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Br ~ 0.7+1.3 % in the SM
Not rare, but two or more missing neutrinos

Data available since 2007 (Belle, BABAR, LHCb)

Theoretical motivation
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b ! u⌧ ⌫̄

B̄ ! (⇡, ⇢, · · · )⌧ ⌫̄Semitauonic

Experimental data
B(B̄0 ! ⇡+⌧�⌫̄) = (1.52± 0.72± 0.13)⇥ 10�4

Belle 2015

B(B� ! ⌧�⌫̄) = (1.14± 0.22)⇥ 10�4

HFAG 2014

in SM⇠ 0.7⇥ 10�4

a good target of Belle II

Pure tauonic B� ! ⌧ ⌫̄
W�

ū
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⌫̄
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B̄ ! ⇡⌧ ⌫̄

b ! u⌧ ⌫̄Effective Lagrangian for

0.641± 0.016 [10, 16]2. The experimental value is estimated as Rexp
⇡ ' 1.05± 0.51, where

B(B ! ⇡`⌫̄) = (1.45± 0.02± 0.04)⇥ 10�4 [6] is used3. New physics e↵ects in R⇡ and related

quantities are studied in the literature. The e↵ect of charged Higgs boson, which appears in

the supersymmetric extension of the SM, is studied in Refs. [8, 9, 10]. The supersymmetric

SM without R parity is also studied in b! u (semi)leptonic processes [18].

In the present work, we study new physics e↵ects in B ! ⇡⌧ ⌫̄ and B ! ⌧ ⌫̄ using the

model-independent e↵ective Lagrangian that describes the b! u⌧ ⌫̄ transition at low ener-

gies. Comparing with the current experimental data, we obtain constraints on the Wilson

coe�cients that quantify potential new physics. The theoretical uncertainties of R⇡ in both

the SM and new physics contributions are examined with the lattice QCD results. We also

discuss prospects of new physics search in B ! ⇡⌧ ⌫̄ and B ! ⌧ ⌫̄ at SuperKEKB/Belle II.

This paper is organized as follows. In Sec. 2, we will introduce the b! u⌧ ⌫̄ e↵ective

Lagrangian that describes possible new physics contributions to B ! (⇡)⌧ ⌫̄. We will also pro-

vide the relevant rate formulae and theoretical uncertainties derived from errors of form factor

parameters given by lattice studies. In Sec. 3, we will present current constraints on new

physics from B ! ⇡⌧ ⌫̄ and B ! ⌧ ⌫̄, and discuss future prospects at SuperKEKB/Belle II.

A summary will be given in Sec. 4.

2 Formulae of new physics e↵ects

2.1 E↵ective Lagrangian

In order to represent possible new physics e↵ects at low energies, we adopt the model-

independent approach with use of an e↵ective Lagrangian [19, 20]. As in our previous

work [19], we assume that b! u⌧ ⌫̄⌧ is a↵ected by new physics while b! u`⌫̄ (` = e, µ)

is practically described by the SM. The e↵ective Lagrangian used in this work is given by

� Le↵ = 2
p

2GF Vub

h
(1 + CV1)OV1 + CV2OV2 + CS1OS1 + CS2OS2 + CTOT

i
, (3)

2 Ref. [17] gives a di↵erent SM prediction. Our evaluation below agrees with Refs. [10, 16].
3 This is not the same way to obtain the experimental result of RD(⇤) = B(B̄ ! D(⇤)⌧ ⌫̄)/B(B̄ !

D(⇤)`⌫̄) [1, 2, 3, 4, 5]. The ratios RD(⇤) are directly extracted with the signal events in the numerator
and the normalization ones in the denominator both involved in the same event sample.

3

|Vub| and form factors uncertainty

SM-like, RPV, LQ,W’
SM

RH current
charged Higgs II, RPV, LQ
charged Higgs III, LQ
LQ

where the four-fermion operators are defined as

OV1 = (ū�µPLb)(⌧̄ �µPL⌫⌧ ) , (4)

OV2 = (ū�µPRb)(⌧̄ �µPL⌫⌧ ) , (5)

OS1 = (ūPRb)(⌧̄PL⌫⌧ ) , (6)

OS2 = (ūPLb)(⌧̄PL⌫⌧ ) , (7)

OT = (ū�µ⌫PLb)(⌧̄�µ⌫PL⌫⌧ ) , (8)

and CX (X = V1,2, S1,2, T ) denotes the Wilson coe�cient of OX normalized by 2
p

2GF Vub.

We only consider ⌧ -⌫⌧ currents for simplicity though the neutrino flavor could be the first

or second generation in some new physics models. One may translate the following result of

CX for ⌫`=⌧ into that for ⌫` 6=⌧ by replacing CX ! i|CX |. Since (ū�µ⌫PRb)(⌧̄�µ⌫PL⌫`) = 0,

there is only one possible tensor operator unless right-handed neutrinos are included in the

low energy particle spectrum. The SM contribution is represented by the unit coe�cient of

OV1 , namely putting CX = 0 for all X’s gives the SM.

In this paper, we focus on new physics e↵ects in B ! ⇡⌧ ⌫̄⌧ and B ! ⌧ ⌫̄⌧ . Other processes

such as B ! V ⌧ ⌫̄⌧ for V = ⇢, ! might become useful in future, but for now no experimental

data are available.

2.2 B̄0 ! ⇡+⌧�⌫̄⌧

The B ! ⇡ transition caused by the e↵ective Lagrangian in Eq. (3) is described by the

hadronic matrix elements of the quark currents involved in the four-fermion operators:

h⇡(p⇡)|ū�µb|B̄(pB)i = f+(q2)


(pB + p⇡)µ � m2

B �m2
⇡

q2 qµ

�
+ f0(q

2)
m2

B �m2
⇡

q2 qµ , (9)

h⇡(p⇡)|ūb|B̄(pB)i = (mB + m⇡)fS(q2) , (10)

h⇡(p⇡)|ū i�µ⌫ b|B(pB)i =
2

mB + m⇡
fT (q2)

⇥
pµ
Bp⌫

⇡ � p⌫
Bpµ

⇡

⇤
, (11)

where qµ = (pB � p⇡)µ = (p⌧ + p⌫)µ, and f+,0,S,T (q2) are form factors. We note that the

axial-vector (pseudoscalar) part of V1,2 (S1,2), ū�µ�5b (ū�5b), does not contribute to the

transition, and h⇡(p⇡)|ū�µ⌫�5b|B(pB)i is expressed by fT (q2) with �µ⌫�5 = � i
2"µ⌫↵��↵�

4.

We employ the vector and tensor form factors f+,0,T given by recent lattice QCD studies [11,

4 We take "0123 = �1.

4

smaller uncertaintyR⇡ =
B(B̄0 ! ⇡+⌧�⌫̄)

B(B̄0 ! ⇡+`�⌫̄)



Minoru TANAKA

Form factors

9

Scalar:

where the four-fermion operators are defined as

OV1 = (ū�µPLb)(⌧̄ �µPL⌫⌧ ) , (4)

OV2 = (ū�µPRb)(⌧̄ �µPL⌫⌧ ) , (5)

OS1 = (ūPRb)(⌧̄PL⌫⌧ ) , (6)

OS2 = (ūPLb)(⌧̄PL⌫⌧ ) , (7)

OT = (ū�µ⌫PLb)(⌧̄�µ⌫PL⌫⌧ ) , (8)

and CX (X = V1,2, S1,2, T ) denotes the Wilson coe�cient of OX normalized by 2
p

2GF Vub.

We only consider ⌧ -⌫⌧ currents for simplicity though the neutrino flavor could be the first

or second generation in some new physics models. One may translate the following result of

CX for ⌫`=⌧ into that for ⌫` 6=⌧ by replacing CX ! i|CX |. Since (ū�µ⌫PRb)(⌧̄�µ⌫PL⌫`) = 0,

there is only one possible tensor operator unless right-handed neutrinos are included in the

low energy particle spectrum. The SM contribution is represented by the unit coe�cient of

OV1 , namely putting CX = 0 for all X’s gives the SM.

In this paper, we focus on new physics e↵ects in B ! ⇡⌧ ⌫̄⌧ and B ! ⌧ ⌫̄⌧ . Other processes

such as B ! V ⌧ ⌫̄⌧ for V = ⇢, ! might become useful in future, but for now no experimental

data are available.

2.2 B̄0 ! ⇡+⌧�⌫̄⌧

The B ! ⇡ transition caused by the e↵ective Lagrangian in Eq. (3) is described by the

hadronic matrix elements of the quark currents involved in the four-fermion operators:

h⇡(p⇡)|ū�µb|B̄(pB)i = f+(q2)


(pB + p⇡)µ � m2

B �m2
⇡

q2 qµ

�
+ f0(q

2)
m2

B �m2
⇡

q2 qµ , (9)

h⇡(p⇡)|ūb|B̄(pB)i = (mB + m⇡)fS(q2) , (10)

h⇡(p⇡)|ū i�µ⌫ b|B(pB)i =
2

mB + m⇡
fT (q2)

⇥
pµ
Bp⌫

⇡ � p⌫
Bpµ

⇡

⇤
, (11)

where qµ = (pB � p⇡)µ = (p⌧ + p⌫)µ, and f+,0,S,T (q2) are form factors. We note that the

axial-vector (pseudoscalar) part of V1,2 (S1,2), ū�µ�5b (ū�5b), does not contribute to the

transition, and h⇡(p⇡)|ū�µ⌫�5b|B(pB)i is expressed by fT (q2) with �µ⌫�5 = � i
2"µ⌫↵��↵�

4.

We employ the vector and tensor form factors f+,0,T given by recent lattice QCD studies [11,

4 We take "0123 = �1.

4

eq. of motion fS(q
2) =

mB �m⇡

mb �mu
f0(q

2)

mb ' 4.2 GeV

fS(q
2)

Vector:

where the four-fermion operators are defined as

OV1 = (ū�µPLb)(⌧̄ �µPL⌫⌧ ) , (4)

OV2 = (ū�µPRb)(⌧̄ �µPL⌫⌧ ) , (5)

OS1 = (ūPRb)(⌧̄PL⌫⌧ ) , (6)

OS2 = (ūPLb)(⌧̄PL⌫⌧ ) , (7)

OT = (ū�µ⌫PLb)(⌧̄�µ⌫PL⌫⌧ ) , (8)

and CX (X = V1,2, S1,2, T ) denotes the Wilson coe�cient of OX normalized by 2
p

2GF Vub.

We only consider ⌧ -⌫⌧ currents for simplicity though the neutrino flavor could be the first

or second generation in some new physics models. One may translate the following result of

CX for ⌫`=⌧ into that for ⌫` 6=⌧ by replacing CX ! i|CX |. Since (ū�µ⌫PRb)(⌧̄�µ⌫PL⌫`) = 0,

there is only one possible tensor operator unless right-handed neutrinos are included in the

low energy particle spectrum. The SM contribution is represented by the unit coe�cient of

OV1 , namely putting CX = 0 for all X’s gives the SM.

In this paper, we focus on new physics e↵ects in B ! ⇡⌧ ⌫̄⌧ and B ! ⌧ ⌫̄⌧ . Other processes

such as B ! V ⌧ ⌫̄⌧ for V = ⇢, ! might become useful in future, but for now no experimental

data are available.

2.2 B̄0 ! ⇡+⌧�⌫̄⌧

The B ! ⇡ transition caused by the e↵ective Lagrangian in Eq. (3) is described by the

hadronic matrix elements of the quark currents involved in the four-fermion operators:

h⇡(p⇡)|ū�µb|B̄(pB)i = f+(q2)


(pB + p⇡)µ � m2

B �m2
⇡

q2 qµ

�
+ f0(q

2)
m2

B �m2
⇡

q2 qµ , (9)

h⇡(p⇡)|ūb|B̄(pB)i = (mB + m⇡)fS(q2) , (10)

h⇡(p⇡)|ū i�µ⌫ b|B(pB)i =
2

mB + m⇡
fT (q2)

⇥
pµ
Bp⌫

⇡ � p⌫
Bpµ

⇡

⇤
, (11)

where qµ = (pB � p⇡)µ = (p⌧ + p⌫)µ, and f+,0,S,T (q2) are form factors. We note that the

axial-vector (pseudoscalar) part of V1,2 (S1,2), ū�µ�5b (ū�5b), does not contribute to the

transition, and h⇡(p⇡)|ū�µ⌫�5b|B(pB)i is expressed by fT (q2) with �µ⌫�5 = � i
2"µ⌫↵��↵�

4.

We employ the vector and tensor form factors f+,0,T given by recent lattice QCD studies [11,

4 We take "0123 = �1.

4

B̄ ! ⇡`⌫̄ exp. data + lattice Bailey et al. PRD92, 014024 (2015)

f+(q
2), f0(q

2)

Tensor: fT (q
2)

where the four-fermion operators are defined as

OV1 = (ū�µPLb)(⌧̄ �µPL⌫⌧ ) , (4)

OV2 = (ū�µPRb)(⌧̄ �µPL⌫⌧ ) , (5)

OS1 = (ūPRb)(⌧̄PL⌫⌧ ) , (6)

OS2 = (ūPLb)(⌧̄PL⌫⌧ ) , (7)

OT = (ū�µ⌫PLb)(⌧̄�µ⌫PL⌫⌧ ) , (8)

and CX (X = V1,2, S1,2, T ) denotes the Wilson coe�cient of OX normalized by 2
p

2GF Vub.

We only consider ⌧ -⌫⌧ currents for simplicity though the neutrino flavor could be the first

or second generation in some new physics models. One may translate the following result of

CX for ⌫`=⌧ into that for ⌫` 6=⌧ by replacing CX ! i|CX |. Since (ū�µ⌫PRb)(⌧̄�µ⌫PL⌫`) = 0,

there is only one possible tensor operator unless right-handed neutrinos are included in the

low energy particle spectrum. The SM contribution is represented by the unit coe�cient of

OV1 , namely putting CX = 0 for all X’s gives the SM.

In this paper, we focus on new physics e↵ects in B ! ⇡⌧ ⌫̄⌧ and B ! ⌧ ⌫̄⌧ . Other processes

such as B ! V ⌧ ⌫̄⌧ for V = ⇢, ! might become useful in future, but for now no experimental

data are available.

2.2 B̄0 ! ⇡+⌧�⌫̄⌧

The B ! ⇡ transition caused by the e↵ective Lagrangian in Eq. (3) is described by the

hadronic matrix elements of the quark currents involved in the four-fermion operators:

h⇡(p⇡)|ū�µb|B̄(pB)i = f+(q2)


(pB + p⇡)µ � m2

B �m2
⇡

q2 qµ

�
+ f0(q

2)
m2

B �m2
⇡

q2 qµ , (9)

h⇡(p⇡)|ūb|B̄(pB)i = (mB + m⇡)fS(q2) , (10)

h⇡(p⇡)|ū i�µ⌫ b|B(pB)i =
2

mB + m⇡
fT (q2)

⇥
pµ
Bp⌫

⇡ � p⌫
Bpµ

⇡

⇤
, (11)

where qµ = (pB � p⇡)µ = (p⌧ + p⌫)µ, and f+,0,S,T (q2) are form factors. We note that the

axial-vector (pseudoscalar) part of V1,2 (S1,2), ū�µ�5b (ū�5b), does not contribute to the

transition, and h⇡(p⇡)|ū�µ⌫�5b|B(pB)i is expressed by fT (q2) with �µ⌫�5 = � i
2"µ⌫↵��↵�

4.

We employ the vector and tensor form factors f+,0,T given by recent lattice QCD studies [11,

4 We take "0123 = �1.

4

lattice Bailey et al. PRL115, 152002 (2015)
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BCL expansion
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Series expansion in terms of

z :=

p
t+ � q2 �

p
t+ � t0p

t+ � q2 +
p
t+ � t0

fj(q
2) =

1

1� q2/m2
B⇤

Nz�1X

n=0

bjn


zn � (�1)n�Nz

n

Nz
zNz

�
j = +, T

Nz = 4

f0(q
2) =

Nz�1X

n=0

b0nz
n

B* pole mB⇤ = 5.325GeV

Bourrely, Caprini, Lellouch, PRD79, 013008 (2009)

-0.4 -0.2 0.0 0.2 0.4
-0.4

-0.2

0.0

0.2

0.4 complex z plane

physical region

z(q2)



Minoru TANAKA

 Ratio of branching fraction

11

0.0 0.5 1.0 1.5 2.0 2.5 3.0
0.0

0.5

1.0

1.5

2.0

2.5

»CVi »

R p

Vi scenario

exp. ±1�

� V
i
=

0

� V
i
=

⇡

� V
i
=

⇡
/2

CVi = |CVi |ei�Vi

0.0 0.5 1.0 1.5 2.0 2.5 3.0
0.0

0.5

1.0

1.5

2.0

2.5

»CSi »

R p
Si scenario

exp. ±1�

� S
i
=

⇡
/
2

� S
i
=

⇡

� S
i
=

0

CSi = |CSi |ei�Si

0.0 0.5 1.0 1.5 2.0 2.5 3.0
0.0

0.5

1.0

1.5

2.0

2.5

»CT »

R p

T scenario

exp. ±1�

� T
=

⇡

� T
=

⇡
/
2

� T
=

0

CT = |CT |ei�T

Fig. 1 New physics e↵ects on R⇡ in the Vi, Si, and T scenarios. Three values of the

complex phase, �X = 0, ⇡/2 and ⇡, are chosen. The blue regions represent the theoretical

predictions on R⇡ taking the theoretical uncertainty (±1�) into account. The gray regions

show the current experimental bound, Rexp.
⇡ ' 1.05 ± 0.51.

First, we present numerical formulae of the theoretical uncertainties �R⇡ obtained by

computing the variance in Eq. (31) for each scenario:

�R⇡(CVi , CX 6=Vi = 0) ' �RSM
⇡ |1 + CVi |2 , (36)

�R⇡(CSi , CX 6=Si = 0) ' �RSM
⇡

⇣
1 + 7 (ReCSi) + 15 (ReCSi)

2 + 9 |CSi |2

+ 35 (ReCSi)|CSi |2 + 21 |CSi |4
⌘1/2

, (37)

�R⇡(CT , CX 6=T = 0) ' �RSM
⇡

⇣
1 + 4 (ReCT ) + 350 (ReCT )2 + 11 |CT |2

+ 1372 (ReCT )|CT |2 + 1484 |CT |4
⌘1/2

, (38)

where �RSM
⇡ ' 0.016 represents the uncertainty in the SM, which is consistent with the value

in Refs. [10, 16]. We observe that the contribution of the tensor operator is rather uncertain

because of the less-determined form factor fT (q2) as mentioned above.

In Fig. 1, we show R⇡ in our new physics scenarios as functions of |CX | for three represen-

tative values of the complex phase (defined by CX = |CX |ei�X ) as indicated. The light blue

regions are the theoretical predictions with the ±1� uncertainties evaluated with Eqs. (36)-

(38). The gray region expresses the present experimental bound at the 1� level as is estimated

9

V1,2 S1,2 T

R⇡

|CV1,2 | |CS1,2 | |CT |

RSM
⇡ = 0.641± 0.016

Rexp

⇡ = 1.05± 0.51
0.641± 0.016 [10, 16]2. The experimental value is estimated as Rexp

⇡ ' 1.05± 0.51, where

B(B ! ⇡`⌫̄) = (1.45± 0.02± 0.04)⇥ 10�4 [6] is used3. New physics e↵ects in R⇡ and related

quantities are studied in the literature. The e↵ect of charged Higgs boson, which appears in

the supersymmetric extension of the SM, is studied in Refs. [8, 9, 10]. The supersymmetric

SM without R parity is also studied in b! u (semi)leptonic processes [18].

In the present work, we study new physics e↵ects in B ! ⇡⌧ ⌫̄ and B ! ⌧ ⌫̄ using the

model-independent e↵ective Lagrangian that describes the b! u⌧ ⌫̄ transition at low ener-

gies. Comparing with the current experimental data, we obtain constraints on the Wilson

coe�cients that quantify potential new physics. The theoretical uncertainties of R⇡ in both

the SM and new physics contributions are examined with the lattice QCD results. We also

discuss prospects of new physics search in B ! ⇡⌧ ⌫̄ and B ! ⌧ ⌫̄ at SuperKEKB/Belle II.

This paper is organized as follows. In Sec. 2, we will introduce the b! u⌧ ⌫̄ e↵ective

Lagrangian that describes possible new physics contributions to B ! (⇡)⌧ ⌫̄. We will also pro-

vide the relevant rate formulae and theoretical uncertainties derived from errors of form factor

parameters given by lattice studies. In Sec. 3, we will present current constraints on new

physics from B ! ⇡⌧ ⌫̄ and B ! ⌧ ⌫̄, and discuss future prospects at SuperKEKB/Belle II.

A summary will be given in Sec. 4.

2 Formulae of new physics e↵ects

2.1 E↵ective Lagrangian

In order to represent possible new physics e↵ects at low energies, we adopt the model-

independent approach with use of an e↵ective Lagrangian [19, 20]. As in our previous

work [19], we assume that b! u⌧ ⌫̄⌧ is a↵ected by new physics while b! u`⌫̄ (` = e, µ)

is practically described by the SM. The e↵ective Lagrangian used in this work is given by

� Le↵ = 2
p

2GF Vub

h
(1 + CV1)OV1 + CV2OV2 + CS1OS1 + CS2OS2 + CTOT

i
, (3)

2 Ref. [17] gives a di↵erent SM prediction. Our evaluation below agrees with Refs. [10, 16].
3 This is not the same way to obtain the experimental result of RD(⇤) = B(B̄ ! D(⇤)⌧ ⌫̄)/B(B̄ !

D(⇤)`⌫̄) [1, 2, 3, 4, 5]. The ratios RD(⇤) are directly extracted with the signal events in the numerator
and the normalization ones in the denominator both involved in the same event sample.
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1 Introduction

Discrepancy of ⇠ 4� between experimental results and the standard model (SM) exists

in the semitauonic B meson decays, B̄ ! D(⇤)⌧ ⌫̄⌧ [1, 2, 3, 4, 5]. This anomaly is interesting

apart from its statistical significance in the sense that it suggests a manifestation of new

physics beyond the SM in the tree-level charged current SM processes involving the third-

generation quark and lepton.

Since the interaction of quarks and leptons in the third generation might be a clue

to new physics, it is natural to search for a similar e↵ect in the b! u⌧ ⌫̄ transition1. The

evidence of the purely tauonic decay, B� ! ⌧�⌫̄, has been found by both the BaBar and Belle

collaborations and the combined value of their results of the branching fraction is B(B� !
⌧�⌫̄) = (1.14± 0.22)⇥ 10�4 [6], which is consistent with the SM prediction. Recently, the

Belle collaboration reported on the semitauonic decay, B̄0 ! ⇡+⌧�⌫̄ [7]. They observed no

significant signal and obtained an upper limit of the branching fraction as B(B̄0 ! ⇡+⌧�⌫̄) <

2.5⇥ 10�4 at the 90% confidence level (CL). As given in Ref. [7], the observed signal strength

is µ = 1.52± 0.72, where µ = 1 corresponds to the branching fraction in units of 10�4, and

thus one obtains

B(B̄0 ! ⇡+⌧�⌫̄) = (1.52± 0.72± 0.13)⇥ 10�4 , (1)

where the second error comes from the systematic uncertainty (8%). Since the SM predicts

⇠ 0.7⇥ 10�4, a new physics contribution of similar magnitude to the SM is allowed. We

expect that the SuperKEKB/Belle II experiment will provide important information on

possible new physics in B̄0 ! ⇡+⌧�⌫̄ as well as B� ! ⌧�⌫̄.

Sensitivity to new physics e↵ects depends on the precision of theoretical predictions as

well as experimental errors. The major uncertainty in the SM prediction of B(B̄0 ! ⇡+⌧�⌫̄)

is ascribed to the Cabibbo-Kobayashi-Maskawa matrix element |Vub| and the B ! ⇡ hadronic

form factors. In order to reduce these uncertainties, it is useful to introduce the ratio of

branching fractions [8, 9, 10],

R⇡ =
B(B̄0 ! ⇡+⌧�⌫̄)

B(B̄0 ! ⇡+`�⌫̄)
, (2)

as in the study of B̄ ! D(⇤)⌧ ⌫̄⌧ . Although |Vub| cancels out in this ratio, there remains the

uncertainty due to the form factors. Using the result of the recent lattice QCD study [11],

in which the relevant form factors are obtained by fitting both the lattice amplitude and

the experimental data of B ! ⇡`⌫̄ [12, 13, 14, 15], the SM prediction is obtained as RSM
⇡ =

1 The charge-conjugated mode is implicit in the present work.
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B� ! ⌧�⌫̄ described by Le↵(b ! u⌧ ⌫̄)

Uncertainties: |Vub|, fB

Taking a ratio to eliminate

2.3 B� ! ⌧�⌫̄⌧

The branching fraction of B� ! ⌧�⌫̄⌧ in the e↵ective Lagrangian in Eq. (3) is expressed

as

B(B ! ⌧ ⌫̄⌧ ) =
⌧B�G2

F |Vub|2f2
B

8⇡
mBm2

⌧

✓
1� m2

⌧

m2
B

◆2

|1 + rNP|2 , (33)

where ⌧B� is the charged B meson lifetime, fB is the B meson decay constant, and rNP

represents the new physics e↵ect,

rNP = CV1 � CV2 +
m2

B

mbm⌧
(CS1 � CS2) . (34)

We note that the tensor operator OT does not contribute to this decay mode.

The dominant sources of theoretical uncertainty in B(B ! ⌧ ⌫̄⌧ ) are fB and |Vub|. The

FLAG working group gives an average of lattice QCD results [23, 24, 25, 26, 27] as fB =

(192.0± 4.3) MeV [28], which is consistent with another average [29]. As for |Vub|, the tension

among the values determined from B ! ⇡`⌫̄` (exclusive), B ! Xu`⌫̄` (inclusive) and the fit

of the unitarity triangle is still unsolved. To avoid the uncertainty due to |Vub|, the following

ratio of pure- and semi- leptonic decay rates is defined as [30]

Rps =
�(B� ! ⌧�⌫̄⌧ )

�(B̄0 ! ⇡+`�⌫̄`)
=

⌧B0

⌧B�

B(B� ! ⌧�⌫̄⌧ )

B(B̄0 ! ⇡+`�⌫̄`)
. (35)

The remaining sources of theoretical uncertainty in Rps are fB and the form factor f+(q2)

involved in the denominator. For the latter, we use the lattice result described above.

3 Numerical results

3.1 New physics scenarios

We consider new physics scenarios such that only one of the operators OX (X =

V1, V2, S1, S2, T ) is dominant in the new physics sector. These scenarios are constrained

by both B ! ⇡⌧ ⌫̄⌧ and B ! ⌧ ⌫̄⌧ except the tensor operator scenario, in which B ! ⌧ ⌫̄⌧ is

not altered.
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No tensor contrib.
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= 0.73± 0.14
B(B� ! ⌧�⌫̄) = (1.14± 0.22)⇥ 10�4
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NP scenario RBelle II
⇡ = 0.641± 0.071 RBelle II

ps = 0.574± 0.020 RBelle II
pl = 222± 47

CV1 [�0.12, 0.11] [�0.08, 0.10] [�0.23, 0.19]

CV2 [�0.12, 0.11] [�0.10, 0.08] [�0.19, 0.23]

CS1 [�0.31, 0.17] [�0.02, 0.03] [�0.06, 0.05]

CS2 [�0.31, 0.17] [�0.03, 0.02] [�0.05, 0.06]

CT [�0.13, 0.10] - -

Table 1 Sensitivity to the new physics scenarios in terms of the allowed range of CX

expected at the SuperKEKB/Belle II with 50 ab�1 of accumulated data. The “future” exper-

imental data are given as explained in the main text. The coe�cient CX is assumed to be

real and the results for CX in the vicinity of the origin are shown here.

physics scenarios with |CX | & O(0.01–0.1) can be tested by the ratio Rps except for the

tensor scenario.

The muonic mode B ! µ⌫̄µ may also play an important role at SuperKEKB/Belle II.

At present, this process has not yet been observed and the current upper limit on the

branching ratio is reported as B(B ! µ⌫̄µ)exp. < 1⇥ 10�6 at 90% CL [31, 32, 33]. This

result may be compared with the SM prediction B(B ! µ⌫̄µ)SM = (0.41± 0.05)⇥ 10�6 and

thus, we expect that B ! µ⌫̄µ will be observed with a meaningful statistical significance at

SuperKEKB/Belle II. Accordingly, we introduce the pure-leptonic ratio

Rpl =
B(B ! ⌧ ⌫̄⌧ )

B(B ! µ⌫̄µ)
, (39)

as we defined R⇡. In this paper, we assume contributions other than the SM do not exist in

B ! µ⌫̄µ as well as B ! ⇡`⌫̄. From the theory side, Rpl is precisely evaluated as

Rpl =
m2

⌧

m2
µ

(1�m2
⌧/m

2
B)2

(1�m2
µ/m2

B)2
|1 + rNP|2 ' 222 |1 + rNP|2 . (40)

The dominant source of uncertainty fB|Vub| in the leptonic decay rates cancels out and hence

it is free from the |Vub| determinations, in which some discrepancies might still remain in the

Belle II era.

Following Ref. [32], the 1� range of the error in B(B ! µ⌫̄µ)exp. is obtained as

±0.6⇥ 10�6 at present. This is expected to be reduced as ±0.08⇥ 10�6 with 50 ab�1 at

SuperKEKB/Belle II. Applying the same procedure with R⇡, namely with the expected

“future” data being given as RBelle II
pl = 222± 47, we have evaluated the future sensitivity of

the ratio Rpl to the new physics scenarios as shown in Table 1. One finds that the sensitivity

of Rpl is rather (⇠ factor 2) weaker than that of Rps. Although Rps has better performance,
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NP scenario RBelle II
⇡ = 0.641± 0.071 and RBelle II

ps = 0.574± 0.020 RBelle II
pl = 222± 47

CV1 [�0.08, 0.09]; [�2.09,�1.92] [�0.23, 0.19]; [�2.19,�1.77]

CV2 [�0.09, 0.08] [�0.19, 0.23]; [1.77, 2.19]

CS1 [�0.03, 0.03]; [�0.55,�0.52] [�0.06, 0.05]; [�0.58,�0.47]

CS2 [�0.03, 0.03] [�0.05, 0.06]; [0.47, 0.58]

CT [�0.13, 0.10]; [�1.23,�0.56] -

Table 1 Sensitivity to the new physics scenarios in terms of the 95% CL allowed range of

CX expected at the SuperKEKB/Belle II with 50 ab�1 of accumulated data. The “future”

experimental data are given as explained in the main text. The coe�cient CX is assumed to

be real.

the tensor scenario su↵ers from the larger theoretical uncertainty in R⇡ so that we can see

the significant e↵ect of the reduction of the theoretical uncertainty. We also find that the

present theoretical uncertainties for the vector and scalar scenarios are su�ciently smaller

than the future (expected) experimental uncertainties7. We note that another observable

such as B(B ! ⇢⌧ ⌫̄) is necessary to exclude the region of large negative interference of

CT ⇠ �0.7.

In Table 1, we present the combined limits of the allowed ranges for CX (taken real)

in order to quantify the expected sensitivities at SuperKEKB/Belle II. It turns out that,

focusing on the vicinity of the origin, the region of |CX | & 0.03 can be probed in the scalar

scenarios. As for the vector and tensor scenarios, the Belle II sensitivity is |CX | ⇠ 0.1.

The muonic mode B ! µ⌫̄µ may also play an important role at SuperKEKB/Belle II.

At present, this process has not yet been observed and the current upper limit on the

branching ratio is reported as B(B ! µ⌫̄µ)exp. < 1⇥ 10�6 at 90% CL [32, 33, 34]. This

result may be compared with the SM prediction B(B ! µ⌫̄µ)SM = (0.41± 0.05)⇥ 10�6 and

thus, we expect that B ! µ⌫̄µ will be observed with a meaningful statistical significance at

SuperKEKB/Belle II. Accordingly, we introduce the pure-leptonic ratio

Rpl =
B(B ! ⌧ ⌫̄⌧ )

B(B ! µ⌫̄µ)
, (39)

as we defined R⇡. In this paper, we assume contributions other than the SM do not exist in

B ! µ⌫̄µ as well as B ! ⇡`⌫̄. From the theory side, Rpl is precisely evaluated as

Rpl =
m2

⌧

m2
µ

(1�m2
⌧/m

2
B)2

(1�m2
µ/m2

B)2
|1 + rNP|2 ' 222 |1 + rNP|2 . (40)

7 The reduction of the theoretical error by factor 2, for example, gives only 0.1% and 1% di↵erences in the
expected allowed regions for the vector and scalar scenarios, respectively.
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◼︎ Model-independent analysis of b ! u⌧ ⌫̄
B ! ⇡⌧ ⌫̄, ⌧ ⌫̄

most sensitive

Rps

sensitive to tensor
complementary to

◼︎	Observables of less uncertainties

Rps =
⌧B0

⌧B�

B(B� ! ⌧�⌫̄⌧ )

B(B̄0 ! ⇡+`�⌫̄`)

R⇡ =
B(B̄0 ! ⇡+⌧�⌫̄)

B(B̄0 ! ⇡+`�⌫̄)

Rpl =
B(B ! ⌧ ⌫̄⌧ )

B(B ! µ⌫̄µ)
no theoretical uncertainty
need more statistics ?

◼	 ︎Other observables
B ! ⇢⌧ ⌫̄q2 distribution,


