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Form factors and Helicity amplitudes

D, Ds , B and Bs

The semileptonic decay of D meson to a pseudoscalar (P) or a vector (V ) meson.

M
(
D → P(V )l+νl

)
=

GF√
2
Vcq

〈
P(V ) | q̄Oµc | D(s)

〉
l+Oµνl

=
GF√

2
VcqH

µLµ,

(1)
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Form factors and Helicity amplitudes

The invariant matrix element:

〈P(p2)|Vµ|D(p1)〉 = Tµ, 〈V (p2)|Vµ − Aµ|D(p1)〉 = ε†ν2 Tµν . (2)

The form factors, Bauer-Stech-Wirbel (BSW) form

Tµ =

(
Pµ −

m2
1 −m2

2

q2
qµ

)
F1(q2) +

m2
1 −m2

2

q2
qµF0(q2),

Tµν = − (m1 + m2)

[
gµν −

Pν

q2
qµ

]
A1(q2) +

Pν

m1 + m2

[
Pµ −

m2
1 −m2

2

q2
qµ

]
A2(q2)

− 2m2
Pν

q2
qµA0(q2) +

i

m1 + m2
εµναβP

αqβV (q2).

(3)

where Pµ = (p1 + p2)µ, qµ = (p1 − p2)µ.
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Form factors and Helicity amplitudes

Four-vectors εµ(λW ):

orthonormality property ε†µ(λW )εµ(λ′W ) = gλWλ
′
W

;

completeness relations: εµ(λW )ε†ν(λ′W )gλWλ
′
W

= gµν .

The contraction of leptonic and hadronic tensors:

LµνHµν = Lµ′ν′g
µ′µgν

′νHµν

= L
(
λW , λ

′
W

)
gλWλ

′′
W
gλ′

W
λ′′′
W
H
(
λ′′Wλ

′′′
W

)
.

(4)

In the helicity-component space:

L
(
λW , λ

′
W

)
= εµ(λW )ε†ν(λ′W )Lµν , H

(
λW , λ

′
W

)
= ε†µ(λW )εν(λ′W )Hµν . (5)
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Form factors and Helicity amplitudes

For the transition D → Pl+νl , the helicity amplitudes:

HλW
≡ εµ†(λW )Tµ (6)

The relations between form factors and helicity amplitudes:

6

A. The helicity amplitudes of D → Pl+νl

For the transition D → Pl+νl in the helicity-component space, the hadronic tensor is given by

H
(
λW , λ

′
W

)
= ε†µ(λW )εν(λ′W )Hµν

= [ε†µ(λW )Tµ][ε†ν(λ′W )Tν ]† = HλWH
†
λ′W
,

(11)

with HλW ≡ εµ†(λW )Tµ. In the rest frame of the initial meson D, one has the explicit representations

[36] of the polarization four-vectors εµ(λW ):

εµ(t) =
1√
q2

(q0, 0, 0, |~p2|) , εµ(±) =
1√
2

(0,∓1,−i, 0) , εµ(0) =
1√
q2

(|~p2| , 0, 0, q0) . (12)

Among these representations, q0 is the energy and |~p2| is the momentum of the Woff-shell in the D rest

frame. Additionally, in this frame (see Fig. 2),

pµ1 = (m1, 0, 0, 0) ,

pµ2 = (E2, 0, 0,−|~p2|) ,

qµ = (q0, 0, 0, |~p2|) ,

(13)

where E2 is the energy of the final meson, and q0 and |~p2| are given by

2m1q0 = m2
1 −m2

2 + q2, |~p2|2 = E2
2 −m2

2, 2m1E2 = m2
1 +m2

2 − q2. (14)

To calculate the relations between form factors and helicity amplitudes, we project out the relevant

helicity amplitudes using the polarization four-vectors εµ(λW ). Combining Eq. (3) and Eq. (12), for the

D → P transition, we obtain

Ht =
1√
q2

(m2
1 −m2

2)F0(q2),

H± = 0,

H0 =
2m1|~p2|√

q2
F1(q2).

(15)

The invariant form factors are only a function of q2. From this equation, we find that Ht = H0 at the

maximum recoil (q2 = 0), and H0 = 0 at the zero recoil (q2 = q2
max).

B. The helicity amplitudes of D → V l+νl

For the transition D → V l+νl, we also need the polarization four-vectors εν2(λV ) to obtain the expres-

sions of the helicity amplitudes. The index λV denotes the polarization index of vector meson V . The
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Form factors and Helicity amplitudes

For the transition D → Vl+νl , the helicity amplitudes:

HλWλV
≡ ε†µ(λW )ε†α2 (λV )Tµα (7)

The relations:

7

hadronic tensor of the D → V transition can be rewritten as

H
(
λW , λ

′
W

)
= ε†µ(λW )εν(λ′W )Hµν

= ε†µ(λW )εν(λ′W )ε†α2 (λV )Tµα

[
ε†β2 (λ′V )Tνβ

]†
δλV λ′V

= ε†µ(λW )ε†α2 (λV )Tµα

[
ε†ν(λ′W )ε†β2 (λ′V )Tνβ

]†
δλV λ′V

= HλWλVH
†
λ′WλV

,

(16)

with

HλWλV ≡ ε†µ(λW )ε†α2 (λV )Tµα. (17)

According to the angular momentum conservation, λV = λW , λ
′
V = λ′W for λW , λ

′
W = ±, 0; and λV , λ

′
V =

0 for λW , λ
′
W = t.

In the D rest frame, the explicit representations of the polarization four-vectors for the final vector

meson εν2(λV ) can be written as

εν2(±) =
1√
2

(0,±1,−i, 0) , εν2(0) =
1

m2
(|~p2|, 0, 0,−E2) . (18)

They satisfy the orthonormality condition

ε†2ν(λV )εν2(λ′V ) = −δλV λ′V , (19)

and the completeness relation

∑
ε2µ(λV )ε†2ν(λ′V )δλV λ′V = −gµν +

p2µp2ν

m2
2

. (20)

In terms of the Eq. (17), we use a similar method to obtain the nonvanishing helicity amplitudes of

the transition D → V l+νl:

Ht ≡ ε†µ(t)ε†ν2 (0)Tµν = −2m1|~p2|√
q2

A0(q2),

H± ≡ ε†µ(±)ε†ν2 (±)Tµν = −(m1 +m2)A1(q2)± 2m1|~p2|
m1 +m2

V (q2),

H0 ≡ ε†µ(0)ε†ν2 (0)Tµν = −m1 +m2

2m2

√
q2

(
m2

1 −m2
2 − q2

)
A1(q2) +

1

m1 +m2

2m2
1|~p2|2

m2

√
q2
A2(q2).

(21)

At the maximum recoil (q2 = 0), we have Ht(0) = H0(0), and Ht and H0 dominate, while at the zero

recoil (q2 = q2
max), Ht = 0 and H± = H0.

C. The hadronic tensor including the cascade decay V → P1P2

Taking into account the finite width effect of the vector meson, we need to consider the cascade decay

V → P1P2 with P denoting a pseudoscalar. For a more intuitive description, we give an example of

cascade decay in Fig. 1.
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The differential decay distribution

In the three-body phase,
∑

spins
|M|2 =

G2
F

2
|Vcq |2L

(
λW , λ

′
W

)
gλWλ

′′
W
gλ′

W
λ′′′
W
H
(
λ′′W , λ

′′′
W

)

Hadronic part H
(
λW , λ

′
W

)
=


HλW

H†
λ′
W
, D → P,

HλWλV
H†
λ′
W
λV
, D → V .

Leptonic part

Lµν =

tr [(/k1 + ml )Oµ/k2Oν ] , W− → l−ν̄l ,

tr [(/k1 −ml )Oν/k2Oµ] , W+ → l+νl ,

= 8
(
k1µk2ν + k1νk2µ − k1 · k2gµν ± iεµναβk

α
1 kβ2

)
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The differential decay distribution

Two-fold differential decay distribution:

dΓ
(
D → P(V )l+νl

)
dq2d cos θ

=
G2
F |Vcq |2|~p2|q2v2

32(2π)3m2
1

×
[(

1 + cos2 θ
)
HU + 2 sin2 θHL + 2 cos θHP

+2δl
(
sin2 θHU + 2 cos2 θHL + 2HS − 4 cos θHSL

)]
.

(8)

The differential q2 distribution:

dΓ
(
D → P(V )l+νl

)
dq2

=
G2
F |Vcq |2|~p2|q2v2

12(2π)3m2
1

× [HU +HL + δl (HU +HL + 3HS )] (9)
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The differential decay distribution

Definitions of helicity structure functions

11

TABLE I: Definitions of helicity structure functions

Parity-conserving Parity-violating

HU = |H+|2 + |H−|2 HP = |H+|2 − |H−|2

HL = |H0|2 HA = 1
2Re(H+H

†
0 −H−H†0)

HT = Re(H+H
†
−) HIA = 1

2 Im(H+H
†
0 −H−H†0)

HIT = Im(H+H
†
−) HSA = 1

2Re(H+H
†
t −H−H†t )

HI = 1
2Re(H+H

†
0 +H−H

†
0) HISA = 1

2 Im(H+H
†
t −H−H†t )

HII = 1
2 Im(H+H

†
0 +H−H

†
0)

HS = |Ht|2

HST = 1
2Re(H+H

†
t +H−H

†
t )

HIST = 1
2 Im(H+H

†
t +H−H

†
t )

HSL = Re(H0H
†
t )

HISL = Im(H0H
†
t )

Htot = HU +HL + δl (HU +HL + 3HS)

Then, we obtain the twofold differential decay distribution on q2 and cos θ:

dΓ (D → P (V )l+νl)

dq2d cos θ
=
G2
F |Vcq|2|~p2|q2v2

32(2π)3m2
1

×
[(

1 + cos2 θ
)
HU + 2 sin2 θHL + 2 cos θHP

+2δl
(
sin2 θHU + 2 cos2 θHL + 2HS − 4 cos θHSL

)]
.

(34)

Further integrating over cos θ, the differential q2 distribution will be

dΓ (D → P (V )l+νl)

dq2
=
G2
F |Vcq|2|~p2|q2v2

12(2π)3m2
1

×Htot, (35)

with Htot = HU +HL + δl (HU +HL + 3HS).

For the cascade decays, we need to consider the fourfold distribution. Equation (24) shows the hadronic

tensor, including the cascade decay. Combining the momenta of P1 Eq. (22) and the polarization vectors

of V meson Eq. (23), the hadronic tensor in the helicity space can be written as

1

g2
V PP |~p3|2

H
(
λW , λ

′
W

)
=




cos2 θ∗|Ht|2 1
2
√

2
sin 2θ∗HtH

†
+ cos2 θ∗HtH

†
0 − 1

2
√

2
sin 2θ∗HtH

†
−

1
2
√

2
sin 2θ∗H+H

†
t

1
2 sin2 θ∗|H+|2 1

2
√

2
sin 2θ∗H+H

†
0 −1

2 sin2 θ∗H+H
†
−

cos2 θ∗H0H
†
t

1
2
√

2
sin 2θ∗H0H

†
+ cos2 θ∗|H0|2 − 1

2
√

2
sin 2θ∗H0H

†
−

− 1
2
√

2
sin 2θ∗H−H

†
t −1

2 sin2 θ∗H−H
†
+ − 1

2
√

2
sin 2θ∗H−H

†
0

1
2 sin2 θ∗|H−|2



,

(36)

with the matrix orders λW , λ
′
W = t,+, 0,−.

The four-body phase space for D → V (→ P1P2)lνl depends on five variables: P1P2 invariant mass

squared s, lνl invariant mass squared q2, the angles θ, θ∗ and χ. See the definitions in Fig. 2. Considering

the narrow width approximation

1

(s−m2
2)2 +m2

2Γ2
V

ΓV→0−−−−→ π

m2ΓV
δ(s−m2

2) (37)
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The differential decay distribution

The cascade decay D → V (→ P1P2)lνl

P1

P2

V

D

Wθ∗
θ

z

x
χ

νl

l

amplitude A(V → P1P2) = gVPP · ερ2 (λV ) · p3ρ

The hadronic tensor:

H
(
λW , λ

′
W

)
= ε†µ(λW )εν(λ′W )Hµν

= g2
VPPp3α′p3β′ε

α′
2 (λV )ε†β

′

2 (λ′V )× HλW ,λV
H†
λ′
W
,λ′

V
.

(10)

The fourfold distribution for the cascade:

dΓ
(
D → V (→ P1P2)l+νl

)
dq2d cos θd χ

2π
d cos θ∗

=
G2
F |Vcq |2|~p2|q2v2

12(2π)3m2
1

Br(V → P1P2)W (θ, θ∗, χ), (11)
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The differential decay distribution

the angular distribution W (θ, θ∗, χ):

12

in the four-body phase space integral, one arrives at

dΓ (D → V (→ P1P2)l+νl)

dq2d cos θdχd cos θ∗
=

3G2
F |Vcq|2v|~p2|

(2π)4128m2
1

Br(V → P1P2)
1

|~p3|2
H(λW , λ

′
W )L(λW , λ

′
W ), (38)

which is then generally expressed as

dΓ (D → V (→ P1P2)l+νl)

dq2d cos θd χ
2πd cos θ∗

=
G2
F |Vcq|2|~p2|q2v2

12(2π)3m2
1

Br(V → P1P2)W (θ, θ∗, χ), (39)

and the angular distribution W (θ, θ∗, χ) is given by

W (θ, θ∗, χ) =
9

32

(
1 + cos2 θ

)
sin2 θ∗HU +

9

8
sin2 θ cos2 θ∗HL +

9

16
cos θ sin2 θ∗HP

− 9

16
sin2 θ sin2 θ∗ cos 2χHT +

9

8
sin θ sin 2θ∗ cosχHA

+
9

16
sin 2θ sin 2θ∗ cosχHI −

9

8
sin θ sin 2θ∗ sinχHII

− 9

16
sin 2θ sin 2θ∗ sinχHIA +

9

16
sin2 θ sin2 θ∗ sin 2χHIT

+δl

[
9

4
cos2 θ∗HS −

9

2
cos θ cos2 θ∗HSL +

9

4
cos2 θ cos2 θ∗HL

+
9

16
sin2 θ sin2 θ∗HU +

9

8
sin2 θ sin2 θ∗ cos 2χHT

+
9

4
sin θ sin 2θ∗ cosχHST −

9

8
sin 2θ sin 2θ∗ cosχHI

− 9

4
sin θ sin 2θ∗ sinχHISA +

9

8
sin 2θ sin 2θ∗ sinχHIA

−9

8
sin2 θ sin2 θ∗ sin 2χHIT

]
.

(40)

Note that the observables such as differential decay rate, forward-backward asymmetry, polarization

of τ and vector mesons, can be constructed from three-body decays directly, without the help of Eq. (40),

which is derived assuming the narrow width limit. The uncertainty due to the narrow width approximation

influence only the following Wi measurements. Even so, the finite-width effect is generally very small for

vector menson, less than a few percent, as explored in Ref. [43].

IV. THE PHYSICAL OBSERVABLES

To study the effect of the lepton mass and provide a more detailed physical picture in semileptonic

decays beyond the branching fraction, we can also define other physical observables that can be measured

experimentally, such as forward-backward asymmetry
(
AlFB

)
, longitudinal

(
P lL
)

and transverse
(
P lT
)

polarization of the charged lepton, longitudinal polarization
(
F lL(V )

)
of the final vector meson, leptonic

convexity parameter
(
C lF
)
, and trigonometric momentum (Wi) in the angular distribution. These observ-

ables are expressed again by the above helicity structure functions. The hadronic convexity parameter
(
ChF
)

is simply related to the longitudinal polarization of vector, and we will not repetitively calculate

ChF .
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More physical observables

To study the effect of the lepton mass and provide a more detailed physical picture in

semileptonic decays beyond the branching fraction, we can also define other physical observables

that can be measured experimentally.

The forward-backward asymmetry:

Al
FB(q2) =

∫ 1
0 d cos θ dΓ

dq2d cos θ
−
∫ 0
−1 d cos θ dΓ

dq2d cos θ∫ 1
0 d cos θ dΓ

dq2d cos θ
+
∫ 0
−1 d cos θ dΓ

dq2d cos θ

=
3

4

HP − 4δlHSL

Htot
.

(12)
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More physical observables

The leptonic polarization

set the azimuthal angel χ = 0, spin four-vector sµ =

(
~k1·~̂s
ml
, ~̂s +

~k1(~k1·~̂s)
ml(k0

1
+ml)

)

The longitudinal polarization vector sµL = 1
ml

(
|~k1|, E1 sin θ, 0, E1 cos θ

)
The corresponding leptonic tensor:

Lµν(sL) = ∓8ml

(
sLµk2ν + sLνk2µ − sL · k2gµν ± iεµναβs

α
L kβ2

)
(13)
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More physical observables

The polarized differential decay distribution:

dΓ(sL)

dq2
=

G2
F |Vcq |2|~p2|q2v2

12(2π)3m2
1

[HU +HL − δl (HU +HL + 3HS )] . (14)

The longitudinal polarization of lepton:

P l
L(q2) =

dΓ(sL)

dq2
/
dΓ

dq2
=
HU +HL − δl (HU +HL + 3HS )

Htot
(15)

The transverse polarization corresponding to the vector

sµT =
(

0, ~̂sT

)
= (0, cos θ, 0, − sin θ):

P l
T (q2) = −3π

√
δl

4
√

2

HP + 2HSL

Htot
. (16)
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More physical observables

Normalized angle distribution W̃ (θ∗, θ, χ) =
W(θ∗,θ,χ)
Htot

the normalized θ and θ∗ angular distribution:

W̃ (θ) =
W (θ)

Htot
=

a + b cos θ + c cos2 θ

2 (a + c/3)

W̃ (θ∗) =
W (θ∗)
Htot

=
a′ + c ′ cos2 θ∗

2a′ + 2/3c ′

(17)

the leptonic convexity parameter C l
F (q2) = d2W̃ (θ)

d(cos θ)2

The hadronic convexity parameter Ch
F (q2) = d2W̃ (θ∗)

d(cos θ∗)2
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More physical observables

The longitudinal polarization fraction of the final vector meson:

F l
L(q2) =

dΓ(λV = 0)/dq2

dΓ/dq2
=

(1 + δl )HL + 3δlHS

Htot
(18)

The transverse polarization fraction is F l
T (q2) = 1− F l

L(q2)

the trigonometric moments:

Wi =

∫
d cos θd cos θ∗d (χ/2π)Mi (θ, θ∗, χ) W̃ (θ, θ∗, χ) = 〈Mi (θ, θ∗, χ)〉 . (19)

WT (q2) = 〈cos 2χ〉 = −1

2
(1− 2δl )

HT

Htot
,

WI (q
2) = 〈cos θ cos θ∗ cosχ〉 =

9π2 (1− 2δl )

512

HI

Htot
,

WA(q2) = 〈sin θ sin θ∗ cosχ〉 =
3π

16

HA + 2δlHST

Htot
.

(20)
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Average value

Average value, reinstate the phase factor C(q2) = | ~p2| (q2 −m2
l )2/q2:

〈Al
FB〉 =

3

4

∫
dq2C(q2) (HP − 4δlHSL)∫

dq2C(q2) [HU +HL + δl (HU +HL + 3HS )]
. (21)

A similar operation holds for all others.
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The results

For the related form factors in these physical quantities equations, we stick to the predictions in

the covariant light-front quark model (CLFQM).

H.-Y.Cheng, C.-K.Chua, and C.-W.Hwang, Phys.Rev.D 69,074025(2004)

R. Verma, J.Phys.G 39,025005(2012)

The momentum dependence of form factors can be parameterized as:

F (q2) =
F (0)

1− a
(
q2/m2

D

)
+ b

(
q2/m2

D

)2
(22)

For the final state of the D(s) transitions, the pseudoscalar mesons P contain η, η′, π0,K0,

K̄0 and the vector mesons V contain ρ, ω, φ,K∗,K̄∗;

For the B(s) transitions, the pseudoscalar mesons P contain η, η′, π0, D̄0,D−s and the vector

mesons V contain ρ, ω,K∗−, D̄∗0, D∗−s .
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The results

Branching fraction, compared to the PDG and BESIII results. All values are in unit of 10−3

18

TABLE III: Branching fraction for the semileptonic decays of D+ and D+
s , compared to the PDG [46] and BESIII

results. All values are in unit of 10−3

e mode µ mode

CLFQM PDG BESIII CLFQM PDG BESIII

D+ → P

D+ → ηl+νl 1.20 1.11± 0.07 1.16 1.04± 0.15 [47]

D+ → η′l+νl 0.179 0.20± 0.04 0.169

D+ → π0l+νl 4.09 3.72± 0.17 3.63± 0.13 [48] 4.04 3.50± 0.15

D+ → K̄0l+νl 103.2 87.3± 1.0 86.0± 2.1 [48] 100.7 87.6± 1.9

D+ → V

D+ → ρl+νl 2.32 2.18+0.17
−0.25 2.22 2.4± 0.4

D+ → ωl+νl 2.07 1.69± 0.11 1.69± 0.11 [49] 1.98 1.77± 0.29 [49]

D+ → K̄∗0l+νl 73.2 54.0± 1.0 69.3 52.7± 1.5

D+
s → P

D+
s → ηl+νl 21.9 23.2± 0.8 23.0± 3.9 [50] 21.5 24± 5.0 24.2± 5.7 [50]

D+
s → η′l+νl 8.82 8.0± 0.7 9.3± 3.5 [50] 8.41 11± 5.0 10.6± 6.1 [50]

D+
s → K0l+νl 2.54 3.4± 0.4 2.49

D+
s → V

D+
s → φl+νl 30.7 23.9± 1.6 22.6± 5.4 [50] 28.9 19.0± 5.0 19.4± 6.2 [50]

D+
s → K∗0l+νl 1.90 2.15± 0.28 1.82

TABLE IV: Branching fraction for the semileptonic decays of B+ and Bs, compared to the PDG [4] results.

e mode PDG (l+νl) τ mode PDG (τ+ντ )

B+ → P

B+ → ηl+νl 4.96× 10−5 (3.9± 0.5)× 10−5 3.03× 10−5

B+ → η′l+νl 2.41× 10−5 (2.3± 0.8)× 10−5 1.28× 10−5

B+ → π0l+νl 7.20× 10−5 (7.8± 0.27)× 10−5 4.89× 10−5

B+ → D̄0l+νl 2.59× 10−2 (2.35± 0.09)× 10−2 0.78× 10−2 (0.77± 0.25)× 10−2

B+ → V

B+ → ρl+νl 2.00× 10−4 (1.58± 0.11)× 10−4 1.09× 10−4

B+ → ωl+νl 1.89× 10−4 (1.19± 0.09)× 10−4 1.00× 10−4

B+ → D̄∗0l+νl 6.67× 10−2 (5.66± 0.22)× 10−2 1.66× 10−2 (1.88± 0.20)× 10−2

Bs → P
Bs → K−l+νl 9.23× 10−5 6.18× 10−5

Bs → D−s l
+νl 2.41× 10−2 0.72× 10−2

Bs → V
Bs → K∗−l+νl 3.01× 10−4 1.56× 10−4

Bs → D∗−s l+νl 5.91× 10−2 1.46× 10−2

[47–50], and we find a good agreement among them within the uncertainty. But they differ a little larger

for D → Klνl, and especially for D → K∗lνl. Assuming 15% uncertainty for the decay rate, our result

B(D+ → K̄∗0e+νe) = 73.2 × 10−3 differs from the experimental one 54.0 × 10−3 by 1.7σ, while 2.5σ for

assuming 10% uncertainty. This also happens for CCQM, see Table V in [37], where the RQM result

agrees better with PDG. It shows again that investigation in a different model is necessary. For the values

of the B+ → P (V )l+νl decay from PDG in Table IV, the l indicates an electron or a muon, not a sum

over these two modes. We also note that in Ref. [32], the branching fractions for D+ → D0e+νe and

Cross checked: be calculated directly via form factors

H.-Y.Cheng and X.-W.Kang, Eur.Phys.J.C77,587(2017)

The experimental data:

PDG: Phys. Rev. D 98, 030001 (2018)

BESIII: Phys.Rev.Lett. 124,231801(2020), Phys.Rev.D 96,012002(2017), Phys.Rev.D 101,072005(2020)
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Branching fraction for the semileptonic decays of B+ and Bs , compared to the PDG results.
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TABLE III: Branching fraction for the semileptonic decays of D+ and D+
s , compared to the PDG [46] and BESIII

results. All values are in unit of 10−3

e mode µ mode

CLFQM PDG BESIII CLFQM PDG BESIII

D+ → P

D+ → ηl+νl 1.20 1.11± 0.07 1.16 1.04± 0.15 [47]

D+ → η′l+νl 0.179 0.20± 0.04 0.169

D+ → π0l+νl 4.09 3.72± 0.17 3.63± 0.13 [48] 4.04 3.50± 0.15

D+ → K̄0l+νl 103.2 87.3± 1.0 86.0± 2.1 [48] 100.7 87.6± 1.9

D+ → V

D+ → ρl+νl 2.32 2.18+0.17
−0.25 2.22 2.4± 0.4

D+ → ωl+νl 2.07 1.69± 0.11 1.69± 0.11 [49] 1.98 1.77± 0.29 [49]

D+ → K̄∗0l+νl 73.2 54.0± 1.0 69.3 52.7± 1.5

D+
s → P

D+
s → ηl+νl 21.9 23.2± 0.8 23.0± 3.9 [50] 21.5 24± 5.0 24.2± 5.7 [50]

D+
s → η′l+νl 8.82 8.0± 0.7 9.3± 3.5 [50] 8.41 11± 5.0 10.6± 6.1 [50]

D+
s → K0l+νl 2.54 3.4± 0.4 2.49

D+
s → V

D+
s → φl+νl 30.7 23.9± 1.6 22.6± 5.4 [50] 28.9 19.0± 5.0 19.4± 6.2 [50]

D+
s → K∗0l+νl 1.90 2.15± 0.28 1.82

TABLE IV: Branching fraction for the semileptonic decays of B+ and Bs, compared to the PDG [4] results.

e mode PDG (l+νl) τ mode PDG (τ+ντ )

B+ → P

B+ → ηl+νl 4.96× 10−5 (3.9± 0.5)× 10−5 3.03× 10−5

B+ → η′l+νl 2.41× 10−5 (2.3± 0.8)× 10−5 1.28× 10−5

B+ → π0l+νl 7.20× 10−5 (7.8± 0.27)× 10−5 4.89× 10−5

B+ → D̄0l+νl 2.59× 10−2 (2.35± 0.09)× 10−2 0.78× 10−2 (0.77± 0.25)× 10−2

B+ → V

B+ → ρl+νl 2.00× 10−4 (1.58± 0.11)× 10−4 1.09× 10−4

B+ → ωl+νl 1.89× 10−4 (1.19± 0.09)× 10−4 1.00× 10−4

B+ → D̄∗0l+νl 6.67× 10−2 (5.66± 0.22)× 10−2 1.66× 10−2 (1.88± 0.20)× 10−2

Bs → P
Bs → K−l+νl 9.23× 10−5 6.18× 10−5

Bs → D−s l
+νl 2.41× 10−2 0.72× 10−2

Bs → V
Bs → K∗−l+νl 3.01× 10−4 1.56× 10−4

Bs → D∗−s l+νl 5.91× 10−2 1.46× 10−2

[47–50], and we find a good agreement among them within the uncertainty. But they differ a little larger

for D → Klνl, and especially for D → K∗lνl. Assuming 15% uncertainty for the decay rate, our result

B(D+ → K̄∗0e+νe) = 73.2 × 10−3 differs from the experimental one 54.0 × 10−3 by 1.7σ, while 2.5σ for

assuming 10% uncertainty. This also happens for CCQM, see Table V in [37], where the RQM result

agrees better with PDG. It shows again that investigation in a different model is necessary. For the values

of the B+ → P (V )l+νl decay from PDG in Table IV, the l indicates an electron or a muon, not a sum

over these two modes. We also note that in Ref. [32], the branching fractions for D+ → D0e+νe and

l indicates an electron or a muon.
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The results
〈AeFB〉 〈AµFB〉 〈P eL〉 〈PµL 〉 〈P eT 〉(10−2) 〈PµT 〉 〈CeF 〉 〈CµF 〉 〈F eL〉 〈FµL 〉

D+ → P

D+ → ηl+νl CLFQM −6.0× 10−6 −0.05 1.00 0.84 −0.27 −0.43 −1.50 −1.36 - -

CCQM −6.4× 10−6 −0.06 1.00 0.83 −0.28 −0.44 −1.50 −1.32 - -

RQM −0.052 1.00 0.85 −0.40 −1.50 −1.34 - -

D+ → η′l+νl CLFQM −13.2× 10−6 −0.10 1.00 0.71 −0.41 −0.57 −1.50 −1.27 - -

CCQM −13.0× 10−6 −0.10 1.00 0.70 −0.42 −0.59 −1.50 −1.19 - -

RQM −0.097 1.00 0.72 −0.56 −1.50 −1.20 - -

D+ → π0l+νl CLFQM −3.4× 10−6 −0.04 1.00 0.90 −0.20 −0.34 −1.50 −1.40 - -

CCQM −4.1× 10−6 −0.04 1.00 0.88 −0.22 −0.36 −1.50 −1.37 - -

RQM −0.040 1.00 0.89 −0.36 −1.50 −1.38 - -

D+ → K̄0l+νl CLFQM −5.8× 10−6 −0.05 1.00 0.84 −0.27 −0.42 −1.50 −1.36 - -

CCQM −6.4× 10−6 −0.06 1.00 0.83 −0.28 −0.43 −1.50 −1.32 - -

RQM −0.053 1.00 0.85 −0.42 −1.50 −1.34 - -

D+ → V

D+ → ρl+νl CLFQM −0.24 −0.26 1.00 0.92 −0.10 −0.13 −0.48 −0.40 0.55 0.54

CCQM −0.21 −0.24 1.00 0.92 −0.09 −0.13 −0.44 −0.36 0.53 0.51

RQM −0.26 −0.28 1.00 0.92 −0.12 −0.42 −0.34 0.52 0.52

D+ → ωl+νl CLFQM −0.24 −0.26 1.00 0.92 −0.09 −0.12 −0.45 −0.37 0.53 0.53

CCQM −0.21 −0.24 1.00 0.92 −0.09 −0.12 −0.43 −0.35 0.52 0.50

RQM −0.25 −0.27 1.00 0.93 −0.11 −0.39 −0.32 0.51 0.50

D+ → K̄∗0l+νl CLFQM −0.19 −0.22 1.00 0.90 −0.11 −0.15 −0.48 −0.39 0.55 0.54

CCQM −0.18 −0.21 1.00 0.91 −0.11 −0.15 −0.47 −0.37 0.54 0.52

RQM −0.22 −0.25 1.00 0.90 −0.15 −0.47 −0.37 0.54 0.54

D+
s → P

D+
s → ηl+νl CLFQM −5.6× 10−6 −0.05 1.00 0.84 −0.27 −0.43 −1.50 −1.33 - -

CCQM −6.0× 10−6 −0.06 1.00 0.84 −0.27 −0.42 −1.50 −1.33 - -

RQM −0.043 0.88 −0.35 −1.37 - -

D+
s → η′l+νl CLFQM −11.1× 10−6 −0.09 1.00 0.74 −0.38 −0.55 −1.50 −1.23 - -

CCQM −11.2× 10−6 −0.09 1.00 0.75 −0.38 −0.54 −1.50 −1.23 - -

RQM −0.080 0.77 −0.51 −1.26 - -

D+
s → K0l+νl CLFQM −5.1× 10−6 −0.05 1.00 0.86 −0.25 −0.41 −1.50 −1.35 - -

CCQM −5.0× 10−6 −0.05 1.00 0.86 −0.24 −0.39 −1.50 −1.35 - -

RQM −0.038 0.89 −0.34 −1.38 - -

D+
s → V

D+
s → φl+νl CLFQM −0.18 −0.21 1.00 0.91 −0.11 −0.14 −0.48 −0.38 0.54 0.53

CCQM −0.18 −0.21 1.00 0.91 −0.11 −0.14 −0.43 −0.34 0.53 0.50

RQM −0.21 −0.24 1.00 0.90 −0.15 −0.49 −0.35 0.54 0.54

D+
s → K∗0l+νl CLFQM −0.22 −0.25 1.00 0.92 −0.09 −0.12 −0.47 −0.38 0.54 0.54

CCQM −0.22 −0.25 1.00 0.92 −0.09 −0.11 −0.40 −0.33 0.51 0.49

RQM −0.26 −0.29 1.00 0.92 −0.11 −0.41 −0.33 0.52 0.51

The average values of the observables.

Theoretical predictions: the covariant

confining quark model (CCQM)

M.A.Ivanov and J.G.Korner,

Front.Phys.14,64401(2019)

and the relativistic quark model(RQM)

R.Faustov, V.Galkin, and X.-W.Kang

Phys.Rev.D 101,013004(2020)

The lepton mass effect:

Ds ,Bs → V transition:

A
µ(τ)
FB are similar to those for Ae

FB

Ds ,Bs → P transition:

〈AµFB〉/〈Ae
FB〉 ∼ 104 ∼ m2

µ/m
2
e

〈AτFB〉/〈Ae
FB〉 ∼ 107 ∼ m2

τ/m
2
e
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The average values of other observables for the B(s) transitions

20

D+
s → D0e+νe are calculated to be on the order of 10−13 and 10−8, respectively. These numbers are far

beyond the current and even future scope of the experiment. We will refrain from considering these two

channels in our work.

TABLE VI: Forward-backward asymmetry, lepton polarization, and leptonic convexity parameter and the longitu-

dinal polarization of vector meson for semileptonic decays of B+ and Bs. The dash indicates that the value does

not exist.

〈AeFB〉 〈AτFB〉 〈P eL〉 〈P τL〉 〈P eT 〉 〈P τT 〉 〈CeF 〉 〈CτF 〉 〈F eL〉 〈F τL〉

B+ → P

B+ → ηl+νl −0.39× 10−6 −0.29 1.00 0.11 −0.64× 10−3 −0.86 −1.50 −0.60 - -

B+ → η′l+νl −0.49× 10−6 −0.31 1.00 0.026 −0.72× 10−3 −0.87 −1.50 −0.52 - -

B+ → π0l+νl −0.35× 10−6 −0.28 1.00 0.087 −0.62× 10−3 −0.85 −1.50 −0.59 - -

B+ → D̄0l+νl −1.04× 10−6 −0.36 1.00 −0.32 −1.07× 10−3 −0.84 −1.50 −0.27 - -

B+ → V

B+ → ρl+νl −0.32 −0.39 1.00 0.60 −0.18× 10−3 −0.10 −0.39 −0.12 0.51 0.49

B+ → ωl+νl −0.30 −0.36 1.00 0.65 −0.15× 10−3 −0.06 −0.42 −0.15 0.51 0.49

B+ → D̄∗0l+νl −0.22 −0.30 1.00 0.51 −0.29× 10−3 −0.10 −0.42 −0.056 0.52 0.45

Bs → P
Bs → K−l+νl −0.43× 10−6 −0.29 1.00 −0.10 −0.72× 10−3 −0.86 −1.50 −0.46 - -

Bs → D−s l
+νl −1.05× 10−6 −0.36 1.00 −0.33 −1.07× 10−3 −0.84 −1.50 −0.26 - -

Bs → V
Bs → K∗−l+νl −0.21 −0.28 1.00 0.65 −0.17× 10−3 −0.13 −0.59 −0.26 0.59 0.56

Bs → D∗−s l+νl −0.22 −0.29 1.00 0.51 −0.29× 10−3 −0.10 −0.43 −0.058 0.52 0.45

In Tables V and VI, we list the average values of other observables for the D(s) and B(s) transitions,

including the forward-backward asymmetry 〈AlFB〉, leptonic longitudinal and transverse polarization 〈P lL〉,
〈P lT 〉, leptonic convexity parameter 〈C lF 〉 and longitudinal polarization 〈F lL〉 of the final vector meson.

In Table V, we compare our results with other theoretical predictions from Ref. [32] and Ref. [37]. In

these references, the form factors are obtained based on the covariant confining quark model (CCQM)

and the relativistic quark model (RQM), separately, and the magnitude of these numerical results agree

well. From these two tables, we find that the average values of the forward-backward asymmetry A
µ(τ)
FB

are similar to those for AeFB for both the Ds → V and Bs → V transition, while for the Ds → P and

Bs → P transitions, we obtain 〈AµFB〉/〈AeFB〉 ∼ 104 and 〈AτFB〉/〈AeFB〉 ∼ 107. Therefore, the lepton

mass effect is more apparent for the mode of the pseudoscalar in final state. In fact, it is a natural result

of Eq. (41), where for the pseudoscalar case H± = 0, then HP = 0 and AFB is proportional to the lepton

mass squared; the above ratio just corresponds to m2
µ/m

2
e and m2

τ/m
2
e, respectively. Concerning the

average values of the leptonic transverse polarization, the absolute values of 〈PµT 〉 are much larger than

〈P eT 〉 for D(s) decay and |〈P τT 〉| � |〈P eT 〉| for B(s) decays. More precisely, one has 〈PµT 〉/〈P eT 〉 ∼ 102 for

D(s) decay and 〈PµT 〉/〈P eT 〉 ∼ 103 for B(s) decay. Again, these ratios correspond to mµ/me and mτ/me, cf.

Eq. (50). 〈P eL〉 equals 1 for all the cases since in Eq. (47), the term proportional to δl almost vanishes for

a numerical calculation. Clearly, in the zero lepton mass limit, 〈P lT 〉 = 0 and 〈P eL〉 = 1 for all channels,

D(s), 〈PµT 〉/〈Pe
T 〉 ∼ 102 ∼ mµ/me ;

B(s), 〈PτT 〉/〈Pe
T 〉 ∼ 103 ∼ mτ/me

〈Pe
L〉 equals 1 for all the cases, the term proportional to δl almost vanishes;

In the zero lepton mass limit, 〈Pe
T 〉 = 0, 〈Pe

L〉 = 1 for all channels, and 〈C e
F 〉 = −1.5 for the

D(s)/B(s) → P case.
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The ratios of the partial decay rates, ΓL/ΓT = 〈FL〉/(1− 〈FL〉)

21

and 〈CeF 〉 = −1.5 for the D(s)/B(s) → P case. In Table VI, the results from other models are still lacking.

We note that some of those channels have been explored e.g., in the RQM [? ? ? ? ? ? ], in the QCD

sum rule [? ? ], in the light-cone sum rule [? ? ? ? ? ], however, the relevant observables are not given.

Through the longitudinal polarization of the final vector meson, we can obtain the ratios of the partial

decay rates ΓL/ΓT = 〈FL〉/(1−〈FL〉). Experimental measurements give the results regarding these ratios

ΓL/ΓT for D+ → K̄∗0l+νl, and D+
s → φl+νl decays, and we give the comparison in Table VII. Our

predictions are in good agreement with the available experimental values and other theoretical results

from the CCQM [32] and RQM [37]. The PDG average for ΓL/ΓT in D+ → K̄∗0l+νl is 1.13±0.08, which

is fully taken from the measurements for D+ → K̄∗0µ+νµ with the exclusion of the data from Ref. [51]

for the electron mode. The PDG average for ΓL/ΓT in D+
s → φl+νl is 0.72± 0.18, which is based on the

value from Ref. [52] as well as from Refs. [53] and [54]. The last two treat ΓL/ΓT for a lepton mass of

zero.

TABLE VII: The ratios of the partial decay rates ΓL/ΓT for D+ → K̄∗0l+νl and Ds → φl+νl decays. The PDG

averages are discussed in the text.

CLFQM CCQM [32] RQM [37] Experimental

D+ → K̄∗0e+νe 1.21 1.17 1.17

D+ → K̄∗0µ+νµ 1.17 1.08 1.17 1.13± 0.08 [46]

Ds → φe+νe 1.17 1.12 1.17 1.0± 0.3± 0.2 [52]

Ds → φµ+νµ 1.12 1 1.17

Considering the l−ν̄l mode, we recalculate the relevant physical observables for the B̄0 → D+l−ν̄l and

B̄0 → D∗+l−ν̄l decay channels and compare our results with another prediction from the CCQM [36] in

Table VIII. Again there is a good agreement.

TABLE VIII: Forward-backward asymmetry, lepton polarization, and convexity parameters for semileptonic decays

of B̄0 → D+l−ν̄l and B̄0 → D∗+l−ν̄l, compared with the prediction from the CCQM [36], where 〈P eT 〉 is shown as

0 since it is on the order of 10−3.

〈AeFB〉 〈AτFB〉 〈P eL〉 〈P τL〉 〈P eT 〉 〈P τT 〉 〈CeF 〉 〈CτF 〉

B̄0 → D+l−ν̄l
CLFQM −1.04× 10−6 −0.36 −1 0.32 1.06× 10−3 0.84 −1.5 −0.27

CCQM −1.17× 10−6 −0.36 −1 0.33 0.84 −1.5 −0.26

B̄0 → D∗+l−ν̄l
CLFQM 0.22 0.054 −1 −0.51 0.46× 10−3 0.47 −0.42 −0.056

CCQM 0.19 0.027 −1 −0.50 0.46 −0.47 −0.062

In Table IX, we present our predictions for the trigonometric moments of D(s) and B(s) decay. Except

for the electron mode, for D(s) decay, we have also calculated the muon mode, while for B(s), the tau

mode is also illustrated. For the transitions of meson D(s), we give the comparison with the predictions

of the CCQM [35], and we find that our predictions are in good agreement with them.

Further precise measurement
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Predictions for F τL (D∗
(s)

) and PτL (D
(∗)
(s)

), compared with other models as well as experimental

values. In parenthesis, we also include the value of F e
L (D∗) for B̄ → D∗τ−ν̄τ

23

TABLE X: Our predictions for F τL(D∗(s)) and P τL(D
(∗)
(s)), compared with other models as well as experimental values.

In parenthesis, we also include the value of F eL(D∗) for B̄ → D∗τ−ν̄τ .

Observables Approach B̄ → Dτ−ν̄τ B̄ → D∗τ−ν̄τ (e−ν̄e) Bs → Dsτ
−ν̄τ Bs → D∗sτ

−ν̄τ

F τL(D∗(s))

CLFQM - 0.451 (0.521) - 0.453

SM1 [70] - 0.46± 0.04 - -

SM2 [71] - 0.455 - 0.433

PQCD [72] - 0.43 - 0.43

Belle [73] - 0.60± 0.08± 0.04 (0.56± 0.02) - -

P τL(D
(∗)
(s))

CLFQM 0.32 −0.51 0.33 −0.51

SM1 0.325± 0.09 [74] −0.497± 0.013 [75] - -

SM2 [71] 0.352 −0.501 - −0.520

PQCD [72] 0.30 −0.53 0.30 −0.53

Belle [76] - −0.38± 0.51+0.21
−0.16 - -

new operator structure beyond the SM. Their correlation with other NP models—the two Higgs doublet

model and a lepton quark model—are discussed in Refs. [74, 75]. We also notice that the values of P τ and

AFB in Table VI in Ref. [72] should correspond to the τ−ν̄τ mode, not the τ+ντ mode. As mentioned,

the two modes will lead to different results with not only an overall sign difference, cf. Eq. (66) and

Eqs. (41), (47), and (50).

As a matter of fact, there are very different landscapes for polarizations of τ and lighter ones e and

µ. The polarisation of τ can be accessed by analysing its decay product, as has been done by Belle

collaboration, but it is not possible for e and µ. In a complete angular analysis, cf. Eq. (40), the helicity

structure functionsHU,L,S,P,SL could be extracted, and from them the polarisation observables are defined.

We also show the differential decay distribution dΓ/dq2 within the full range of the momentum transfer

squared in Fig. 3 for some selected channels. These are direct observables in the experiment and will be

tested in the future.

Moreover, we compare our results with the experimental results of the differential decay rate for

D → Ke+νe and D → πe+νe in Fig. 4. The experimental data are from the BESIII [50, 83], BABAR

[84, 85] and CLEO [86] collaboration. The blue band is obtained by assigning the central values a 10%

uncertainty, demonstrating to some extent our theoretical uncertainty. Our results for D → πe+νe agree

very well with the experimental findings, while for the D → Ke+νe case, they only agree within their

uncertainties. As already noted in Ref. [37], our result for D → Ke+νe is larger than theirs and the

experiment.

In Figs. 5-7, we represent the q2 dependence of the forward-backward asymmetry and the leptonic

longitudinal and transverse polarization, respectively. For the decays D(s) → V l+νl and B(s) → V l+νl,

we can find that the values of AFB and PT coincide with 0 at the zero recoil point (q2 = q2
max) since

Discriminate the effects of new operator structure beyond the SM.

The results F τL (D
(∗)
(s)

) agree well within uncertainties.

The uncertainty for PτL of the Belle measurement is very large.
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The case in which the charge of the lepton is negative (l−ν̄l ):

AFB(q2) = −3

4

HP + 4δlHSL

Htot
,

P l
L(q2) = −HU +HL − δl (HU +HL + 3HS )

Htot
,

P l
T (q2) = −3π

√
δl

4
√

2

HP − 2HSL

Htot
.

(23)

Forward-backward asymmetry, lepton polarization, and convexity parameters for semileptonic

decays of B̄0 → D+l−ν̄l and B̄0 → D∗+l−ν̄l

21

and 〈CeF 〉 = −1.5 for the D(s)/B(s) → P case. In Table VI, the results from other models are still lacking.

We note that some of those channels have been explored e.g., in the RQM [? ? ? ? ? ? ], in the QCD

sum rule [? ? ], in the light-cone sum rule [? ? ? ? ? ], however, the relevant observables are not given.

Through the longitudinal polarization of the final vector meson, we can obtain the ratios of the partial

decay rates ΓL/ΓT = 〈FL〉/(1−〈FL〉). Experimental measurements give the results regarding these ratios

ΓL/ΓT for D+ → K̄∗0l+νl, and D+
s → φl+νl decays, and we give the comparison in Table VII. Our

predictions are in good agreement with the available experimental values and other theoretical results

from the CCQM [32] and RQM [37]. The PDG average for ΓL/ΓT in D+ → K̄∗0l+νl is 1.13±0.08, which

is fully taken from the measurements for D+ → K̄∗0µ+νµ with the exclusion of the data from Ref. [51]

for the electron mode. The PDG average for ΓL/ΓT in D+
s → φl+νl is 0.72± 0.18, which is based on the

value from Ref. [52] as well as from Refs. [53] and [54]. The last two treat ΓL/ΓT for a lepton mass of

zero.

TABLE VII: The ratios of the partial decay rates ΓL/ΓT for D+ → K̄∗0l+νl and Ds → φl+νl decays. The PDG

averages are discussed in the text.

CLFQM CCQM [32] RQM [37] Experimental

D+ → K̄∗0e+νe 1.21 1.17 1.17

D+ → K̄∗0µ+νµ 1.17 1.08 1.17 1.13± 0.08 [46]

Ds → φe+νe 1.17 1.12 1.17 1.0± 0.3± 0.2 [52]

Ds → φµ+νµ 1.12 1 1.17

Considering the l−ν̄l mode, we recalculate the relevant physical observables for the B̄0 → D+l−ν̄l and

B̄0 → D∗+l−ν̄l decay channels and compare our results with another prediction from the CCQM [36] in

Table VIII. Again there is a good agreement.

TABLE VIII: Forward-backward asymmetry, lepton polarization, and convexity parameters for semileptonic decays

of B̄0 → D+l−ν̄l and B̄0 → D∗+l−ν̄l, compared with the prediction from the CCQM [36], where 〈P eT 〉 is shown as

0 since it is on the order of 10−3.

〈AeFB〉 〈AτFB〉 〈P eL〉 〈P τL〉 〈P eT 〉 〈P τT 〉 〈CeF 〉 〈CτF 〉

B̄0 → D+l−ν̄l
CLFQM −1.04× 10−6 −0.36 −1 0.32 1.06× 10−3 0.84 −1.5 −0.27

CCQM −1.17× 10−6 −0.36 −1 0.33 0.84 −1.5 −0.26

B̄0 → D∗+l−ν̄l
CLFQM 0.22 0.054 −1 −0.51 0.46× 10−3 0.47 −0.42 −0.056

CCQM 0.19 0.027 −1 −0.50 0.46 −0.47 −0.062

In Table IX, we present our predictions for the trigonometric moments of D(s) and B(s) decay. Except

for the electron mode, for D(s) decay, we have also calculated the muon mode, while for B(s), the tau

mode is also illustrated. For the transitions of meson D(s), we give the comparison with the predictions

of the CCQM [35], and we find that our predictions are in good agreement with them.
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Theoretical uncertainty

Attached to form factors: 7%− 10%

CKM matrix elements: the uncertainty for |Vub| is larger due to the difference between the

extractions from the exclusive and inclusive mode, 10%− 15%

The theoretical uncertainty for the figures about differential distribution dΓ
dq2 : 10%
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Differential decay rate of some channels
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Figure: The solid line denotes the results of the e mode, while the dashed line and dot-dashed line correspond

to the µ and τ mode, respectively.
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The comparison with experimental data

0.5 1.0 1.5 2.0
0

20

40

60

80

q
2(GeV2)

d
Γ
×
10

15
/d
q
2
(G
eV

-
1
)

D→ K e+νe

0.5 1.0 1.5 2.0 2.5 3.0
0

5

10

15

20

25

30

35

q
2(GeV2)

d
Γ
×
10

16
/d
q
2
(G
eV

-
1
)

D→π e+νe

Figure: The experimental data from BESIII for neutral D0 (red dots with error bars) and charged D+ (green

dots with error bars), BaBar (blue dots and error bars) and CLEO for neutral D0 (orange dots and error bars)

and charged D+ (brown dots with error bars).

BESIII: M.Ablikim et al.(BESIII), Phys.Rev.D 92,072012(2015); Phys.Rev.D 96,012002(2017)

BaBar: J.Lees et al.(BaBar), Phys.Rev.D 91,052022(2015); B.Aubert et al.(BaBar), Phys.Rev.D

76,052005(2007)

CLEO: D.Besson et al.(CLEO), Phys.Rev.D 80,032005(2009)
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The results

The forward-backward asymmetries
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The results

The longitudinal polarization of a charged lepton
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The results

The transverse polarization of a charged lepton
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Summary

helicity amplitudes, helicity component space

The leptonic and hadronic tensor can be evaluated in two different Lorentz frames.

L
(
λW , λ

′
W

)
: in the W rest frame,

H
(
λW , λ

′
W

)
: in the D rest frame.

branching fraction: compared with experimental results for the D(s) decay;

the predictions for the B(s) decay

detailed derivation for physical observables

F τL (D∗) and PτL (D∗) for the decay B̄ → D∗τ−ντ from the Belle collaboration

these polarization observables are crucial inputs for testing and investigating New Physics
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