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Introduction: B→D*l ν decay (l=e,mu)
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Vcb(-Vub) puzzle: 

The observed discrepancy between exclusive and inclusive 
determination of Vcb (&Vub) 
CKM goal fit points Vcb inclusive measurement: problem in Vcb 
exclusive??? 
Difficult to judge due to hadronic uncertainties… 

CKM constraint

➠ Motivation for 
angular analysis!



Introduction: B→D*l ν decay (l=tau)
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R(D)-R(D*) anomaly: 

R(D(*)) is hadronic uncertainty FREE observable 
Thus, the observed anomaly is very intriguing  
Tau decays with missing energy: challenge for experiment

Anomalies in $ → & Decays

2023/07/18 K. Kojima (on behalf of the Belle II Collaboration) / Lepton Photon 2023

The SM postulates the universality of the lepton coupling to the electroweak gauge bosons.
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The tension with the SM could be a sign of New Physics.

P K(∗) = ℬ( J! → K(∗)R(&̅5)
ℬ( J! → K(∗)ℓ(&̅ℓ)

, (ℓ = H or %)
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Introduction: angular distribution

2 Di↵erential decay rate

We write contributions from the left-handed current, the right-handed current and the
interference term in terms of the helicity amplitudes:

d�(B̄ ! D
⇤(! D⇡) `� ⌫̄`)

dw d cos ✓V d cos ✓` d�
=

6mBm
2
D⇤

8(4⇡)4

p
w2 � 1(1� 2w r + r

2)G2
F |Vcb|2 ⇥ B(D⇤ ! D⇡)

⇥
n
J1s sin

2
✓V + J1c cos

2
✓V + (J2s sin

2
✓V + J2c cos

2
✓V ) cos 2✓`

+J3 sin
2
✓V sin2 ✓` cos 2�

+J4 sin 2✓V sin 2✓` cos�+ J5 sin 2✓V sin ✓` cos�

+(J6s sin
2
✓V + J6c cos

2
✓V ) cos ✓`

+J7 sin 2✓V sin ✓` sin�+ J8 sin 2✓V sin 2✓` sin�

+J9 sin
2
✓V sin2 ✓` sin 2�

o
(20)

where the Ji(i = 1 ⇠ 9) is written by the helicity amplitude and the Wilson coe�cients of
left- and right-handed currents by

J1s =
3

2
(H2

+ +H
2
�)(|CVL |2 + |CVR |2)� 6H+H�Re[CVLC

⇤
VR

]

J1c = 2H2
0 (|CVL |2 + |CVR |2 � 2Re[CVLC

⇤
VR

])

J2s =
1

2
(H2

+ +H
2
�)(|CVL |2 + |CVR |2)� 2H+H�Re[CVLC

⇤
VR

]

J2c = �2H2
0 (|CVL |2 + |CVR |2 � 2Re[CVLC

⇤
VR

])

J3 = �2H+H�(|CVL |2 + |CVR |2) + 2(H2
+ +H

2
�)Re[CVLC

⇤
VR

]

J4 = (H+H0 +H�H0)(|CVL |2 + |CVR |2 � 2Re[CVLC
⇤
VR

])

J5 = �2(H+H0 �H�H0)(|CVL |2 � |CVR |2)
J6s = �2(H2

+ �H
2
�)(|CVL |2 � |CVR |2)

J6c = 0

J7 = 0

J8 = 2(H+H0 �H�H0)Im[CVLC
⇤
VR

]

J9 = 2(H2
+ �H

2
�)Im[CVLC

⇤
VR

]

For the (B ! D̄
⇤(! D̄⇡) `+ ⌫`) decay, all the terms are the same except, CVL,R becomes

its complex conjugate C
⇤
VL,R

. This does not a↵ect any term but J8 and J9, which flip the
sign. Indeed, these two terms are triple-product observable, which can generate true and
false CP violation (the former originates from the CP violating phase and the latter from
the CP conserving phase, such as strong interaction). Only the true CP violation can
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where we use ✏0123 = 1.
The non-zero helicity amplitudes Ht ⌘ H

0
t , H± ⌘ H

±
± , Ĥt ⌘ Ĥ

0
t and Ĥ± ⌘ Ĥ

±
± of

left-handed and right-handed currents satisfy the following relations using form factors in
Eq. (5):

H±(q
2) = �Ĥ⌥(q

2) = �(mB +mD⇤)A1(q
2)⌥

p
�D⇤(q2)

mB +mD⇤
V (q2) , (6)

H0(q
2) = �Ĥ0(q

2) = �mB +mD⇤

2mD⇤
p

q2

⇥
(m2

B �m
2
D⇤ � q

2)A1(q
2)

� �D⇤(q2)

(mB +mD⇤)2
A2(q

2)

�
.

(7)

In the following, we use w variable instead of q2,

w =
m

2
B +m

2
D⇤ � q

2

2m2
BmD⇤

such that |pD⇤ | = mD⇤
p
w2 � 1 and w = 1 corresponds to the zero-recoil momentum.

1.1 CNL parameterisation of the form factors

In the CNL parameterisation, the three form factors (including their momentum depen-
dence) are written by four parameters (hA1(1), ⇢

2
D⇤ , R1(1), R2(1)):

A1(q
2) =

w + 1

2
r
0
hA1(w), A2(q

2) =
R2(w)

r0
hA1(w), V (q2) =

R1(w)

r0
hA1(w) (8)

where r
0 = 2

p
mB,D⇤/(mB +mD⇤) with

hA1(w) = hA1(1)(1� 8⇢2D⇤ + (53⇢2D⇤ � 15)z2 � (231⇢2D⇤ � 91)z2) (9)

R1(w) = R1(1)� 0.12(w � 1) + 0.05(w � 1)2 (10)

R2(w) = R2(1) + 0.11(w � 1)� 0.06(w � 1)2 (11)

where z = (
p
w + 1 �

p
2)/(

p
w + 1 +

p
2). By using this parameterisation the helicity

amplitudes are written as:

H±(w) = mB
p
r(w + 1)hA1(w)

"
1⌥

r
w � 1

w + 1
R1(w)

#
(12)

H0(w) = mB
p
r(w + 1)

1� rp
q2

hA1(w)


1 +

w � 1

1� r
(1�R2(w))

�
(13)

where r = mD⇤/mB.
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Angular distribution is a powerful tool for new physics search:  

It can probe the different Dirac structure  
Some observables are hadronic uncertainty FREE (unlike 
branching ratio measurement) 
Interesting challenge for experiment!



Angular analysis for |Vcb| fit (SM)
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B→D*l ν decay (l=e,mu): angular analysis
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5

the invariant mass squared of the lepton-neutrino system.
The range of w is restricted by the allowed values of q

2

such that the minimum value of q
2
min = m

2
` ⇡ 0 GeV2

corresponds to the maximum value of w,

wmax =
m

2
B + m

2
D⇤

2mBmD⇤
. (4)

The three angular variables are depicted in Fig. 3 and
are defined as follows:

• ✓`: the angle between the direction of the lepton
and the direction opposite the B meson in the vir-
tual W rest frame.

• ✓v: the angle between the direction of the D
0 meson

and the direction opposite the B meson in the D
⇤

rest frame.

• �: the angle between the two planes formed by the
decays of the W and the D

⇤ meson, defined in the
rest frame of the B

0 meson.
18
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Figure 2.3: [B ! D
⇤
`⌫ decay geometry] Geometry of B ! D

⇤
`⌫ decays.

The di�erential decay rate is given by

d�(B�D⇤`�)
dwdcos�V dcos�`d� =

3G2
F

4(4�)4 |Vcb|
2mBm2

D⇤

p
w2 � 1(1 � 2wr + r2)⇥

[(1 � cos�`)2sin2�V |H+(w)|2

+(1 + cos�`)2sin2�V |H�(w)|2

+4sin2�`cos2�V |H0(w)|2

�4sin�`(1 � cos�`)sin�V cos�V cos�H+(w)H0(w)

+4sin�`(1 + cos�`)sin�V cos�V cos�H�(w)H0(w)

�2sin2�`sin
2�V cos2�H+(w)H�(w)]

where Hi(w) are called the helicity form factors. These form factors are related to

another set of form factors, hV (w), hA1(w), hA2(w) and hA3(w), as follows.

Hi = �mB
R(1 � r2)(w + 1)

2
p

1 � 2wr + r2
hA1(w) �Hi(w) (2.19)

where �Hi(w) are given by

�H±(w) =
�

1�2wr+r2

1�r

�
1 ⌥

�
w�1
w+1R1(w)

�

�H0(w) = 1 + w�1
1�r (1 � R2(w))

(2.20)

FIG. 3. Definition of the angles ✓`, ✓v and � for the decay
B0 ! D⇤�`+⌫`.

IV. SEMILEPTONIC DECAYS

In the massless lepton limit, the B
0

! D
⇤�

`
+
⌫` dif-

ferential decay rate is given by [4]

d�(B0
! D

⇤�
`
+
⌫`)

dwd cos ✓`d cos ✓vd�
=

⌘
2
EW3mBm

2
D⇤

4(4⇡)2
G

2
F |Vcb|

2
p

w2 � 1(1 � 2wr + r
2)

�
(1 � cos ✓`)

2 sin2
✓vH

2
+(w) + (1 + cos ✓`)

2 sin2
✓vH

2
�(w)

+4 sin2
✓` cos2 ✓vH

2
0 � 2 sin2

✓` sin2
✓v cos 2�H+(w)H�(w)

�4 sin ✓`(1 � cos ✓`) sin ✓v cos ✓v cos �H+(w)H0(w)

+4 sin ✓`(1 + cos ✓`) sin ✓v cos ✓v cos �H�(w) � H0(w)} ,(5)

where r = mD⇤/mB , GF = (1.6637 ± 0.00001) ⇥

10�5~c2GeV�2 and ⌘EW is a small electroweak correc-
tion (Calculated to be 1.006 in Ref. [19]).

A. The CLN Parameterization

The helicity amplitudes H±,0(w) in Eq. 5 are given
in terms of three form factors. In the CLN parameter-
ization [4] one writes these helicity amplitudes in terms
of the form factor hA1(w) and the form factor ratios
R1,2(w). They are defined as
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2)/(
p
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p
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to the form factor normalization, there are three inde-
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2, R1(1) and R2(1). The values of
these parameters are not calculated theoretically instead
they are extracted by an analysis of experimental data.

B. The BGL Parameterization

A more general parameterization comes from BGL [5],
recently used in Refs. [20, 21]. In their approach, the
helicity amplitudes Hi are given by
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in powers of z,

f(z) =
1

P1+(z)�f (z)

1X

n=0

a
f
nz

n
,

F1(z) =
1

P1+(z)�F1(z)

1X

n=0

a
F1
n z

n
,

g(z) =
1

P1�(z)�g(z)

1X

n=0

a
g
nz

n
. (8)

In these equations the Blaschke factors, P1±, are given
by

P1±(z) =
nY

P=1

z � zP

1 � zzP
, (9)

where zP is defined as
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2
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p
t+ � t�

, (10)

while t± = (mB ± mD⇤)2 and mP denotes the masses of
the B

⇤
c resonances. The product is extended to include

all the Bc resonances below the B �D
⇤ threshold of 7.29

GeV/c2 with the appropriate quantum numbers (1+ for
f(w) and F1(w), and 1� for g(w)). We use the the Bc

resonances listed in Table I. The Bc resonances also enter
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polarisation. Note that ✏̄(t) is not orthogonal but proportional to W -momentum.
The polarisation vectors are given in [69].

Then, using the completeness relation of the polarisation vectors of W boson,
we square the hadronic and leptonic parts of the amplitudes separately. This allows
us to evaluate each part in a convenient frame: we choose the W rest frame for the
leptonic part and B rest frame for the hadronic part.
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These expressions agree with the results in [70] while we find an overall sign di↵er-
ence in HT,0 with respect to [28].
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FIG. 5. Results of the fit with the CLN form factor parameterization. The results from the SVD1 and SVD2 samples are added
together. The electron modes are on the left and muon modes on the right. The points with error bars are the on-resonance
data. Where not shown, the uncertainties are smaller than the black markers. The histograms are, from top to bottom, the
signal component, B ! D⇤⇤ background, signal correlated background, uncorrelated background, fake ` component, fake D⇤

component and continuum.

defined as

Covij = ⇢
stat
ij �
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As we provide only the background subtracted di↵eren-

tial distributions, the expected yield in Eq. 18 becomes

N
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i =

40X
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(Rij✏jN
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The distributions in w, cos ✓`, cos ✓v and � are divided
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tial distributions, the expected yield in Eq. 18 becomes
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The distributions in w, cos ✓`, cos ✓v and � are divided

•1 dimensional binned analysis 
•SM is assumed 
•Simultaneous fit of form factors and Vcb (one lattice input needed)
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B→D*l ν decay (l=e,mu): angular analysis

2 Di↵erential decay rate

We write contributions from the left-handed current, the right-handed current and the
interference term in terms of the helicity amplitudes:
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✓V ) cos ✓`

+J7 sin 2✓V sin ✓` sin�+ J8 sin 2✓V sin 2✓` sin�

+J9 sin
2
✓V sin2 ✓` sin 2�

o
(20)

where the Ji(i = 1 ⇠ 9) is written by the helicity amplitude and the Wilson coe�cients of
left- and right-handed currents by

J1s =
3

2
(H2

+ +H
2
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J3 = �2H+H�(|CVL |2 + |CVR |2) + 2(H2
+ +H

2
�)Re[CVLC

⇤
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]

J4 = (H+H0 +H�H0)(|CVL |2 + |CVR |2 � 2Re[CVLC
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])

J5 = �2(H+H0 �H�H0)(|CVL |2 � |CVR |2)
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J8 = 2(H+H0 �H�H0)Im[CVLC
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]

J9 = 2(H2
+ �H

2
�)Im[CVLC

⇤
VR

]

For the (B ! D̄
⇤(! D̄⇡) `+ ⌫`) decay, all the terms are the same except, CVL,R becomes

its complex conjugate C
⇤
VL,R

. This does not a↵ect any term but J8 and J9, which flip the
sign. Indeed, these two terms are triple-product observable, which can generate true and
false CP violation (the former originates from the CP violating phase and the latter from
the CP conserving phase, such as strong interaction). Only the true CP violation can
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where we use ✏0123 = 1.
The non-zero helicity amplitudes Ht ⌘ H

0
t , H± ⌘ H

±
± , Ĥt ⌘ Ĥ

0
t and Ĥ± ⌘ Ĥ

±
± of

left-handed and right-handed currents satisfy the following relations using form factors in
Eq. (5):

H±(q
2) = �Ĥ⌥(q

2) = �(mB +mD⇤)A1(q
2)⌥

p
�D⇤(q2)

mB +mD⇤
V (q2) , (6)

H0(q
2) = �Ĥ0(q
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p
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(7)

In the following, we use w variable instead of q2,

w =
m

2
B +m

2
D⇤ � q

2

2m2
BmD⇤

such that |pD⇤ | = mD⇤
p
w2 � 1 and w = 1 corresponds to the zero-recoil momentum.

1.1 CNL parameterisation of the form factors

In the CNL parameterisation, the three form factors (including their momentum depen-
dence) are written by four parameters (hA1(1), ⇢

2
D⇤ , R1(1), R2(1)):

A1(q
2) =

w + 1

2
r
0
hA1(w), A2(q

2) =
R2(w)

r0
hA1(w), V (q2) =

R1(w)

r0
hA1(w) (8)

where r
0 = 2

p
mB,D⇤/(mB +mD⇤) with

hA1(w) = hA1(1)(1� 8⇢2D⇤ + (53⇢2D⇤ � 15)z2 � (231⇢2D⇤ � 91)z2) (9)

R1(w) = R1(1)� 0.12(w � 1) + 0.05(w � 1)2 (10)

R2(w) = R2(1) + 0.11(w � 1)� 0.06(w � 1)2 (11)

where z = (
p
w + 1 �

p
2)/(

p
w + 1 +

p
2). By using this parameterisation the helicity

amplitudes are written as:

H±(w) = mB
p
r(w + 1)hA1(w)

"
1⌥

r
w � 1

w + 1
R1(w)

#
(12)

H0(w) = mB
p
r(w + 1)

1� rp
q2

hA1(w)


1 +

w � 1

1� r
(1�R2(w))

�
(13)

where r = mD⇤/mB.

2
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5

the invariant mass squared of the lepton-neutrino system.
The range of w is restricted by the allowed values of q

2

such that the minimum value of q
2
min = m

2
` ⇡ 0 GeV2

corresponds to the maximum value of w,

wmax =
m

2
B + m

2
D⇤

2mBmD⇤
. (4)

The three angular variables are depicted in Fig. 3 and
are defined as follows:

• ✓`: the angle between the direction of the lepton
and the direction opposite the B meson in the vir-
tual W rest frame.

• ✓v: the angle between the direction of the D
0 meson

and the direction opposite the B meson in the D
⇤

rest frame.

• �: the angle between the two planes formed by the
decays of the W and the D

⇤ meson, defined in the
rest frame of the B

0 meson.
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Figure 2.3: [B ! D
⇤
`⌫ decay geometry] Geometry of B ! D

⇤
`⌫ decays.

The di�erential decay rate is given by

d�(B�D⇤`�)
dwdcos�V dcos�`d� =

3G2
F

4(4�)4 |Vcb|
2mBm2

D⇤

p
w2 � 1(1 � 2wr + r2)⇥

[(1 � cos�`)2sin2�V |H+(w)|2

+(1 + cos�`)2sin2�V |H�(w)|2

+4sin2�`cos2�V |H0(w)|2

�4sin�`(1 � cos�`)sin�V cos�V cos�H+(w)H0(w)

+4sin�`(1 + cos�`)sin�V cos�V cos�H�(w)H0(w)

�2sin2�`sin
2�V cos2�H+(w)H�(w)]

where Hi(w) are called the helicity form factors. These form factors are related to

another set of form factors, hV (w), hA1(w), hA2(w) and hA3(w), as follows.

Hi = �mB
R(1 � r2)(w + 1)

2
p

1 � 2wr + r2
hA1(w) �Hi(w) (2.19)

where �Hi(w) are given by

�H±(w) =
�

1�2wr+r2

1�r

�
1 ⌥

�
w�1
w+1R1(w)

�

�H0(w) = 1 + w�1
1�r (1 � R2(w))

(2.20)

FIG. 3. Definition of the angles ✓`, ✓v and � for the decay
B0 ! D⇤�`+⌫`.

IV. SEMILEPTONIC DECAYS

In the massless lepton limit, the B
0

! D
⇤�

`
+
⌫` dif-

ferential decay rate is given by [4]

d�(B0
! D

⇤�
`
+
⌫`)

dwd cos ✓`d cos ✓vd�
=

⌘
2
EW3mBm

2
D⇤

4(4⇡)2
G

2
F |Vcb|

2
p

w2 � 1(1 � 2wr + r
2)

�
(1 � cos ✓`)

2 sin2
✓vH

2
+(w) + (1 + cos ✓`)

2 sin2
✓vH

2
�(w)

+4 sin2
✓` cos2 ✓vH

2
0 � 2 sin2

✓` sin2
✓v cos 2�H+(w)H�(w)

�4 sin ✓`(1 � cos ✓`) sin ✓v cos ✓v cos �H+(w)H0(w)

+4 sin ✓`(1 + cos ✓`) sin ✓v cos ✓v cos �H�(w) � H0(w)} ,(5)

where r = mD⇤/mB , GF = (1.6637 ± 0.00001) ⇥

10�5~c2GeV�2 and ⌘EW is a small electroweak correc-
tion (Calculated to be 1.006 in Ref. [19]).

A. The CLN Parameterization

The helicity amplitudes H±,0(w) in Eq. 5 are given
in terms of three form factors. In the CLN parameter-
ization [4] one writes these helicity amplitudes in terms
of the form factor hA1(w) and the form factor ratios
R1,2(w). They are defined as

hA1(w) = hA1(1)
⇥
1 � 8⇢

2
z + (53⇢

2
� 15)z2

�(231⇢
2

� 91)z3
⇤
,

R1(w) = R1(1) � 0.12(w � 1) + 0.05(w � 1)2,

R2(w) = R2(1) � 0.11(w � 1) � 0.06(w � 1)2, (6)

where z = (
p

w + 1 �
p

2)/(
p

w + 1 +
p

2). In addition
to the form factor normalization, there are three inde-
pendent parameters ⇢

2, R1(1) and R2(1). The values of
these parameters are not calculated theoretically instead
they are extracted by an analysis of experimental data.

B. The BGL Parameterization

A more general parameterization comes from BGL [5],
recently used in Refs. [20, 21]. In their approach, the
helicity amplitudes Hi are given by

H0(w) = F1(w)/
p

q2 ,

H±(w) = f(w) ⌥ mBmD⇤

p
w2 � 1g(w) . (7)

The three BGL form factors can be written as a series
in powers of z,

f(z) =
1

P1+(z)�f (z)

1X

n=0

a
f
nz

n
,

F1(z) =
1

P1+(z)�F1(z)

1X

n=0

a
F1
n z

n
,

g(z) =
1

P1�(z)�g(z)

1X

n=0

a
g
nz

n
. (8)

In these equations the Blaschke factors, P1±, are given
by

P1±(z) =
nY

P=1

z � zP

1 � zzP
, (9)

where zP is defined as

zP =

p
t+ � m

2
P �

p
t+ � t�p

t+ � m
2
P +

p
t+ � t�

, (10)

while t± = (mB ± mD⇤)2 and mP denotes the masses of
the B

⇤
c resonances. The product is extended to include

all the Bc resonances below the B �D
⇤ threshold of 7.29

GeV/c2 with the appropriate quantum numbers (1+ for
f(w) and F1(w), and 1� for g(w)). We use the the Bc

resonances listed in Table I. The Bc resonances also enter

where P (�D⇤) = hD⇡|D⇤
i = 2g✏⇤↵D⇤(�D⇤)pD,↵ (g is the D⇤-D-⇡ coupling), ✏D⇤ is

the polarisation vector of D⇤ meson and �D⇤ 2 {+,�, 0} is the polarisation of D⇤

meson. The polarisation vectors are given in [69].
The hadronic amplitudes are given as

H�D⇤
VL,�

(q2) = ✏̄⇤µ(�)hD
⇤(pD⇤ , ✏D⇤ (�D⇤)) |c̄�µ(1� �5)b|B̄(pB)i ,

H�D⇤
VR,�(q

2) = ✏̄⇤µ(�)hD
⇤(pD⇤ , ✏D⇤ (�D⇤)) |c̄�µ(1 + �5)b|B̄(pB)i ,

H�D⇤
P (q2) = hD⇤(pD⇤ , ✏D⇤ (�D⇤)) |c̄�5b|B̄(pB)i ,

H�D⇤
T,��0(q

2) = i✏̄⇤µ(�)✏̄
⇤
⌫(�

0)hD⇤(pD⇤ , ✏ (�D⇤)) |c̄�µ⌫(1� �5)b|B̄(pB)i,

(6)

and the leptonic amplitudes are given as

L
VL/R

� = ✏̄µ(�)ū`�
µ(1⌥ �5)v⌫̄`

LP = ū`(1� �5)v⌫̄`

LT
�,�0 = �i✏̄µ(�)✏̄⌫(�

0)ū`�
µ⌫(1� �5)v⌫̄`

(7)

Both are written by ✏̄, the polarisation vector of W boson, and �(0)
2 {+,�, 0, t}, its

polarisation. Note that ✏̄(t) is not orthogonal but proportional to W -momentum.
The polarisation vectors are given in [69].

Then, using the completeness relation of the polarisation vectors of W boson,
we square the hadronic and leptonic parts of the amplitudes separately. This allows
us to evaluate each part in a convenient frame: we choose the W rest frame for the
leptonic part and B rest frame for the hadronic part.

The hadronic part is a complex function of form factors and we find

H±
V (q2) ⌘ H±

VL,±(q
2) = �H⌥

VR,⌥(q
2)

= (MB +MD⇤)A1(q
2)⌥

p
�D⇤(q2)

MB +MD⇤
V (q2)

H0
V(q

2) ⌘ H0
VL,0(q

2) = �H0
VR,0(q

2)

=
MB +MD⇤

2MD⇤
p
q2


�(M2

B �M2
D⇤ � q2)A1(q

2) +
�D⇤(q2)

(MB +MD⇤)2
A2(q

2)

�

HP(q
2) ⌘ H0

P(q
2)

= �

p
�D⇤(q2)

MB +mc
A0(q

2)

H±
T (q2) ⌘ ±H±

T,±t(q
2)

=
1p
q2

p
�D⇤(q2)T1(q

2)± (M2
B �M2

D⇤)T2(q
2)

�

H0
T(q

2) ⌘ H0
T,+�(q

2) = H0
T,0t(q

2)

=
1

2MD⇤


(M2

B + 3M2
D⇤ � q2)T2(q

2)�
�D⇤(q2)

(M2
B �M2

D⇤)
T3(q

2)

�

(8)

These expressions agree with the results in [70] while we find an overall sign di↵er-
ence in HT,0 with respect to [28].
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polarisation. Note that ✏̄(t) is not orthogonal but proportional to W -momentum.
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Then, using the completeness relation of the polarisation vectors of W boson,
we square the hadronic and leptonic parts of the amplitudes separately. This allows
us to evaluate each part in a convenient frame: we choose the W rest frame for the
leptonic part and B rest frame for the hadronic part.

The hadronic part is a complex function of form factors and we find
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on a few points around the low recoil region. As shown in the previous section, our
study requires not only these two types of form factors but also the pseudoscalar
and tensor ones. These form factors could in principle, be obtained from the lattice
simulation as well (see e.g. [66]). On the other hand, as introduced in [28], they can
be related to the vector and axial-vector form factors. We derive these relations in
Appendix A, which agree with the results in [28]. Thus, in the following, we relate
the pseudoscalar and tensor form factors to the vector and axial-vector form factors,
for which the lattice results are available.

In the lattice results, the form factors are parameterised using the so-called BGL
parameterisation [72]. Thus, in this article, we use the same parameterisation. The
form factors are related to them as follows:

g =
2

MB +MD⇤
V

f = (MB +MD⇤)A1

F1 =
1

2MD⇤


(M2

B �M2
D⇤ � q2)(MB +MD⇤)A1 �

4M2
B|~pD⇤ |2

MB +MD⇤
A2

�

F2 = 2A0

(10)

where the q2 (or w) dependence of the form factors is implicit. By using these
definitions, the helicity amplitudes can be now written in a very simple manner:

H±
V (w) = f ⌥ gMB|~pD⇤ |

H0
V (w) =

F1p
q2

HP (w) = �
F2MB|~pD⇤ |

MB +mc

H±
T (w) =

±f(mb �mc) + gMB|~pD⇤ |(mb +mc)p
q2

H0
T (w) =

�(mb �mc)(�F1(M2
B �M2

D⇤) + 2F2M2
B|~pD⇤ |2)

(M2
B �M2

D⇤)q2

(11)

where |~pD⇤ | = MD⇤
p
w2 � 1 and

p
q2 = MB

p
1� 2wr + r2. mb(c) is the b(c)-quark

mass. Note that the pseudoscalar and tensor form factors are reduced to the above
four form factors thanks to the relations given in Appendix A.

The momentum dependence of these form factors are given in the z� expansion:

g(z) =
1

P1�(z)�g(z)

1X

n=0

agnzn, f(z) =
1

P1+(z)�f (z)

1X

n=0

afnz
n,

F1(z) =
1

P1+(z)�F1(z)

1X

n=0

aF1
n zn, F2(z) =

1

P0�(z)�F2(z)

1X

n=0

aF2
n zn,

(12)

where

z ⌘

p
w + 1�

p
2

p
w + 1 +

p
2

(13)

Note that the expansion coe�cients must satisfy the unitarity conditions:
1X

n=0

(agn)
2 < 1,

1X

n=0

(afn)
2 + (aF1

n )2 < 1,
1X

n=0

(aF2
n )2 < 1 (14)
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Table 1: The angular coe�cients (J-functions) appearing in the di↵erential decay rate
in Eq. (9). H

±,0
V are the hadronic amplitudes, defined in Eq. (8). The columns contain

the left- and right-handed contributions and their interference terms. The complete Ji-
function is sum of all terms in its row, multiplied with the corresponding Wilson coe�cient
term in the corresponding column (written in the topmost row).

At the limit of massless leptons, the interferences occur only between left- and
right-handed currents, and between psudoscalar and tensor contributions, which
means that the SM (i.e. CVL = 1) interferes only with the right-handed NP. Since
the SM does not produce any of J6c,7,8,9, a nonzero measurement of these angular
coe�cients indicates immediately an appearance of NP (null-test). In particular,
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on a few points around the low recoil region. As shown in the previous section, our
study requires not only these two types of form factors but also the pseudoscalar
and tensor ones. These form factors could in principle, be obtained from the lattice
simulation as well (see e.g. [66]). On the other hand, as introduced in [28], they can
be related to the vector and axial-vector form factors. We derive these relations in
Appendix A, which agree with the results in [28]. Thus, in the following, we relate
the pseudoscalar and tensor form factors to the vector and axial-vector form factors,
for which the lattice results are available.

In the lattice results, the form factors are parameterised using the so-called BGL
parameterisation [72]. Thus, in this article, we use the same parameterisation. The
form factors are related to them as follows:
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where the q2 (or w) dependence of the form factors is implicit. By using these
definitions, the helicity amplitudes can be now written in a very simple manner:
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where |~pD⇤ | = MD⇤
p
w2 � 1 and

p
q2 = MB

p
1� 2wr + r2. mb(c) is the b(c)-quark

mass. Note that the pseudoscalar and tensor form factors are reduced to the above
four form factors thanks to the relations given in Appendix A.

The momentum dependence of these form factors are given in the z� expansion:
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Finally the angular distribution of B̄ ! D⇤(! D⇡)`�⌫̄` is found to be
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Table 1: The angular coe�cients (J-functions) appearing in the di↵erential decay rate
in Eq. (9). H

±,0
V are the hadronic amplitudes, defined in Eq. (8). The columns contain

the left- and right-handed contributions and their interference terms. The complete Ji-
function is sum of all terms in its row, multiplied with the corresponding Wilson coe�cient
term in the corresponding column (written in the topmost row).

At the limit of massless leptons, the interferences occur only between left- and
right-handed currents, and between psudoscalar and tensor contributions, which
means that the SM (i.e. CVL = 1) interferes only with the right-handed NP. Since
the SM does not produce any of J6c,7,8,9, a nonzero measurement of these angular
coe�cients indicates immediately an appearance of NP (null-test). In particular,
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•In ’14, Fremilab published one form factor at w=1 limit 

•In ’21-’23, Femilab/JLQCD/HPQCD published 4 form 
factors at NON w=1 limit.
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B→D*l ν decay (l=e,mu): Belle (SM) analysis

Figure 4: The w-dependence of the form factors using the fitted BGL parameters with
the Belle data [62]. Note that the originally obtained BGL parameters are in the tilde
form, i.e. ãBGL ⌘ aBGL|Vcb|⌘EW. In this figure, we use a factor |Vcb|⌘EW = 0.039 to relate
it to the BGL parameter, aBGL so as to be able to compare to the w-dependence of the
form factors in the other figures.
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• Belle data fit 
• Here we don’t use any lattice 

so no Vcb constraint 
• In the plot, we scaled it with |

Vcb|ηEW=0.039

Form factor Value

ã
f
0 0.000459(9)(20)

ã
f
1 0.0017(13)(13)

ã
f
2 �0.013(43)(32)

ã
g
0 0.0016(6)(5)

ã
g
1 �0.019(24)(21)

ã
g
2 �0.02(17)(17)

ã
F1
1 �0.0003(1)(1)

ã
F1
2 �0.0028(19)(16)

Table 5: The BGL parameters fitted by using the Belle data published in [62]. The tilde
notation is defined as ãBGL ⌘ aBGL|Vcb|⌘EW. The first error is statistical and the second
is systematic.

Now, we can determine both the form factor parameters ~aBGL and |Vcb|. It is
important to mention that in this case, we also have to generate the MC sample
for the lattice data, by fluctuating them within their error, to perform the fit. The
obtained fit results are given in Table 6. Using the BGL parameters, we draw the w
dependence of the form factors, f, g, F1 and F2 (without prior) in Figs. 5 and 6. We
observe that the obtained bounds on f , and especially on g form factors becomes
very narrow in whole region of w, as compared to Figs. 2 and 3. This seems to
come from the fact that the Belle data constrains these parameters in the middle
range of w as seen in Fig. 4. Together with the lattice data constraint in the lower
w region, these two form factors become well constrained in the whole range of w.

Concerning |Vcb|, with the ⌘EW = 1.0066, we find

|Vcb| = 0.0394± 0.0011 JLQCD

|Vcb| = 0.0386± 0.0009 Fermilab�MILC
(24)

As expected, the |Vcb| is strongly correlated to the value of af0 , which is depicted in
Fig. 7.

5.3 Test of new physics by fitting the Belle and lattice
data: example of right-handed model

In this section, we suggest the simultaneous fit of Belle and lattice data to test the
new physics model with right-handed current as an example. Strictly speaking, we
cannot use the currently available Belle data to perform this fit since its correlation
assumes the SM as mentioned earlier. For this reason, our fit result is not completely
reliable though, it may gives a useful instruction for the future analysis for Belle II.

With the right-handed contribution, the Ji functions which describe the di↵er-
ential decay rate in Eq. (9) include a new parameter CVR as given in Table 1. In
general CVR can be a complex number, but we assume it to be real parameter for

15



B→D*l ν decay : Lattice QCD

•Fremilab: w=1.03,1.10, 1.17 
•JLQCD: w=1.025, 1.05, 1.10 
•We extrapolate with the 2nd 

order BGL parameterisation

Figure 2: The extrapolated w-dependence of the form factors using the BGL parameter-
istaion: the green and orange bounds are obtained by using the lattice QCD inputs at
the low w region by the JLQCD and the Fermilab-MILC collaborations, respectively. No
unitarity condition is imposed in these plots.

5 The Belle binned results in the light of lat-
tice data

The BaBar and Belle collaborations used their data and obtained the form factors
along with the CKM matrix element Vcb in [61–63, 74–76]. They use the binned
distribution of one of the four kinematical variables, w, cos ✓l, cos ✓V or �. It is a
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Form factor JLQCD FM JLQCD (prior) FM (prior)

a
f
0 0.01197(19) 0.01209(19) 0.01197(19) 0.01208(19)

a
f
1 0.020(11) �0.012(20) 0.021(10) 0.001(15)

a
f
2 0.00(49) 0.8(14) �0.08(43) 0.04(79)

a
g
0 0.0294(18) 0.0329(12) 0.0293(18) 0.0328(12)

a
g
1 �0.057(51) �0.15(10) �0.057(37) �0.136(55)

a
g
2 1.0(31) 0.9(55) 0.72(95) 0.27(98)

a
F1
1 0.0010(42) �0.0080(38) 0.0012(41) �0.006(3)

a
F1
2 0.04(21) 0.14(23) 0.03(20) 0.01(15)

a
F2
0 0.0484(17) 0.0500(15) 0.0485(17) 0.0499(15)

a
F2
1 �0.055(89) �0.377(89) �0.054(88) �0.324(77)

Table 4: The BGL form factor fitted values with the lattice data from JLQCD and
Fermilab-MILC (FM) collaborations. The 2nd-3rd and 4th-5th columns contain results
of fit respectively without and with the unitarity condition, using the prior given in
Eq. (19).

using Eq. (12), at wlatt. We keep terms up to n = 2 in the following. Using the two
relations in Eqs. (15) and (16), we eliminate aF1

0 and aF2
2 and we fit 10 parameters.

The fit results for JLQCD and Fermilab-MILC are given in Table 4, in the second
and third coumns, respectively.

Previously, the only lattice QCD result available was for F at zero-recoil:

F(1) ⌘
1

2
p
MBMD⇤

af0
P1+(0)�f (0)

(18)

with the value being F(1) = 0.906±0.004±0.012 [71]. With the new lattice results,

the fitted value of af0 above gives:

F
JLQCD(1) = 0.887± 0.014, F

FM(1) = 0.896± 0.014

Using these values, we can extrapolate the form factors to higher value of w.
The extrapolated plots are shown in Fig. 2. As mentioned earlier, the expansion
parameters have constraints coming from the unitarity, i.e. Eq. (14). One can
impose these limit by adding some prior like

�2
unitarity�bound = a2BGL (19)

The results obtained with this prior are given in Table 4 in the fourth and fifth
column for JLQCD and Fermilab-MILC, respectively. The extrapolated plots are
shown in Fig. 3. Even after taking into account the unitarity bound, the lattice
QCD data itself does not constrain well the higher w region. As we will see in the
next section, the experimental data has a much better handle on this.

10
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Belle (SM) data + Lattice data (JLQCD)

• Belle data + Lattice QCD 
combined fit 

• Now we can obtain Vcb 
• Two lattice results agree within 

the errors

Figure 5: The w-dependence of the form factors using the fitted BGL parameters with
the Belle data [62] and the JLQCD lattice data [65].
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Fit parameters JLQCD Fermilab-MILC

a
f
0 0.01167(23)(16) 0.01219(17)(19)

a
f
1 0.0428(70)(69) 0.0233(54)(105)

a
f
2 �0.47(20)(26) �0.16(12)(17)

a
g
0 0.02876(93)(64) 0.03229(99)(96)

a
g
1 �0.061(33)(25) �0.166(35)(37)

a
g
2 �0.0165(80)(87) �0.03(24)(22)

a
F1
1 0.0089(21)(21) 0.0030(13)(18)

a
F1
2 �0.109(44)(37) 0.002(26)(25)

a
F2
0 0.0515(18)(18) 0.0519(12)(13)

a
F2
1 �0.03(12)(13) �0.175(55)(67)

|Vcb|⌘EW 0.03969(86)(67) 0.03892(52)(69)

Table 6: The BGL form factors and |Vcb|⌘EW obtained by a simultaneous fit of the Belle
data [62] and the lattice data by JLQCD [65] (second column) and Fermilab-MILC [64]
(third column) collaborations. The first error is statistical and the second is systematic.

Belle+JLQCD Belle+Fermilab-MILC

Figure 7: Correlation plots between a
f
0 and |Vcb|⌘EW, from combined fit of Belle data [62]

and lattice data. The first plot is with JLQCD data [65] and the second plot is with
Fermilab-MILC data [64].

simplicity in this section. Now the �2 to fit is given as

�2
Belle+latt(~aBGL, |Vcb|, CVR) = �2

Belle(~aBGL, |Vcb|, CVR) + �2
latt(~aBGL) (25)

where the CVR is included in the N exp
i in �2

Belle. The obtained fit results are given
in Table 7. Here, we observe a significant di↵erence between results with lattice
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Figure 6: The w-dependence of the form factors using the fitted BGL parameters with
the Belle data [62] and the Fermilab-MILC lattice data [64].
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B→D*l ν decay (l=e,mu): angular analysis

New Physics:

|Vcb|F(1)⌘EW, where ⌘EW is the electroweak correction, and F(1) = hA1(1) is a
form factor at zero-recoil. Therefore, the value of F(1) is required to obtain |Vcb|.
It should be noted that addition of NP e↵ects increases the number of parame-
ters, and experimental data alone cannot fit form factors, Vcb and NP parameters
simultaneously.

The recent lattice QCD results from Fermilab-MILC[64], JLQCD[65] and HPQCD
collaborations [66] provided a breakthrough, by publishing the results on the form
factors for this decay. Previously, only F(1) was known at zero recoil; but now we
have results on four form factors (f, g,F1,F2) in the low-recoil region. In the light
of these new results, we present a simultaneous fit of Belle and lattice QCD data.
Now, thanks to the lattice data, we can even fit the NP parameters, allowing us to
constrain di↵erent types of NP. In addition to using the Belle binned dataset, we
will also demonstrate the fit using an unbinned belle pseudo dataset [67] – the latter
will become possible once a larger amount of data becomes available at the Belle II
experiment [68].

The organisation of the article is as follows: In Section 2 we introduce the e↵ec-
tive Hamiltonian and the di↵erent NP operators relevant for the B ! D⇤`⌫` decay.
In Section 3, we write the complete angular decay distribution for theB ! D⇤`⌫` process
in terms of the NP Wilson coe�cients, hadronic and leptonic amplitudes. In Sec-
tion 4, we describe the new lattice QCD data in the BGL form factor paramete-
riation, and show the form factor fit results to the higher recoil region using the
new lattice data. In Section 5, we use the untagged Belle binned data along with
the lattice data to fit form factors, Vcb and right-handed NP Wilson coe�cient, and
present the fit results. Finally, in Section 6, we demonstrate the fit procedure with
unbinned Belle and lattice data and perform a sensitivity study with di↵erent NP
operators and we conclude in Sedction 7

2 New physics model

In this article, we consider the new physics particle which contributes to the semi-
leptonic B ! D⇤`⌫` decay with ` = e, µ. We start with the most general e↵ec-
tive Hamiltonian, containing all dimension six, four-fermion operators, assuming no
right-handed neutrinos:

He↵ =
4GF
p
2
Vcb

X

`=e,µ

[C`
VL

O`
VL

+ C`
VR

O`
VR

+ C`
SO

`
S + C`

PO
`
P + C`

TO
`
T] (2)

where VL,VR, S,P,T indicate the left-handed, right-handed, scalar, pseudoscalar,
and tensor terms, respectively. The corresponding operators are given as

O`
VL

= (c̄L�
µbL)(¯̀L�µ⌫`L)

O`
VR

= (c̄R�
µbR)(¯̀L�µ⌫`L)

O`
S = (c̄b)(¯̀R⌫`L)

O`
P = (c̄�5b)(¯̀R⌫`L)

O`
T = (c̄R�

µ⌫bL)(¯̀R�µ⌫⌫`L)

(3)

3
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For the l=e/mu case, only R (Right-handed), P (Pseudoscalar), 
T (Tensor) operators contribute

T. Kappor, Z.R. Huang, E.K.  
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B→D*l ν decay (l=e,mu): angular analysis
New Physics:

2 Di↵erential decay rate

We write contributions from the left-handed current, the right-handed current and the
interference term in terms of the helicity amplitudes:

d�(B̄ ! D
⇤(! D⇡) `� ⌫̄`)

dw d cos ✓V d cos ✓` d�
=

6mBm
2
D⇤

8(4⇡)4

p
w2 � 1(1� 2w r + r

2)G2
F |Vcb|2 ⇥ B(D⇤ ! D⇡)

⇥
n
J1s sin

2
✓V + J1c cos

2
✓V + (J2s sin

2
✓V + J2c cos

2
✓V ) cos 2✓`

+J3 sin
2
✓V sin2 ✓` cos 2�

+J4 sin 2✓V sin 2✓` cos�+ J5 sin 2✓V sin ✓` cos�

+(J6s sin
2
✓V + J6c cos

2
✓V ) cos ✓`

+J7 sin 2✓V sin ✓` sin�+ J8 sin 2✓V sin 2✓` sin�

+J9 sin
2
✓V sin2 ✓` sin 2�

o
(20)

where the Ji(i = 1 ⇠ 9) is written by the helicity amplitude and the Wilson coe�cients of
left- and right-handed currents by

J1s =
3

2
(H2

+ +H
2
�)(|CVL |2 + |CVR |2)� 6H+H�Re[CVLC

⇤
VR

]

J1c = 2H2
0 (|CVL |2 + |CVR |2 � 2Re[CVLC

⇤
VR

])

J2s =
1

2
(H2

+ +H
2
�)(|CVL |2 + |CVR |2)� 2H+H�Re[CVLC

⇤
VR

]

J2c = �2H2
0 (|CVL |2 + |CVR |2 � 2Re[CVLC

⇤
VR

])

J3 = �2H+H�(|CVL |2 + |CVR |2) + 2(H2
+ +H

2
�)Re[CVLC

⇤
VR

]

J4 = (H+H0 +H�H0)(|CVL |2 + |CVR |2 � 2Re[CVLC
⇤
VR

])

J5 = �2(H+H0 �H�H0)(|CVL |2 � |CVR |2)
J6s = �2(H2

+ �H
2
�)(|CVL |2 � |CVR |2)

J6c = 0

J7 = 0

J8 = 2(H+H0 �H�H0)Im[CVLC
⇤
VR

]

J9 = 2(H2
+ �H

2
�)Im[CVLC

⇤
VR

]

For the (B ! D̄
⇤(! D̄⇡) `+ ⌫`) decay, all the terms are the same except, CVL,R becomes

its complex conjugate C
⇤
VL,R

. This does not a↵ect any term but J8 and J9, which flip the
sign. Indeed, these two terms are triple-product observable, which can generate true and
false CP violation (the former originates from the CP violating phase and the latter from
the CP conserving phase, such as strong interaction). Only the true CP violation can
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where we use ✏0123 = 1.
The non-zero helicity amplitudes Ht ⌘ H

0
t , H± ⌘ H

±
± , Ĥt ⌘ Ĥ

0
t and Ĥ± ⌘ Ĥ

±
± of

left-handed and right-handed currents satisfy the following relations using form factors in
Eq. (5):

H±(q
2) = �Ĥ⌥(q

2) = �(mB +mD⇤)A1(q
2)⌥

p
�D⇤(q2)

mB +mD⇤
V (q2) , (6)

H0(q
2) = �Ĥ0(q

2) = �mB +mD⇤

2mD⇤
p

q2

⇥
(m2

B �m
2
D⇤ � q

2)A1(q
2)

� �D⇤(q2)

(mB +mD⇤)2
A2(q

2)

�
.

(7)

In the following, we use w variable instead of q2,

w =
m

2
B +m

2
D⇤ � q

2

2m2
BmD⇤

such that |pD⇤ | = mD⇤
p
w2 � 1 and w = 1 corresponds to the zero-recoil momentum.

1.1 CNL parameterisation of the form factors

In the CNL parameterisation, the three form factors (including their momentum depen-
dence) are written by four parameters (hA1(1), ⇢

2
D⇤ , R1(1), R2(1)):

A1(q
2) =

w + 1

2
r
0
hA1(w), A2(q

2) =
R2(w)

r0
hA1(w), V (q2) =

R1(w)

r0
hA1(w) (8)

where r
0 = 2

p
mB,D⇤/(mB +mD⇤) with

hA1(w) = hA1(1)(1� 8⇢2D⇤ + (53⇢2D⇤ � 15)z2 � (231⇢2D⇤ � 91)z2) (9)

R1(w) = R1(1)� 0.12(w � 1) + 0.05(w � 1)2 (10)

R2(w) = R2(1) + 0.11(w � 1)� 0.06(w � 1)2 (11)

where z = (
p
w + 1 �

p
2)/(

p
w + 1 +

p
2). By using this parameterisation the helicity

amplitudes are written as:

H±(w) = mB
p
r(w + 1)hA1(w)

"
1⌥

r
w � 1

w + 1
R1(w)

#
(12)

H0(w) = mB
p
r(w + 1)

1� rp
q2

hA1(w)


1 +

w � 1

1� r
(1�R2(w))

�
(13)

where r = mD⇤/mB.

2

Finally the angular distribution of B̄ ! D⇤(! D⇡)`�⌫̄` is found to be

d�(B̄ ! D⇤(! D⇡)`�⌫̄`)

dwd cos ✓V d cos ✓`d�
=
6MBM2

D⇤

8(4⇡)4

p
w2 � 1(1� 2w r + r2)G2

F |Vcb|
2
|⌘EW|

2
⇥

B(D⇤
! D⇡)

n
J1s sin

2 ✓V + J1c cos
2 ✓V

+ (J2s sin
2 ✓V + J2c cos

2 ✓V ) cos 2✓`

+ J3 sin
2 ✓V sin2 ✓` cos 2�

+ J4 sin 2✓V sin 2✓` cos�+ J5 sin 2✓V sin ✓` cos�

+ (J6s sin
2 ✓V + J6c cos

2 ✓V ) cos ✓`

+ J7 sin 2✓V sin ✓` sin�+ J8 sin 2✓V sin 2✓` sin�

+ J9 sin
2 ✓V sin2 ✓` sin 2�

o

(9)

where w ⌘
M2

B+M2
D⇤�q2

2MBMD⇤ with q2 ⌘ (pB � pD⇤)2 and r ⌘
MD⇤
MB

. The angular coe�-

cients Ji(i = 1 ⇠ 9) are given in Tables 1 and 2.

J |CVL |
2

|CVR |
2 Re[CVLC

⇤
VR

] Im[CVLC
⇤
VR

]

J1s
3
2 [(H

+
V )

2 + (H�
V )

2] 3
2 [(H

+
V )

2 + (H�
V )

2] �6H+
VH

�
V 0

J1c 2(H0
V)

2 2(H0
V)

2
�4(H0

V)
2 0

J2s
1
2 [(H

+
V )

2 + (H�
V )

2] 1
2 [(H

+
V )

2 + (H�
V )

2] �2H+
VH

�
V 0

J2c �2(H0
V)

2
�2(H0

V)
2 4(H0

V)
2 0

J3 �2H+
VH

�
V �2H+

VH
�
V 2[(H+

V )
2 + (H�

V )
2] 0

J4 (H+
VH

0
V +H

�
VH

0
V) (H+

VH
0
V +H

�
VH

0
V) �2(H+

VH
0
V +H

�
VH

0
V) 0

J5 �2(H+
VH

0
V �H

�
VH

0
V) 2(H+

VH
0
V �H

�
VH

0
V) 0 0

J6s �2[(H+
V )

2
� (H�

V )
2] 2[(H+

V )
2
� (H�

V )
2] 0 0

J6c 0 0 0 0

J7 0 0 0 0

J8 0 0 0 2(H+
VH

0
V +H

�
VH

0
V)

J9 0 0 0 �2[(H+
V )

2
� (H�

V )
2]

Table 1: The angular coe�cients (J-functions) appearing in the di↵erential decay rate
in Eq. (9). H

±,0
V are the hadronic amplitudes, defined in Eq. (8). The columns contain

the left- and right-handed contributions and their interference terms. The complete Ji-
function is sum of all terms in its row, multiplied with the corresponding Wilson coe�cient
term in the corresponding column (written in the topmost row).

At the limit of massless leptons, the interferences occur only between left- and
right-handed currents, and between psudoscalar and tensor contributions, which
means that the SM (i.e. CVL = 1) interferes only with the right-handed NP. Since
the SM does not produce any of J6c,7,8,9, a nonzero measurement of these angular
coe�cients indicates immediately an appearance of NP (null-test). In particular,
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Table 1: The angular coe�cients (J-functions) appearing in the di↵erential decay rate
in Eq. (9). H

±,0
V are the hadronic amplitudes, defined in Eq. (8). The columns contain

the left- and right-handed contributions and their interference terms. The complete Ji-
function is sum of all terms in its row, multiplied with the corresponding Wilson coe�cient
term in the corresponding column (written in the topmost row).

At the limit of massless leptons, the interferences occur only between left- and
right-handed currents, and between psudoscalar and tensor contributions, which
means that the SM (i.e. CVL = 1) interferes only with the right-handed NP. Since
the SM does not produce any of J6c,7,8,9, a nonzero measurement of these angular
coe�cients indicates immediately an appearance of NP (null-test). In particular,
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SM is CVL=1. Right-handed model interferes with SM. 
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J |CP|
2

|CT|
2 Re[CPC

⇤
T] Im[CPC

⇤
T]

J1s 0 8[(H+
T )

2 + (H�
T )

2] 0 0

J1c 2H2
P 32(H0

T)
2 0 0

J2s 0 �8[(H+
T )

2 + (H�
T )

2] 0 0

J2c 0 32(H0
T)

2 0 0

J3 0 �32H+
TH

�
T 0 0

J4 0 16(H�
TH

0
T �H

+
TH

0
T ) 0 0

J5 0 0 �8HP(H
+
T �H

�
T ) 0

J6s 0 0 0 0

J6c 0 0 �32HPH
0
T 0

J7 0 0 0 8HP(H
+
T +H

�
T )

J8 0 0 0 0

J9 0 0 0 0

Table 2: The angular coe�cients (J-functions) appearing in the di↵erential decay rate
in Eq. (9). H

±,0
T and HP are the hadronic amplitudes, defined in Eq. (8). The columns

contain the pseudocalar and tensor contributions and their interference terms. The com-
plete Ji-function is sum of all terms in its row, multiplied with the corresponding Wilson
coe�cient term in the corresponding column (written in the topmost row).

the J7,8,9 are CP violating observable, which can be induced only by complex Wilson
coe�cients.

As given in Eq. (8), the helicity amplitudes (H±/0
V , HP, H

±/0
T ) are the functions

of the form factors. Thus, the desired NP information which is engraved in the
Wilson coe�cients can be obtained only by knowing them. As we discuss in the next
section, the vector and the axial vector form factors have recently been computed
by the lattice QCD and we will use those information to investigate the NP e↵ects.

4 The new lattice data on the form factors

As mentioned in the introduction, the Belle experiment has attempted to fit the
form factors and the Standard Model parameters, i.e. Vcb simultaneously. However,
it is important to mention that it has always required one lattice input, such as F(1).
Furthermore, an inclusion of the NP e↵ects increase the number of parameters and
the experiment cannot fit all of them, as demonstrated in our previous paper [67]: for
example, in order to fit the right-handed contribution, we needed to include another
form factor hV (1) as an input. Now that the lattice QCD results are available, one
can perform the NP fit in a more systematic way, by including the lattice data
together with the experimental data. In the following sections, we will illustrate
how to perform such fit.

The three lattice QCD collaborations have recently published the results on the
B ! D⇤ vector and axial-vector form factors [64–66]. Previously only the zero-recoil
results were available [71]; however, the new papers have computed the form factors

7

Psudoscalar and Tensor terms don’t interfere with SM.
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Toy study of new physics fit 

1.Generate “fake-data” with the Belle ’18 fitted parameters.  
2.Fit the fake-data with the theory formula including new physics 
parameters together with the lattice data

24

•4 dimensional unbinned maximum likelihood analysis

•Angular distribution and Branching ratio: 

3 The angular coe�cient gi

Our goal is to determine the new physics contribution which are included in CVL,R Wilson
coe�cient. From theory point of view, it is interesting to obtain the experimental result
in terms of the angular coe�cients, Ji, as each coe�cient has di↵erent sensitivity to these
contribution. The simple example is the J8,9 which is sensitive to the CP violation from
new physics. Furthermore, the helicity amplitudes H±,0 contains the form factors which
induce theoretical uncertainties and can smear out the new physics e↵ect. The theoretical
uncertainties are also di↵erent for di↵erent Ji functions so, that makes also some of the Ji

function more sensitive to new physics e↵ects than others (as it happened in the case of
P

0
5 observable of B ! K

⇤
`
+
`
�).

Let us first write our PDF. When we integrate the all angles, we obtain:

d�

dw
=

6mBm
2
D⇤

8(4⇡)4
G

2
F |Vcb|2 ⇥ B(D⇤ ! D⇡)

8

9⇡

n
6J 0

1s + 3J 0
1c � 2J 0

2s � J
0
2c

o
(43)

where J
0
i ⌘ Ji

p
w2 � 1(1� 2wr + r

2). In the following, to take into account the w depen-
dence, we separate w in 10 bins and prepare the pdf for each bin. We express the decay
rate for each bin as

h�iw�bin =
6mBm

2
D⇤

8(4⇡)4
G

2
F |Vcb|2⇥B(D⇤ ! D⇡)

8

9⇡

n
6hJ 0

1siw�bin+3hJ 0
1ciw�bin�2hJ 0

2siw�bin�hJ 0
2ciw�bin

o

(44)
where

hJiiw�bin ⌘
Z

w�bin
Jidw. (45)

In the following, the index w-bin is implicit.
Now, the normalised PDF is written by a new normalised angular coe�cients gi as:

f̂ ~hgi(cos ✓V , cos ✓`,�) =
9⇡

8
⇥
n1

6
(1� 3hg1ci+ 2hg2si+ hg2ci) sin2 ✓V + hg1ci cos2 ✓V

+hg2si sin2 ✓V + hg2ci cos2 ✓V ) cos 2✓`
+hg3i sin2 ✓V sin2 ✓` cos 2�

+hg4i sin 2✓V sin 2✓` cos�+ hg5i sin 2✓V sin ✓` cos�

+(hg6si sin2 ✓V + hg6ci cos2 ✓V ) cos ✓`
+hg7i sin 2✓V sin ✓` sin�+ hg8i sin 2✓V sin 2✓` sin�

+hg9i sin2 ✓V sin2 ✓` sin 2�
o

(46)

where

hgii ⌘
hJii

6hJ1si+ 3hJ1ci � 2hJ2si � hJ2ci
(47)
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(i.e. the fitted form factors and Vcb in [62] as mentioned earlier). The detailed
procedure is given in the Appendix B.

Now, we can fit the theory parameters to the ’experimentally’ obtained angular
coe�cients and their correlations by using the following �2:

�2
angle(~aBGL, CNP) = (33)

10X

w�bin=1

h
Nw�binV̂

�1
ij

⇣
hgexpi i � hgthi (~aBGL, CNP)i

⌘⇣
hgexpj i � hgthj (~aBGL, CNP)i

⌘i

w�bin

where V̂ is the scaled covariance matrix, Nw�bin are the number of events in the
w-bin and hgexpi i is the best fit value of the angular coe�cients (see Appendix B
for details) while hgthi (~aBGL, CNP)i are the theoretical expressions, which depend on
the form factors and NP Wilson coe�cients. We assume about the same amount of
the signal events as in [62]. Note that as �2

angle term is made from the normalised
angular coe�cients, the overall constants such as Vcb gets cancelled.

In order to constrain from the total number of events, we use the world average
of the branching ratio, as mentioned earlier:

B
exp(B ! D⇤`⌫) = 0.0495± 0.0011

Then, the �2 from the branching ratio measurement can be written as,

�2
B(~aBGL, Vcb, CNP) =

✓
B
th(~aBGL, Vcb, CNP)� 0.0495

0.0011

◆2

(34)

where B
th(~aBGL, Vcb, CNP) is the theoretical prediction of the branching ratio in-

cluding new physics contribution.
Finally adding the lattice constraint, the total �2 to fit is

�2
unbinned(~aBGL, Vcb, CNP) = �2

angle(~aBGL, CNP) + �2
latt(~aBGL) + �2

B(~aBGL, Vcb, CNP)

(35)

In the following, we show the fit results. We assume single non-zero new physics
coupling at a time (i.e. CVR 6= 0, CP 6= 0 or CT 6= 0 and also assume that they are
real number.

6.2.1 Right-handed model: CVR 6= 0

The fitted result is given in Table 8. Let us first compare this unbinned analysis
result with the binned one given in Table 7. As our pseudodata does not have
systematic error, we can compare only the statistical one (i.e. the first parenthesis
in Table 7). As expected, the statistical errors are better for the unbinned analysis
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Result of the Right-handed model
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CVR≄0  
➠ New physics!

Fit parameters JLQCD Fermilab-MILC

a
f
0 0.01294(20) 0.01327(20)

a
f
1 0.018(11) �0.005(13)

a
f
2 �0.21(53) �0.28(61)

a
g
0 0.0255(15) 0.0289(11)

a
g
1 �0.045(35) �0.130(49)

a
g
2 0.4(11) 1.0(14)

a
F1
1 0.0061(22) �0.0001(23)

a
F1
2 �0.095(94) �0.05(10)

a
F2
0 0.0483(14) 0.0537(13)

a
F2
1 �0.004(50) �0.276(62)

CVR �0.023(34) �0.070(23)

|Vcb|⌘EW 0.0390(21) 0.0385(20)

Table 8: The BGL form factors, CVR and |Vcb|⌘EW obtained by a simultaneous fit of the
pseudo-data and the lattice data by JLQCD [65] (second column) and Fermilab-MILC [64]
(third column) collaborations. The errors are statistical only.

Figure 10: Correlation plots between a
g
0, |Vcb|⌘EW and CVR , from combined fit of the

pseudo-data and JLQCD lattice data [65]. CVR is assumed to be real.
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Hadrons 

New Physics  
SM

Now, it is important to check the correlation between the new 
physics parameters and hadronic parameters 

•Belle fake data combined with the lattice data to fit the 
new physics parameter CVR along with SM parameter Vcb 



Result of the Right-handed model
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CVR≄0  
➠ New physics!

Indeed, a0g is strongly correlated to CVR : i.e. we can not 
distinguish the effect of these two parameters. We can see 
that a0g of JLQCD and Fermilab do not agree and that results 
in different values of CVR 

•Belle fake data combined with the lattice data to fit the 
new physics parameter CVR along with SM parameter Vcb 
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Table 8: The BGL form factors, CVR and |Vcb|⌘EW obtained by a simultaneous fit of the
pseudo-data and the lattice data by JLQCD [65] (second column) and Fermilab-MILC [64]
(third column) collaborations. The errors are statistical only.
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Figure 11: Correlation plots between a
g
0, |Vcb|⌘EW and CVR , from combined fit of the

pseudo-data and Fermilab-MILC lattice data [64] CVR is assumed to be real.

i.e. CVL , as such terms are proportional to the lepton mass, which is neglected. As
a result the sensitivity to this parameter is quite poor. The fitted result is given
in Table 9 where we find that |CP| is constrained only at 20-30% precision. As
mentioned earlier, the psuedoscalar form factor is obtained by relating it to the axial
vector form factor. This could potentially induce an error from the uncertainties
of charm and quark masses. However, we find that this error is negligible here: we
tested this by inflating the errors in the quark masses by order of 1 GeV. The results
on |CP| with JLQCD and Fermilab-MILC inputs are slightly di↵erent. As shown
in Figs. 12 and 13, there is a small correlation between CP and aF1

1 whose values
are di↵erent for these two inputs and this might be the reason of this di↵erence.
Also shown in Figs. 12 and 13, the correlation between |CP| and |Vcb| is very small.
Thus, a shift in |CP| would not influence the value of Vcb as seen in the the case of
CVR 6= 0.

6.2.3 Tensor model: CT 6= 0

In the case of CT 6= 0 model, several Ji functions depend on CT, though, similar
to CP 6= 0 model, the interference to the SM term cancels due to the small lepton
masses (see Tables 1 and 2). The fitted results are given in Table 10 where we find
that |CT| is much more constrained than |CP|, at 2-3% level. The result does not
change after taking into account the uncertainties from charm and quark masses,
which appear in the formula relating the tensor and vector form factors. In this case,
we observe almost no correlation between |CT| and form factors and the correlation
between |CT| and Vcb is also small as well (see Figs. 14).
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•Belle has been studying the angular distribution to constrain the 
form factors within SM. 

•There are now three lattice QCD results on the B->D* Form Factors. 

•Thus, we are ready to move to BSM fit! 

•We performed toy study of the unbanned maximum likelihood 
method of Belle data to new physics models including the lattice 
data. 

•The observed discrepancy in Right-handed model is intriguing and 
we need further investigation both from theory and experiment. 

•The pseudoscalar/tensor model doesn’t interfere with SM, thus, the 
sensitivity is lower. Nevertheless, it has very little correlation to the 
form factors or Vcb so it is hadronic effect FREE. 

Conclusions
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B→D*l ν decay (l=τ): angular analysis

Figure 2: Decay angles for the Bd ! D⇤⌧ ⌫̄⌧ decay, where ✓D is the angle between the direction
ofD meson and the direction opposite to that of B meson, in theD⇤ meson rest frame. Similarly,
✓` is the angle between the direction of ` and the direction opposite to that of B meson, in the
virtual W rest frame. �` is the angle between the two decay planes. The plane on the left is
formed by ` and B vectors in W rest frame, while the one on right is formed by D and B vectors
in D⇤ rest frame. As we can see, the B vector gives a common axis to both the planes, where
they intersect. Note that W first decays to a ⌧ , which decays to `⌫̄`⌫⌧ . The angles of the ⌧ are
not observable, hence, they are not shown. Yet, they appear in the intermediate computation
steps, and needs to be integrated away to write an observable angular distribution.

The amplitude then becomes 1

M = G2
FVcbgD⇤D⇡

1

p2⌧ �M2
⌧ + iM⌧�⌧

1

p2
D⇤ �M2

D⇤ + iMD⇤�D⇤

⇥

X

�D⇤

PD(�D⇤)✏⇤�
D⇤(�D⇤)T VL

�µ
Rµ

VL
.

(7)

As we can see, the hadronic part (✏⇤�
D⇤(�D⇤)T VL

�µ
) and leptonic part Rµ

VL
are not

Lorentz invariant quantities (because of the µ Lorentz index). Therefore, we have
to use the same reference frame to express them, which is inconvenient. However,
we can separate them by making use of the completeness relation of the W -boson
polarisation vectors ✏W , which is given as follows:

X

mn

✏⇤µ
W
(m)✏µ

0

W
(n)gmn = gµµ

0
, (8)

1Note: We have made the D⇤ and ⌧ propagators explicit by the following replacements:

X

�D⇤

✏↵D⇤(�D⇤)✏⇤�D⇤(�D⇤) !

P
�D⇤ ✏

↵
D⇤(�D⇤)✏⇤�D⇤(�D⇤)

p2D⇤ �M2
D⇤ + iMD⇤�D⇤

, u⌧ ū⌧ !
/p⌧ +M⌧

p2⌧ �M2
⌧ + iM⌧�⌧

. (6)

7

We use τ→μνν decay

where

|~pD⇤ | =

q
�(M2

B
,M2

D⇤ , q2)

2MB

, |~pD| =

q
�(M2

D⇤ ,M2
D
,M2

⇡)

2MD⇤
, |~p⌧ | =

q2 �M2
⌧

2
p

q2
.

(35)

The amplitudes MVL,VR,P,T are given as follows:

MVL = CVL

X

�D⇤=±,0

P (�D⇤)
X

�=t,±,0

g��H
�D⇤
VL,�

LVA
�

, (36)

MVR = CVR

X

�D⇤=±,0

P (�D⇤)
X

�=t,±,0

g��H
�D⇤
VR,�

LVA
�

, (37)

MP = CP

X

�D⇤=±,0

P (�D⇤)H�D⇤
P

LSP, (38)

MT = CT

X

�D⇤=±,0

P (�D⇤)
X

�=t,±,0

X

�0=t,±,0

g��g�0�0H�D⇤
T,��0L

T

��0 . (39)

The SM branching fraction expressions of D⇤
! D⇡ and ⌧ ! `⌫⌧ ⌫̄` used in Eq. (34)

are given as follows:

B(D⇤
! D⇡) =

g2
D⇤D⇡

|~pD|3

6⇡M2
D⇤�D⇤

, B(⌧ ! `⌫⌧ ⌫̄`) =
G2

F
M5

⌧

192⇡3�⌧

. (40)

In Eq. (34), the helicity angles of the ⌧ still appear, which are not measurable
in experiments. Therefore, to write the measurable angular distribution, we must
integrate over them after putting the amplitudes from Eq. (36) in Eq. (34). However,
as explained in Section 3.3, there are in fact, two ranges of integration (R1 and R2)
of cos ✓⌧ and E`. To obtain the full distribution, we need to integrate over the
two limits separately, and add them in the end. Keeping this in mind, the final
measurable angular distribution is written as follows:

d�r(B̄ ! D⇤(! D⇡)⌧�(! `⌫̄`⌫⌧ )⌫̄⌧ )

dwdE`dcos ✓Ddcos ✓`d�`

=
3G2

F
|Vcb|

2
|⌘EW|

2MD⇤B(D⇤
! D⇡)B(⌧ ! `⌫⌧ ⌫̄`)

16(4⇡)5M2
B
M6

⌧ |~pD|
2

⇥
|~pD⇤(w)||~p⌧ (w)|E`
p
1 + r2 � 2wr

n
J r
1s sin

2 ✓D + J r
1c cos

2 ✓D

+ (J r
2s sin

2 ✓D + J r
2c cos

2 ✓D) cos 2✓`

+ J r
3 sin

2 ✓D sin2 ✓` cos 2�`

+ J r
4 sin 2✓D sin 2✓` cos�` + J r

5 sin 2✓D sin ✓` cos�`

+ (J r
6s sin

2 ✓D + J r
6c cos

2 ✓D) cos ✓`

+ J r
7 sin 2✓D sin ✓` sin�` + J r

8 sin 2✓D sin 2✓` sin�`

+ J r
9 sin

2 ✓D sin2 ✓` sin 2�`

o
,

(41)

where r = MD⇤/MB, and we have changed the variable from q2 to w using the
following relation:

w = vB.vD⇤ =
M2

B
+M2

D⇤ � q2

2MBMD⇤
. (42)
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We have put the superscript ”r” over � and J to keep track of the range of integration
to use, R1 and R2. That is to say, when r = R1(R2), it implies that the above
decay rate has been obtained by integrating cos ✓⌧ using the limits given in the
first(second) row of Table 1, and while integrating over E` in subsequent steps, we
should use the limits given in the first(second) row of Table 1. This leads to two
sets of J-functions, JR1

i
and JR2

i
, with i 2 {1s, 1c, 2s, 2c, 3, 4, 5, 6s, 6c, 7, 8, 9}. These

J functions are functions of E` and q2 (or w). Since these expressions are very long,
they are given in a Mathematica file, available on the following link:

Link to Mathematica file
Here, we give a table, that shows which combination of NP Wilson coe�cients

appear in which J-function.

J function LH LH-RH LH-PS LH-T
J1s |C2

VL
| Re(CVLC

⇤
VR
) 0 Re(CVLC

⇤
T
)

J1c |C2
VL
| Re(CVLC

⇤
VR
) Re(CVLC

⇤
P
) Re(CVLC

⇤
T
)

J2s |C2
VL
| Re(CVLC

⇤
VR
) 0 Re(CVLC

⇤
T
)

J2c |C2
VL
| Re(CVLC

⇤
VR
) 0 Re(CVLC

⇤
T
)

J3 |C2
VL
| Re(CVLC

⇤
VR
) 0 Re(CVLC

⇤
T
)

J4 |C2
VL
| Re(CVLC

⇤
VR
) 0 Re(CVLC

⇤
T
)

J5 |C2
VL
| Re(CVLC

⇤
VR
) Re(CVLC

⇤
P
) Re(CVLC

⇤
T
)

J6s |C2
VL
| 0 0 Re(CVLC

⇤
T
)

J6c |C2
VL
| Re(CVLC

⇤
VR
) Re(CVLC

⇤
P
) Re(CVLC

⇤
T
)

J7 0 Im(CVLC
⇤
VR
) Im(CVLC

⇤
P
) Im(CVLC

⇤
T
)

J8 0 Im(CVLC
⇤
VR
) 0 Im(CVLC

⇤
T
)

J9 0 Im(CVLC
⇤
VR
) 0 Im(CVLC

⇤
T
)

Table 2: J-function dependence on NP Wilson coe�cients.

4 Unbinned angular analysis of Bd ! D⇤(!
D⇡)⌧ (! `⌫⌧ ⌫̄`)⌫̄⌧ with pseudo-data

In this section, we do an unbinned analysis of Bd ! D⇤(! D⇡)⌧(! `⌫⌧ ⌫̄`)⌫̄⌧ to
investigate the sensitivity to NP parameters. In our calculations, we will neglect
the mass of muon, thus, treating e and µ on the same footing. At the end, we
will justify this approximation by discussing the impact of adding µ mass in the
calculation.

Since there is no actual experimental data available for this decay, to demonstrate
the analysis, we will generate pseudo-data for the angular distribution. For this,
we use all the fitted parameters by Belle [69] from Bd ! D⇤(! D⇡)`⌫` decay case
(form factors and Vcb) as truth values2, and put them in the distribution obtained
in Section 3 to get pseudo-data for angular distribution of Bd ! D⇤(! D⇡)⌧(!
`⌫⌧ ⌫̄`)⌫̄⌧ decay. The method to generate pseudo-data is described in Appendix C.
During the fit, we will add lattice QCD data for form factors, and constrain |Vcb|

2Since the Belle results does not give the value of F2, we take its value from Fermilab Lattice data [70].
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angular analysis
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(a) CVR � Vcb correlation plot with
JLQCD lattice data

(b) CVR � Vcb correlation plot with
Fermilab-MILC lattice data

(c) CP � Vcb correlation plot with
JLQCD lattice data

(d) CP � Vcb correlation plot with
Fermilab-MILC lattice data

Figure 7: Correlation plots between Vcb and CNP (NP 2 {RH,P}) from the combined fit of
pseudo-data and JLQCD (left column)/Fermilab (right column) lattice data for Bd ! D⇤(!
D⇡)⌧(! `⌫⌧ ⌫̄`)⌫̄⌧ case with 2000 events. In all the cases, CNP is assumed to be real. The
contours indicate 1� range. The contour with the solid line is obtained by including the �2

Vcb

constraint (as shown in Eq. (61)), while the contour with dotted line is obtained without this
term in the global fit. The yellow region within the vertical lines show the 1� interval of Vcb

obtained by the CKMfitter group [78].

25

CVR model can be constrained at the 7-8% level.

We use τ→μνν decay (2k events)



Sensitivity study with B→D*l ν decay (l=τ): 
angular analysis
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(a) CT � Vcb correlation plot with
JLQCD lattice data

(b) CT � Vcb correlation plot with
Fermilab-MILC lattice data

(c) CVR � Vcb correlation plot with
JLQCD lattice data

(d) CVR � Vcb correlation plot with
Fermilab-MILC lattice data

Figure 8: Correlation plots between Vcb and CT from the combined fit of pseudo-data and
JLQCD (left column)/Fermilab (right column) lattice data for Bd ! D⇤(! D⇡)⌧(! `⌫⌧ ⌫̄`)⌫̄⌧
case with 2000 events. In the first row, CT is assumed to be real, and in the second row,
imaginary. The contours indicate 1� range. The contour with the solid line is obtained by
including the �2

Vcb
constraint (as shown in Eq. (61)), while the contour with dotted line is

obtained without this term in the global fit. The yellow region within the vertical lines show
the 1� interval of Vcb obtained by the CKMfitter group [78].

4.4 E↵ect of neglecting muon mass

In the calculations above, we neglected the muon mass, treating e and µ on the
same footing. To study the impact of this approximation, we performed the above
calculation without ignoring the µ mass, and compared it with the above results.
The following were our findings:
1. There was negligible change in sensitivity to NP coe�cients.
2. The change in �2/dof when we add the muon mass was around 1� 3%.
3. In the plot of d�

dE`
v/s dE`, addition of the µ mass shifts the starting point of
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We use τ→μνν decay (2k events)

Real CT model can be constrained at the 7-8% level.
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(c) CVR � Vcb correlation plot with
JLQCD lattice data
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(d) CVR � Vcb correlation plot with
Fermilab-MILC lattice data

Figure 8: Correlation plots between Vcb and CT from the combined fit of pseudo-data and
JLQCD (left column)/Fermilab (right column) lattice data for Bd ! D⇤(! D⇡)⌧(! `⌫⌧ ⌫̄`)⌫̄⌧
case with 2000 events. In the first row, CT is assumed to be real, and in the second row,
imaginary. The contours indicate 1� range. The contour with the solid line is obtained by
including the �2

Vcb
constraint (as shown in Eq. (61)), while the contour with dotted line is

obtained without this term in the global fit. The yellow region within the vertical lines show
the 1� interval of Vcb obtained by the CKMfitter group [78].

4.4 E↵ect of neglecting muon mass

In the calculations above, we neglected the muon mass, treating e and µ on the
same footing. To study the impact of this approximation, we performed the above
calculation without ignoring the µ mass, and compared it with the above results.
The following were our findings:
1. There was negligible change in sensitivity to NP coe�cients.
2. The change in �2/dof when we add the muon mass was around 1� 3%.
3. In the plot of d�

dE`
v/s dE`, addition of the µ mass shifts the starting point of
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We use τ→μνν decay (2k events)

Imaginary CT model can be constrained at the 20% level.



•The theoretical formula for the B→D*τν (τ→μνν) angular 
distribution is derived for the first time. 

•On top of the usual 3 angles and 1 momentum, the muon energy in 
the rest frame of W boson can be used to constraint the NP 
parameters. 

•As B→D*τν angular analysis not available so far, we have 
performed a sensitivity study using the result of Belle’s B→D*lν 
(l=e,mu) fit.  

•We found that the right-handed or tensor model can be constrained 
at 7-8% level with ~2k events of Belle II data. 

Conclusions
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