.026 —0.140+0.014 0.944 £+ 0.006 0.937 +0.002 0.782 +0.023 0.555+0.018
D;r —¢ut vy —0.454 +0.019 —0.162+0.011 0.934 +0.005 0.925 +0.002 0.771 £ 0.016 0.557+0.012
D;r — w;frvu —0.452 4+ 0.027 —0.131+£0.014 0.950 £ 0.005 0.943 +0.002 0.788 +0.024 0.555+0.019
D;r — K*O;/.Jrvﬂ —0.451+£0.023 —0.143 £0.012 0.943 £+ 0.005 0.936 £ 0.002 0.779 £0.021 0.555+0.016

that the predictions are obviously different between two ways of ¢2 integration, and they are also
quite different between D — Ve™v, and D — Vputy, decays.

The differential observables of D — K *0¢+y, decays in the C3 case are displayed in
Fig. 4. One can see that, in the low ¢ ranges, the differential observables expect d F, L(Df —
K*0¢+vy)/dg? are obviously different between decays with £ = e and £ = .
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Table 8

The hadronic helicity amplitudes for the D — S¢+v decays including both the SU(3) flavor sym-
metry and the SU(3) flavor breaking contributions. In the two quark picture of the scalar mesons,
E| Ec‘og-‘rc‘lg—Zcf, Ezzcg—Zcf—ch, E3Ecg+cf+c‘29, E4Ec‘g—26‘f+6‘g, and
Ei=Ey=E3=E;4= cg if neglecting the SU(3) flavor breaking cf and cg terms. In the four
quark picture of the scalar mesons, £ = cés + c/ls — ZC/QS + c_%S L EL= cé)s - ZC/IS - ZC/ZS + cgs R
Ej= cés + c’ls + c/zs - ZC%S, E) = c{)S + c’ls + C/ZS + cés, E{ = C/OS - ZC/IS + C/zs + cés, and
E{=E)=E,=E)=E,= 063 if neglecting the SU(3) flavor breaking c/ls, c/zs and cgs terms.

Hadronic helicity amplitudes  ones for two-quark scenario  ones for four-quark scenario

H(DY - 1&,;/3%,3) E1 V5 E\VE
H(DT — Kyt vy) E 1V E\VE
H(DF — fotTvy) Eo V5 V2EVE
H(DF — f(980)¢*vy) cosOs EQV V2cosps E5VE
H(DF — f5(500)¢F vy) —sinfs Ep Vi —V2sings Ej Vi
H(Di—> a%eiw) Es Y;;Z E} ‘I/:d ,
* *
H(DT — agt™vy) _ﬁE3Vcd _EE3Vcd
H(DT — fot*vy) 0 EVa
H(DY — attvy) E Vi E\V},
H(DT — f(980)¢*vy) J5sinbs B3V (5 Escoses + Efsings) Ve,
H(D' — fp(500)¢* vy) J5cosfs B3V (=5 Egsings + Ejcosbs)Vy
H(Df — KJttvy) E4V}, ELVY,

3.3. D — Sttvy decays

For D — S¢*v, decays, the two quark and the four quark scenarios for the scalar mesons
below or near 1 GeV are considered. The hadronic helicity amplitudes for the D — S¢* v,
decays are given in Table 8, in which the CKM matrix element Vs and V.4 information are kept
for comparing conveniently. There are four (five) nonperturbative parameters E1 23 4 (E 1’2’ 3.4.5)
in the two quark (four quark) picture. After ignoring the SU(3) flavor breaking contributions, only
one nonperturbative parameter E; = E) = E3 = E4 = cg or E\=E,=E,=E,=E;= C(/)S
relates all decay amplitudes in the two quark or the four quark picture, respectively.

Unlike many measured decay modes in the D — P{£*v, and D — V£, decays, among
these D — S¢*v, decays, only D" — f5(980)e™ v, decay has been measured, and its branching
ratio with 2o errors is [1]

B(D} — fo(980)e™v,) = (2.3£0.8) x 1072, (48)

In addition, the branching ratios of the D — P; P,£7 vy decays with the light scalar resonances
can be obtained by using B(D — S¢*v,) and B(S — P; P,), and the detail analysis can be found
in Ref. [89]. Five branching ratios and two upper limits of B(D — S¢*v,, S — P; P») have been
measured, and the data within 2¢ errors are ([1,90-92])

B(D} — f0(980)eTv,, f0(980) — ntw ™) = (1.3040.63) x 1073 [90],
B(DF — f0(980)eTv,, f0(980) —» 7°7%) = (7.94+2.9) x 107* [91],
B(D°® — ap(980) et ve, ag(980)™ — 7)) = (1337088 x 107* [1],
B(DT — ap(980)% " v, a9(980)° — nr®) = (1.7718) x 107* [1],
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B(D' = (5000 v,, f5(500) > wt77) = (6.3+1.0) x 107+ [1],
B(DT — f5(980)etve, £0(980) > m ) <2.8 x 1075 [92],
B(D} — fo(500)e v, fo(500) — 7°7%) < 6.4 x 107* [91]. (49)

Two cases S; and S, will be considered in the D — S¢Tv, decays. In the S case, only
experimental datum of B(D;" — f,(980)e™v,) is used to constrain one parameter f. jf ) (i.e.,
cg or cf)s ) and then predict other not yet measured branching ratios. The numerical results of
B(D — S€*v)inthe S; case are given in the 2-4th and 8th columns of Table 9. In the S case, the
experimental data of both B(D}F — f(980)etv,) in Eq. (48) and B(D — S¢tv,, S — P P2)
in Eq. (49) will be used to constrain the parameter cg or c65 . The predictions of B(D — S¢*v)
in the §; case are listed in the 5-7th and 9th columns of Table 9. Our comments on the results in

the S1.2 cases are as follows.

e Results in the two quark picture: In the two quark picture, the three possible ranges of the
mixing angle, 25° < g < 40°, 140° < Os < 165° and —30° < 65 < 30° [61,71] have been
analyzed. In S| case, using the data of B(D] — fo(980)e™v,), we obtain the constrained
form factor ff(O) is 0.098 + 0.031, 0.094 £ 0.033 and 0.087 % 0.027 with 25° < 65 <
40°, 140° < 05 < 165° and —30° < Os < 30°, respectively. And then many predictions of
B(D — S£*v) are obtained. As given in the 2-4th columns of Table 9, one can see that the
predictions with 25° < g < 40° are similar to ones with 140° < g < 165°, the predictions
with —30° < g < 30° are slightly different from the first two, and the errors of predictions
are quite large. After adding the experimental bounds of B(D — STy, S — PiP), as
given in the 5-7th columns of Table 9, the three possible ranges of the mixing angle 6g are
obviously constrained, and they reduce to 25° < 0g < 35°, 144° < 05 < 158° and 22° <
|0s| < 30°, respectively. The form factor f Jf (0) is further constrained to 0.096 & 0.010,
0.096 £0.011 and 0.096 £ 0.011 with 25° < 6 < 35°, 144° < fs < 158° and 22° < |O5| <
30°, respectively. In addition, the error of every prediction becomes smaller by adding the
experimental bounds of B(D — S¢*v,, S — P P,).

e Results in the four quark picture: In the four quark picture, the constrained f f (0) is
0.057 £ 0.015 in the case Si, and the predictions are listed in the 8-9th columns of Ta-
ble 9. The majority of predictions in four quark picture are smaller than corresponding ones
in two quark picture. Strong coupling constants g and g4 are appeared in S — Pj P, decays
with the four quark picture of light scalar mesons. At present, we only can determine |§—j|

/

from the S — P; P, decays. The results of involved decays with both i—j > 0 and i—‘;‘ <0
are given in the 9th column of Table 9, and one can see that, except B(D} — f5(500)e™v,)
and B(D} — f0(980) u*vu), the other involved branching ratios are not obviously affected

by the choice of g—‘/‘ >0or i—‘;‘ < 0. The constrained f’ f (0) shrinks to 0.063 £ 0.009 and the
errors of the branching ratio predictions are obviously reduced by the experimental bounds
of B(D — StTv,, S — P P).

e Comparing with previous predictions: Previous predictions are listed in the last column of
Table 9. B(D;" — fo(500)e™v,), B(D; — fo(500)p™v,) and B(DT — f(500)™vy,)
are predicted for the first time. Our predictions of B(D} — fo(980)u*v,), B(DT —
a8e+ve), B(DT — £5(980)e™v,), B(DT — £3(500)e™v,) and B(D' — aglﬁvﬂ) are con-
sistent with previous predictions in Refs. [87,93,94]. Our other predictions are about one
order smaller or one order larger than previous ones in Refs. [70,95].
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Table 9
Branching ratios of D — S¢T v decays within 20 errors. As given in Ref. [89], g‘" and g4 are strong coupling constants

’
obtained by the SU(3) flavor symmetry in S — Pj P, decays, “denotes the results with i—i > 0, and denotes ones with
’

g—j < 0, fdenotes the results with two quark picture, and Zdenotes the results with four quark picture.
Branching ratios ones for 2q state in § ones for 2¢ state in S, ones for 4g ones for g Previous ones
[25°,40°]  [140°,165°] [-30°,30°] [25°,35°]  [144°,158°] 22° <|0s|<30° statein S statein S

B(DY - Ky et v)(x107%) 3384212 3184205 2574158 3.02+111 3.00+£1.10 2.98+1.05 1114063 1.25+0.45 0.103+0.1157 [70]

B(D+ - Kyetve)(x1073) 8.66+555 7.99+£502 7.02:£448 7.74:+£2.88 7.78+£2.77 7.68+2.78 285+ 1.65 3.36+1.25 38.8+5.61 [70]

B(DF — fo(980)etv,)(x1073)  2.304£0.80 230+0.80 230+0.80 2.58+052 2574053 2714039 230080 284085 212021 (87). 2403 (93]

B(D} — fo(500)et v,)(x1073)  6.73+6.11 5984575 3.25+3.25 1.49+043 1454046 1.42+0.50 0374037 (3000

B(DY - Ky utu,)(x1073) 290+1.84 2734177 2204136 2594097 2574096 2.56+0.92 0.95+0.54 1.09+0.39 0.103+0.1157 [70]

B(D+ - Koutv,)(x1073) 746+4.81 6.87+433 6.04£3.88 6.65+252 6.69+£243 6.59+£2.43 245+ 143 2.89+1.09 38.8+5.6' [70]

BD} = fo(980) v, )(x1073) 1.9540.70 1.95+0.70 1.95+0.69 2.20+£045 2.20£045 2324033 1954070 2122030 2.14027 [87)

B(D} = fo(500)utv,)(x1073) 621 4£5.66 553+£532 3.01£3.01 1.33+£039 1312043 1.28+0.46 034034 (1000

B(D® - a5 et v.)(x107%) 9994654 956650 834+£567 9224398 9.09+£365 9.17£3.58 3424206 4.32%1.17 16.8+ 15" [871,40.87137" [95],
24.4+3.01 [70]

B(DT — aletve)(x107%) 13.004+8.62 12.62+8.67 10.89+7.35 1200+5.19 11.81+4.71 11.97+4.66  4.49+£2.71 5.68+1.52 21.8+3.8" [87], 540115 [95]
6~ 87 [94], 5~ 5.47 [94]

B(D* = fo(980)et v )(x1075) 3924292 3484313 1.59+1.59 2.62+£082 2524094 240+0.80 314198 J9E0 778 0,687 [87),5.74 137 [96)

0.4 ~3.57 [94], 1.9 ~ 6.3% [94]

B(D* = fo(500)et v )(x1074)  4.05+£320 4084310 421+328 216+£096 259+138 270+1.28 497413 PTEM0.4~0.6" [94],0.88 ~ 141 [94]

B(D} — KJetve)(x107%) 3734237 3414213 299+1.88 335+1.21 3324120 335+1.15 1254071 1.43£0.51 26.5+2.8' [70]

B — ag ut ) (x107%) 8254545 7.89+542 691£475 7.61+337 7514310 7.57+3.04 2.83+1.72 3.57+0.99 163+ 14" [87],24.4£3.0" [70]
B(Dt — adutv,)(x107) 10.83+7.19 1044+7.23 9.04£6.16 10.00+£4.41 9.76+4.00 9.89+3.97 3.73+£228 4.69+1.30 21.2+3.77 [87]

B(D" — fo(980)nFv,)(x1075) 323+241 2.88+£2.60 1.32£1.32 2.15£0.70 2.09+£0.78 1.99+0.66 256+ 1.62 _ﬁﬂﬁ;’ 7.87+0.677 [87]

BT = fo(5000 v, )(x1074) 3.694+2.96 3.71+2.86 3.84+3.04 1.92+088 2.32+£127 242+1.19 4544381 (30

BD} — KQutv,)(x1074) 3284210 3.00+1.88 2.62+1.66 294+1.08 291+1.06 294+ 1.02 1.10£0.63 1.26+0.45 26.5+2.8" [70]

4. Summary

Many semileptonic D — P/V /St v, decays have been measured, and these processes could
be used to test the SU(3) flavor symmetry approach. In terms of the SU(3) flavor symmetry and
the SU(3) flavor breaking, the amplitude relations have been obtained. Then using the present
data of B(D — P/V /St v,), we have presented a theoretical analysis of the D — P/V /S¢* v,
decays. Our main results can be summarized as follows.

e D — P{%y, decays: Our predictions with the SU(3) flavor symmetry in the C; case and
the predictions after adding SU(3) flavor breaking contributions in the C4 case are quite
consistent with all present experimental data of B(D — P{£tv,) within 20 errors. In the
C> and C3 cases, our SU(3) flavor symmetry predictions are consistent with all present ex-
perimental data except B(D+ — 7%¢*v;) and B(D® — 7~ ¢*vy), which are slight larger
than their experimental upper limits. The not yet measured B(D;¥ — n%%v,), B(D* —
n'utvy), B(DF — K'utv,), B(Df — 7utv,), B(D} — 7%*v,) and the lepton
flavor universality parameters have been obtained. Moreover, the forward-backward asym-
metries, the lepton-side convexity parameters, the longitudinal (transverse) polarizations of
the final charged leptons with two ways of integration for the D — P £ v, decays have been
predicted. The ¢ dependence of corresponding differential quantities of the D — P£% v,
decays in the C3 case have been displayed.

e D — Vity, decays: As given in the Cy, C, and C3 cases, our SU(3) flavor symmetry
predictions of B(DT — wetv,) and B(D® — p~utv,) are slightly larger than its ex-
perimental upper limits, and other SU(3) flavor symmetry predictions are consistent with
present data. After considering the SU(3) flavor breaking effects, as given in the Cy4 case,
all predictions are consistent with present data. The not yet measured or not yet well mea-
sured branching ratios of DT — ¢e*v,, D} — wetv,, D* — ¢putv,, D} - optv,,
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and D — K 0+ v, have been predicted. The q? dependence of corresponding differential
quantities of the D — V £Tv, decays in the C3 case have also been displayed.

e D — Sty decays: Among 18 D — S¢tv, decay modes, only B(D} — £,(980)e™v,)
has been measured, and this experimental datum has been used to constrain the SU(3) flavor
symmetry parameter and then predict other not yet measured branching ratios. Furthermore,
the relevant experimental bounds of B(D — S¢tv,, S — Py P>) have also been added. The
two quark and the four quark scenarios for the light scalar mesons are considered, and the
three possible ranges of the mixing angle 6g in the two quark picture have been analyzed.

The SU(3) flavor symmetry is an approximate approach, and it can still provide very useful
information. We have found that the SU(3) flavor symmetry approach works well in the semilep-
tonic D — P/V £y, decays, and the SU(3) flavor symmetry predictions of the D — S€* v,
decays need to be further tested, and our predictions of the D — S£v, decays are useful for
probing the structure of light scalar mesons. According to our predictions, some decay modes
could be observed at BESIII, LHCb or Bellell in near future experiments.
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