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1994 CDF, D0: top quark
2002 Belle, BaBar (B factories): 
        CP violation in B decays

1975 M. L. Perl: tau lepton
1977 L. Lederman: bottom quark

1989 CLEO: b� u

Brief history

1987 ARGUS: B0–B̄0 mixing

.......

2007~2016 Belle, BaBar, LHCb: B̄ ! D(⇤)⌧ ⌫̄

~4σ discrepancy
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Asymmetric electron-positron colliders

e+e� ! ⌥(4S) ! BB̄ boosted B pairs

B0B̄0 mixing

mixing-induced CP violation

time-dependent CP asymmetry

decay time decay position
⌧ ' 1.6 ps c⌧ ⇠ 500 µm
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Figure 1.3.1. Schematic view of the PEP-II (left) and KEKB (right) rings. At PEP-II, the two beams are stacked one on top
of the other; the BABAR experiment is located in an experimental hall at the single interaction region, within region 2 of the
PEP-II complex. At KEKB, the two beams are side-by-side, and intersect in the Tsukuba area experimental hall where the
Belle detector was placed.

1.3 PEP-II and KEKB

PEP-II was located in the tunnel that had housed the
32 GeV center-of-mass energy PEP e+e− storage ring,2
while the KEKB ring was in the 64 GeV center-of-mass
energy e+e− TRISTAN storage accelerator tunnel. Fig-
ure 1.3.1 shows a schematic overview of the PEP-II and
KEKB rings.

Both projects included conversions to meet the B Fac-
tory requirements, namely an instantaneous luminosity in
excess of 1033 cm−2 s−1 and a boost factor (of the CM
frame relative to the laboratory) sufficient for observing
the time evolution of B decays. To achieve these require-
ments, however, some considerable challenges had to be
addressed.

Asymmetric energies mean a dedicated ring for each
beam. In order to reach a high integrated luminosity one
requires an intense positron source and on-energy injec-
tion for both rings. For KEKB, this meant that the in-
jection linear accelerator (Linac) energy had to be raised
from 2.5GeV to 8 GeV in order to provide for on-energy
injection of 8 GeV electrons and sufficient production of
3.5 GeV positrons. PEP-II had the advantage of the ex-
isting powerful SLAC Linac, which could provide the re-
quired electron and positron beams with minimal modi-
fications. Both facilities used high-energy electron beams

2 A maximum center-of-mass energy of 29 GeV was achieved
during the lifetime of PEP.

and low-energy positron beams in order to avoid beam-
instability problems due to ion trapping, which are most
serious at lower energies. Both facilities had only one in-
teraction region (IR) for the detector in order to optimize
the luminosity. The luminosity of an e+e− storage ring is
given by

L =
Nbne−ne+f

Aeff
(1.3.1)

where the numbers of electrons and positrons in each bunch
are given by ne− and ne+ , Nb is the number of bunches,
f is the circulation frequency, and Aeff is the effective
cross-sectional overlapping transverse area of the beams at
the interaction point (IP). While the five parameters are
independent at lower beam currents, at high beam cur-
rents Aeff becomes strongly beam-current dependent. As
the product Nbne−ne+ is increased, Aeff increases, thereby
limiting the luminosity.

Particles inside a beam bunch are deflected when they
pass through the collective electromagnetic fields of the
oncoming beam bunch at the IP; as a result, the on-
coming bunch collectively acts as a focusing lens. How-
ever, these beam-beam effects are highly non-linear and
produce spreads in the operating point in the betatron-
oscillation tune plane, causing considerable complications
in the machine operation. These beam-beam interactions,
which become larger as the bunch charges are increased,
also limit the luminosity by enlarging Aeff .

Attempts to raise the luminosity by raising Nb, the
number of bunches in each ring, face a different prob-
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Table 2.1.1. Beam energies, corresponding Lorentz factor, and beam crossing angle of the B Factories for the nominal Υ (4S)
running.

B Factory e− beam energy e+ beam energy Lorentz factor crossing angle

E− (GeV) E+ (GeV) βγ ϕ (mrad)

PEP-II 9.0 3.1 0.56 0

KEKB 8.0 3.5 0.425 22

– Precise measurements of photon energy and position,
from 20 MeV to 8 GeV in order to reconstruct π0

mesons or radiative decays.
– Highly efficient particle identification for electrons and

muons, as well as a π/K separation over a wide range
of momenta – from ∼0.6 GeV/c to ∼4 GeV/c.

– A fast and reliable trigger, and online data acquisition
system able to acquire good quality data, to process
the data live, and finally to store it pending offline
reconstruction

– A high radiation tolerance and the capability to oper-
ate efficiently in the presence of high-background lev-
els.

Both detectors have the same structure with a cylindri-
cal symmetry around the beam axis. They are of compact
design with their size being a trade-off between the need
for a large tracking system and the need to minimize the
volume of the calorimeter, by far the most expensive sin-
gle component of the detector. The forward and backward
acceptances are constrained by the beamline geometry. Al-
though the BABAR and Belle collaborations made different
technological choices for their detector components, they
have similar subdetectors, each with well-defined func-
tions. Going from the inside to the outside of the BABAR
and Belle detectors, one finds successively:

– A charged particle tracking system, made of two com-
ponents.
– A silicon detector, known as the SVT (‘Silicon Ver-

tex Tracker’) in BABAR, and the SVD (‘Silicon Ver-
tex Detector’) in Belle, made of double-sided strip
layers to measure charged particle tracks just out-
side the beam pipe. This detector is used to recon-
struct vertices (both primary and secondary), mea-
sures the momentum of low-energy charged parti-
cles which do not reach the outer detectors due to
the strong longitudinal magnetic field and provide
inputs (angles and positions) to the second tracking
detector, a drift chamber, which lies just beyond its
outer radius – see below for details.

– A drift chamber, known in BABAR as DCH (‘Drift
CHamber’) and in Belle as the CDC (‘Central Drift
Chamber’), which measures the momentum and
the energy loss (dE/dx) of the charged particles
which cross its sensitive volume. The latter infor-
mation is useful for particle identification (PID).

– A solenoid cryostat located between the electromag-
netic calorimeter and the instrumented flux return –
these two detectors are described below. The cryostat

is needed by the superconducting solenoid that pro-
vides a 1.5 T longitudinal magnetic field in which both
tracking devices are embedded.

– PID detectors designed to distinguish the numerous
pions from the rarer kaons from a momentum of about
500 MeV/c to the kinematic limit of 4.5 GeV/c.
– BABAR is using a novel device called DIRC (Adam,

2005) – ‘Detector of Internally Reflected Cherenkov
light’ – which covers the barrel region.

– Belle has two types of PID detectors: Aerogel Che-
renkov Counters (‘ACC’) covering both the bar-
rel and the forward regions; additional Time-Of-
Flight (‘TOF’) counters in the barrel region with
a ∼100 ps resolution which makes them efficient in
separating charged particles up to 1.2 GeV/c, as
the particle flight path from the IP to the TOF
counters is about 1.2 m.

– The BABAR (EMC) and Belle (ECL) calorimeters;
these are highly-segmented arrays of thallium-doped
cesium iodide – in short CsI(Tl) – crystals assembled
in a projective geometry. The BABAR EMC consists of
a barrel and a forward end cap while the Belle ECL in-
cludes a barrel, a forward end cap and a backward end
cap. Both calorimeters cover about 90% of the total
solid angle. In addition to the ECL, Belle developed a
special extreme forward calorimeter (the EFC), made
of radiation-hard BGO (Bismuth Germanate Oxide or
Bi4Ge3O12) crystals. Mounted on the final quadrupoles
close to the beam pipe, it provided information on the
instantaneous luminosity and the machine background
which helped optimize KEKB operation.

– An instrumented flux return, designed to identify
muons and to detect neutral hadrons (primarily K0

L

and neutrons), and divided into three regions: central
barrel, forward and backward end caps. The BABAR
IFR (‘Instrumented Flux Return’) consists of alterna-
tive layers of glass-electrode-resistive plate chambers
(RPC’s) and steel of the magnet flux return. Origi-
nally, there were 19 RPC layers in the barrel and 18 in
the end caps. Second-generation RPCs were installed
in the forward end cap in 2002 while RPCs were re-
placed by Limited Streamer Tubes (LSTs) in the barrel
in the period 2004-2006. Belle K0

L and Muon detec-
tion system (KLM) was designed designed similarly
and employed alternating layers of RPC’s (15 in the
barrel and 14 in the end caps) and 4.7 cm-thick iron
plates.

– A two-level trigger with a hardware Level-1 (L1) fol-
lowed by a software Level-3 (L3). The L1 trigger com-
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CHAPTER 2. SUPERKEKB

Figure 2.1: Schematic view of beam collision in the Nano-Beam scheme.

KEKB Achieved SuperKEKB
Energy (GeV) (LER/HER) 3.5/8.0 4.0/7.0
ξy 0.129/0.090 0.090/0.088
β∗y (mm) 5.9/5.9 0.27/0.41
I (A) 1.64/1.19 3.60/2.62
Luminosity (1034cm−2s−1) 2.11 80

Table 2.1: Fundamental parameters of SuperKEKB and present KEKB.

RL andRξy represent reduction factors for the luminosity and the vertical beam-beam parameter,
which arise from the crossing angle and the hourglass effect. The ratio of these parameters
is usually not far from unity. Therefore, the luminosity is mainly determined by the three
fundamental parameters; i.e. the total beam current (I), the vertical beam-beam parameter
(ξy) and the vertical beta function at the IP (β∗y). The choice of these three parameters, the
beam energy and the luminosity is shown in Table 2.1 together with those of present KEKB.
For the vertical beam-beam parameter ξy, we assume the same value of 0.09 as has been achieved
at KEKB. The vertical beta functions at the IP for SuperKEKB are smaller by almost by a
factor of 20 than those of the present KEKB owing to the adoption of the Nano-Beam scheme.
Assuming these parameters, we need to double the total beam currents compared with those
of the present KEKB to achieve the luminosity goal of SuperKEKB, 8 × 1035cm−2s−1. The
machine parameters of SuperKEKB including the three fundamental parameters are shown in
Table 2.2. In the following, it is shown how these parameters are determined.

2.1.2 Machine parameters of SuperKEKB

2.1.2.1 Emittance, crossing angle, beta functions at the IP

To realize the Nano-Beam scheme, the effective bunch length d(= σ∗x/φ) should be small. Of
the two parameters of σ∗x and φ, having a smaller σ∗x is more important than having a larger
φ, since it becomes difficult to obtain the design beam-beam parameter if we decrease d only
by enlarging φ. In the Nano-Beam scheme, each particle in a bunch interacts with only a small
portion of the other colliding bunch. To obtain the design value of ξy, extremely small horizontal
and vertical beam sizes are needed.
In the optics design of SuperKEKB, we have made efforts to decrease the horizontal emittance
while preserving as much as possible of the present lattice . The design values of the horizontal
emittance shown in Table 2.2, which are smaller by a factor 5 or 10 than those of the present
KEKB, include some enlargement due to intra-beam scattering. We are continuing the process
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CHAPTER 1. MOTIVATION AND OVERVIEW

1.3 The Belle II overview

Figure 1.9: Upgraded Belle II spectrometer (top half) as compared to the present Belle detector
(bottom half).

The design of the Belle II detector follows to a large extent the scheme discussed in the Letter
of Intent [5] and its 2008 supplement, Design Study Report [6], with one notable exception: a
pixel detector now appears in the innermost part of the vertex detector. Other modifications are
due to the change in the accelerator design from the high current version to the “nano-beam”
collider, and are associated with the larger crossing angle, the need to have the final quadrupoles
as close as possible to the interaction point, and the smaller beam energy asymmetry (7 GeV/c
on 4 GeV/c instead of 8 GeV/c on 3.5 GeV/c).
For the Belle II detector, our main concern is to maintain the current performance of Belle
in an environment with considerably higher background levels. As discussed in detail in the
2008 Design Report [6], we evaluate the possible degradation of the performance in a high-
background environment by extrapolating from the present operating conditions of KEKB and
Belle by accounting for the scaling of each component of background with the higher currents,
smaller beam sizes and modified interaction region. From these studies, we assume a conservative
factor of twenty increase in the background hit rate. The physics event rate will be about 50
times higher.
The following changes to Belle will maintain a comparable or better performance in Belle II:

• just outside the beam pipe, the silicon strip detector is replaced by a two-layer silicon pixel
detector based on the DEPFET technology;

• the silicon strip detector extends from just outside the pixel detector to a larger radius

14

SuperKEKB luminosity projection

Goal of Be!e II/SuperKEKB"
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Accelerator Upgrade – SuperKEKB 
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40x increase in luminosity 
“Nano-beam” interaction point 
Increase in current  
 
 
 
 
 
 

 
 

 

First turns achieved Feb 2016! 

KEKB 

SuperKEKB 

Belle II Physics  /  Bryan Fulsom (PNNL)  /  ICHEP  /  2016-08-05 

See: Y. Onishi, ICHEP Highlights 08 Aug 12:10 
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Belle II Physics  /  Bryan Fulsom (PNNL)  /  ICHEP  /  2016-08-05 

Current Status and Schedule 

5 

Belle II Collaboration: ~700 members, ~100 institutions, 23 countries 
 
Phase 1 (complete) 

Accelerator commissioning 
 
Phase 2 (2017) 

First collisions 
Partial detector  
Background study 
Physics possible 

Phase 3 (“Run 1”) 
Nominal Belle II start 

Ultimate goal: 50 ab-1 

See: P. Lewis, Detector 05 Aug 09:20 

Total BaBar+Belle Luminosity 

KEKB Performance 

Belle II Goal 

SuperKEKB Goal 
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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

W�

b

�
�̄
c

H�

b

⇥
�̄
c Type-II 2HDM  (SUSY)

/ mbm⌧ tan2 �

SM: gauge coupling
lepton universality

Yukawa coupling

W.S. Hou and B. Grzadkowski (1992)

B̄ ! D(⇤)⌧ ⌫̄
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Theoretical uncertainty: form factors

+ HQET or pQCD
data from B̄ ! D(⇤)`⌫̄ (` = e, µ)

+ lattice QCD

Standard model predictions

(Bailey et al.)

(Fajfer, Kamenik, Nisandzic)
0.302± 0.015 (Sakaki, MT, Tayduganov,Watanabe)

(Fan, Xiao, Wang, Li)
0.299± 0.011
0.337+0.038

�0.037

R(D) = 0.296± 0.016

(Exp. HFAG)0.397± 0.040± 0.028

R(D�) = 0.252± 0.003 (Fajfer, Kamenik, Nisandzic)
0.252± 0.004 (Sakaki, MT, Tayduganov,Watanabe)
0.269+0.021

�0.020 (Fan, Xiao, Wang, Li)
(Exp. HFAG)0.316± 0.016± 0.010
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Charged Higgs excluded at 99.8% CL
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tistical and systematic uncertainties on the signal PDFs
and background distributions.

We extract the branching fraction ratios as R(D(∗)) =
(Nsig/Nnorm)/(εsig/εnorm), where Nsig and Nnorm refer
to the number of signal and normalization events and
εsig/εnorm is the ratio of their efficiencies derived from
simulations. Table I shows the results of the fits for the
four individual samples as well as an additional fit in
which we impose the isospin relationsR(D0) = R(D+) ≡
R(D) and R(D∗0) = R(D∗+) ≡ R(D∗). The statistical
correlations are −0.59 for R(D0) and R(D∗0), −0.23 for
R(D+) and R(D∗+), and −0.45 for R(D) and R(D∗).
We have verified that the values of R(D(∗)) from fits to
samples corresponding to different run periods are con-
sistent. We repeated the analysis varying the selection
criteria over a wide range, corresponding to changes in
the signal-to-background ratios between 0.3 and 1.3, and
also arrive at consistent values of R(D(∗)).

The systematic uncertainties on R(D) and R(D∗) af-
fecting the fit are dominated by the limited understand-
ing of the D∗∗(ℓ/τ)ν backgrounds [31] (5.8% and 3.7%),
the continuum and BB backgrounds (4.9% and 2.7%),
and the PDFs for the signal and normalization decays
(4.3% and 2.1%). The uncertainties in the efficiency
ratios εsig/εnorm are 2.6% and 1.6%; they do not af-
fect the significance of the signal and are dominated by
the limited size of the MC samples. Uncertainties due
to the FFs, particle identification, final-state radiation,
soft-pion reconstruction, and others related to the detec-
tor performance largely cancel in the ratio, contributing
only about 1%. The individual systematic uncertainties
are added in quadrature to define the total systematic
uncertainty, reported in Table I.

There is a positive correlation between some of the
systematic uncertainties on R(D) and R(D∗), and, as a
result the correlation of the total uncertainties is reduced
to −0.48 forR(D0) andR(D∗0), to −0.15 forR(D+) and
R(D∗+), and to −0.27 for R(D) and R(D∗).

The statistical significance of the signal is determined
as Σstat =

√

2∆(lnL), where ∆(lnL) is the change in
the log-likelihood between the nominal fit and the no-
signal hypothesis. The statistical and dominant system-
atic uncertainties are Gaussian. The overall significance
is determined by scaling the statistical significance with

the total uncertainty, Σtot = Σstat×σstat/
√

σ2
stat + σ∗2

syst.

Here, σstat is the statistical uncertainty and σ∗
syst is the

total systematic uncertainty affecting the fit. The signif-
icance of the B → Dτ−ντ signal is 6.8σ, the first such
measurement exceeding 5σ.

To compare the measured R(D(∗)) with the SM pre-
dictions we have updated the calculations in Refs. [8, 32]
taking into account recent FF measurements. Averaged
over electrons and muons, we find R(D)SM = 0.297 ±
0.017 and R(D∗)SM = 0.252±0.003. At this level of pre-
cision, additional uncertainties could contribute [8], but
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FIG. 2. (Color online) Comparison of the results of this anal-
ysis (light grey, blue) with predictions that include a charged
Higgs boson of type II 2HDM (dark grey, red). The SM cor-
responds to tanβ/mH+ = 0.

the experimental uncertainties are expected to dominate.

Our measurements exceed the SM predictions for
R(D) and R(D∗) by 2.0σ and 2.7σ, respectively. The
combination of these results, including their −0.27 cor-
relation, yields χ2 = 14.6 for two degrees of freedom,
corresponding to a p-value of 6.9× 10−4. Thus, the pos-
sibility of both the measured R(D) and R(D∗) agreeing
with the SM predictions is excluded at the 3.4σ level.

Figure 2 shows the effect that a charged Higgs boson
of the type II 2HDM [7, 33] would have on R(D) and
R(D∗) in terms of the ratio of the vacuum expectation
values tanβ ≡ v2/v1, and the mass of the charged Higgs
mH+ . We estimate the effect of the 2HDM on our mea-
surements by re-weighting the simulated events at the
matrix element level for 20 values of tanβ/mH+ over the
[0.05, 1]GeV−1 range. We then repeat the fit with up-
dated PDF shapes and εsig/εnorm values. The increase
in the uncertainty on the efficiency ratio is estimated for
each value of tanβ/mH+ . The other sources of systematic
uncertainty are kept constant in relative terms.

The measured values of R(D) and R(D∗) match
the predictions of this particular Higgs model for
tanβ/mH+ = 0.44 ± 0.02 and tanβ/mH+ = 0.75± 0.04,
respectively. However, the combination of R(D) and
R(D∗) excludes the type II 2HDM charged Higgs boson
with a 99.8% confidence level for any value of tanβ/mH+ .
This calculation is only valid for values of mH+ greater
than about 10GeV [4, 7]. The region for mH+ ≤ 10GeV
has already been excluded by B → Xsγ measurements
[34], and, therefore, the type II 2HDM is excluded in the
full tanβ–mH+ parameter space.

In summary, we have measured the B → Dτ−ντ and
B → D∗τ−ντ decays relative to the decays to light lep-

predictions of 2HDM II

BABAR
arXiv: 1205.5442, PRL.109.101802(2012)

Charged Higgs boson
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Effective Lagrangian for
all possible 4f operators with LH neutrinos

b� c⇥ �̄

SM

The e�ective Lagrangian that contains all conceivable four-Fermi operators is written as

�Le� = 2
⌥
2GFVcb

⇧

l=e,µ,⌅

�
(⇥l⌅ + C l

V1
)Ol

V1
+ C l

V2
Ol

V2
+ C l

S1
Ol

S1
+ C l

S2
Ol

S2
+ C l

TOl
T

⇥
, (4)

where the four-Fermi operators are defined by

Ol
V1

= c̄L�
µbL �̄L�µ⌃Ll , (5)

Ol
V2

= c̄R�
µbR �̄L�µ⌃Ll , (6)

Ol
S1

= c̄LbR �̄R⌃Ll , (7)

Ol
S2

= c̄RbL �̄R⌃Ll , (8)

Ol
T = c̄R⌥

µ⇤bL �̄R⌥µ⇤⌃Ll , (9)

and C l
X denotes the Wilson coe⌅cient of Ol

X . Here we assume that the neutrinos are left-

handed. The neutrino flavor is specified by l, and we take all cases of l = e, µ and �

into account in the contributions of new physics. Since the neutrino flavor is not observed

in the experiments of bottom decays, the neutrino mixing does not a�ect the following

argument provided that the Pontecorvo-Maki-Nakagawa-Sakata matrix is unitary. The SM

contribution is expressed by the term of ⇥l⌅ in Eq. (4). We note that the tensor operator

with the opposite set of quark chiralities identically vanishes; c̄L⌥µ⇤bR �̄R⌥µ⇤⌃Ll = 0.

B. Helicity Amplitudes

The helicity amplitudes of B̄ ⇤ D� ⌃̄ and B̄ ⇤ D�� ⌃̄ for all the cases are summarized as

⇧

l=e,µ,⌅

M�� ,�M
l =

⇧

l=e,µ,⌅

⇤
⇥l⌅ M�� ,�M

SM +M�� ,�M
V1,l

+M�� ,�M
V2,l

+M�� ,�M
S1,l

+M�� ,�M
S2,l

+M�� ,�M
T,l

⌅
,

(10)

where ⌅⌅ is the helicity of the tau lepton, ⌅M = s indicates the amplitude of B̄ ⇤ D� ⌃̄,

that of B̄ ⇤ D�� ⌃̄ is defined with its helicity ⌅M = ±1, 0. M�� ,�M
SM represents the SM

contribution, and other terms in the right-hand side stand for new physics contributions.

The SM amplitude is given by [41, 42]

M�� ,�M
SM =

GF⌥
2
Vcb

⇧

�

⇤�H
�M
� L��

�,⌅ , (11)
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in the experiments of bottom decays, the neutrino mixing does not a�ect the following

argument provided that the Pontecorvo-Maki-Nakagawa-Sakata matrix is unitary. The SM

contribution is expressed by the term of ⇥l⌅ in Eq. (4). We note that the tensor operator

with the opposite set of quark chiralities identically vanishes; c̄L⌥µ⇤bR �̄R⌥µ⇤⌃Ll = 0.

B. Helicity Amplitudes

The helicity amplitudes of B̄ ⇤ D� ⌃̄ and B̄ ⇤ D�� ⌃̄ for all the cases are summarized as

⇧

l=e,µ,⌅

M�� ,�M
l =

⇧

l=e,µ,⌅

⇤
⇥l⌅ M�� ,�M

SM +M�� ,�M
V1,l

+M�� ,�M
V2,l

+M�� ,�M
S1,l

+M�� ,�M
S2,l

+M�� ,�M
T,l

⌅
,

(10)

where ⌅⌅ is the helicity of the tau lepton, ⌅M = s indicates the amplitude of B̄ ⇤ D� ⌃̄,

that of B̄ ⇤ D�� ⌃̄ is defined with its helicity ⌅M = ±1, 0. M�� ,�M
SM represents the SM

contribution, and other terms in the right-hand side stand for new physics contributions.

The SM amplitude is given by [41, 42]

M�� ,�M
SM =

GF⌥
2
Vcb

⇧

�

⇤�H
�M
� L��

�,⌅ , (11)

4

SM-like, RPV, LQ,W’

RH current

charged Higgs II, RPV, LQ

charged Higgs III, LQ

LQ

MT, R.Watanabe,arXiv1212.1878, PRD87.034028(2013).
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Six of ten types of LQ contribute.
Buchmueller, Ruckl, Wyler (1987)

lepton number conservation, introduced by Buchmüller
et al. [27]. The interaction Lagrangian that induces
contributions to the b ! c‘ !! process is given as follows:

LLQ ¼ LLQ
F¼0 þLLQ

F¼#2;

LLQ
F¼0 ¼ ðhij1L !QiL"

#LjL þ hij1R
!diR"

#‘jRÞU1#

þ hij3L !QiL!"#LjLU3#

þ ðhij2L !uiRLjL þ hij2R !QiLi$2‘jRÞR2;

LLQ
F¼#2 ¼ ðgij1L !Qc

iLi$2LjL þ gij1R !u
c
iR‘jRÞS1

þ gij3L !Qc
iLi$2!LjLS3

þ ðgij2L !dciR"#LjL þ gij2R
!Qc
iL"

#‘jRÞV2#; (13)

where Qi and Lj are the left-handed quark and lepton
SUð2ÞL doublets, respectively, while uiR, diR, and ‘jR are
the right-handed up, down quark and charged lepton
SUð2ÞL singlets; indices i and j denote the generations of
quarks and leptons; and c c ¼ C !c T ¼ C"0c & is a charge-
conjugated fermion field. For simplicity, the color indices

are suppressed. The quantum numbers of the leptoquarks
are summarized in Table I.
We note that the fermion fields in Eq. (13) are given in

the gauge eigenstate basis in which Yukawa couplings of
the up-type quarks and the charged leptons are diagonal.
Rotating the down-type quark fields into the mass eigen-
state basis and performing the Fierz transformations, one
finds the general Wilson coefficients at the leptoquark
mass scale for all possible types of leptoquarks contribut-
ing to the b ! c% !!l process:

Cl
V1

¼ 1

2
ffiffiffi
2

p
GFVcb

X3

k¼1

Vk3

"
gkl1Lg

23&
1L

2M2
S1=31

# gkl3Lg
23&
3L

2M2
S1=33

þ h2l1Lh
k3&
1L

M2
U2=3

1

# h2l3Lh
k3&
3L

M2
U2=3

3

#
; (14a)

Cl
V2

¼ 0; (14b)

Cl
S1

¼ 1

2
ffiffiffi
2

p
GFVcb

X3

k¼1

Vk3

"
# 2gkl2Lg

23&
2R

M2
V1=3
2

# 2h2l1Lh
k3&
1R

M2
U2=3

1

#
; (14c)

Cl
S2

¼ 1

2
ffiffiffi
2

p
GFVcb

X3

k¼1

Vk3

"
#gkl1Lg

23&
1R

2M2
S1=31

# h2l2Lh
k3&
2R

2M2
R2=3
2

#
; (14d)

Cl
T ¼ 1

2
ffiffiffi
2

p
GFVcb

X3

k¼1

Vk3

"
gkl1Lg

23&
1R

8M2
S1=31

# h2l2Lh
k3&
2R

8M2
R2=3
2

#
; (14e)

where Vk3 denotes the Cabibbo-Kobayashi-Maskawa ma-
trix elements and the upper index of the leptoquark denotes
its electric charge. In the following we will neglect double
Cabibbo suppressedOð&2Þ terms and keep only the leading
terms proportional to V33 ' Vtb.

The vector and axial vector currents are not renormal-
ized and their anomalous dimensions vanish. The scale
dependence of the scalar and tensor currents at leading
logarithm approximation is given by

CSð#bÞ ¼
"
'sðmtÞ
'sð#bÞ

# "S

2(
ð5Þ
0

"
'sðmLQÞ
'sðmtÞ

# "S

2(
ð6Þ
0 CSðmLQÞ;

CTð#bÞ ¼
"
'sðmtÞ
'sð#bÞ

# "T

2(
ð5Þ
0

"
'sðmLQÞ
'sðmtÞ

# "T

2(
ð6Þ
0 CTðmLQÞ;

(15)

where the anomalous dimensions of the scalar and tensor
operators are"S ¼ #6CF ¼ #8,"T ¼ 2CF ¼ 8=3, respec-

tively, and (ðfÞ
0 ¼ 11# 2nf=3 [26]. Taking into account the

most recent constraints on the scalar and vector leptoquark
masses by theATLAS andCMScollaborations [30,31], in our
numerical analysis we assume that all scalar and vector lep-
toquarks are of the same mass mLQ ¼ 1 TeV. The b-quark
scale is chosen to be#b ¼ !mb ¼ 4:2 GeV.
One can easily notice from Eq. (14) that in the simplified

scenario with a presence of only one type of leptoquark,

namely, R2=3
2 or S1=31 , the scalar Cl

S2
and tensor Cl

T Wilson

coefficients are no longer independent: one finds that at the
scale of leptoquark mass Cl

S2
ðmLQÞ¼(4Cl

TðmLQÞ. Then,
using Eq. (15), one obtains the relation at the bottom mass
scale,

Cl
S2
ð !mbÞ ’ (7:8Cl

Tð !mbÞ: (16)

B. Constraints from !B ! Xs" !"

Recent progress in experiment and theory has made
FCNCs in B decays good tests of the SM and powerful

TABLE I. Quantum numbers of scalar and vector leptoquarks
with SUð3Þc ) SUð2ÞL )Uð1ÞY invariant couplings.

S1 S3 V2 R2 U1 U3

spin 0 0 1 0 1 1
F ¼ 3Bþ L #2 #2 #2 0 0 0
SUð3Þc 3& 3& 3& 3 3 3
SUð2ÞL 1 3 2 2 1 3
Uð1ÞY¼Q#T3

1=3 1=3 5=6 7=6 2=3 2=3
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lepton number conservation, introduced by Buchmüller
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LLQ
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SUð2ÞL doublets, respectively, while uiR, diR, and ‘jR are
the right-handed up, down quark and charged lepton
SUð2ÞL singlets; indices i and j denote the generations of
quarks and leptons; and c c ¼ C !c T ¼ C"0c & is a charge-
conjugated fermion field. For simplicity, the color indices

are suppressed. The quantum numbers of the leptoquarks
are summarized in Table I.
We note that the fermion fields in Eq. (13) are given in

the gauge eigenstate basis in which Yukawa couplings of
the up-type quarks and the charged leptons are diagonal.
Rotating the down-type quark fields into the mass eigen-
state basis and performing the Fierz transformations, one
finds the general Wilson coefficients at the leptoquark
mass scale for all possible types of leptoquarks contribut-
ing to the b ! c% !!l process:
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where Vk3 denotes the Cabibbo-Kobayashi-Maskawa ma-
trix elements and the upper index of the leptoquark denotes
its electric charge. In the following we will neglect double
Cabibbo suppressedOð&2Þ terms and keep only the leading
terms proportional to V33 ' Vtb.

The vector and axial vector currents are not renormal-
ized and their anomalous dimensions vanish. The scale
dependence of the scalar and tensor currents at leading
logarithm approximation is given by

CSð#bÞ ¼
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'sðmtÞ
'sð#bÞ
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ð5Þ
0
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(15)

where the anomalous dimensions of the scalar and tensor
operators are"S ¼ #6CF ¼ #8,"T ¼ 2CF ¼ 8=3, respec-

tively, and (ðfÞ
0 ¼ 11# 2nf=3 [26]. Taking into account the

most recent constraints on the scalar and vector leptoquark
masses by theATLAS andCMScollaborations [30,31], in our
numerical analysis we assume that all scalar and vector lep-
toquarks are of the same mass mLQ ¼ 1 TeV. The b-quark
scale is chosen to be#b ¼ !mb ¼ 4:2 GeV.
One can easily notice from Eq. (14) that in the simplified

scenario with a presence of only one type of leptoquark,

namely, R2=3
2 or S1=31 , the scalar Cl

S2
and tensor Cl

T Wilson

coefficients are no longer independent: one finds that at the
scale of leptoquark mass Cl

S2
ðmLQÞ¼(4Cl

TðmLQÞ. Then,
using Eq. (15), one obtains the relation at the bottom mass
scale,
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ð !mbÞ ’ (7:8Cl

Tð !mbÞ: (16)

B. Constraints from !B ! Xs" !"

Recent progress in experiment and theory has made
FCNCs in B decays good tests of the SM and powerful

TABLE I. Quantum numbers of scalar and vector leptoquarks
with SUð3Þc ) SUð2ÞL )Uð1ÞY invariant couplings.

S1 S3 V2 R2 U1 U3
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SUð2ÞL 1 3 2 2 1 3
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disfavored

constrained by

probes of NP beyond the SM. Along with the b ! s! and
b ! s‘þ‘" processes, the b ! s" !" decay is also sensitive
to extensions of the SM. From a theoretical point of view,
the inclusive decay !B ! Xs" !" is a very clean process since
both perturbative #s and nonperturbative 1=m

2
b corrections

are known to be small, what makes it to be well suited to
search for NP.

The b ! s"j !"i process can be described by the follow-
ing effective Hamiltonian:

H eff ¼
4GFffiffiffi
2

p VtbV
$
ts½ð$ijC

ðSMÞ
L þ Cij

L ÞOij
L þ Cij

RO
ij
R (; (17)

where the left- and right-handed operators are defined as

Oij
L ¼ ð !sL!%bLÞð !"jL!%"iLÞ;

Oij
R ¼ ð !sR!%bRÞð !"jL!%"iLÞ:

(18)

In the SM, the Wilson coefficient is determined by box and
Z-penguin loop diagrams computation which gives

CðSMÞ
L ¼ #

2&sin 2'W
Xðm2

t =M
2
WÞ; (19)

where the loop function XðxtÞ can be found e.g. in
Ref. [32].

As one can notice from Eq. (13), the scalar leptoquarks

S1=31;3 and vector leptoquarks V1=3
2 and U"1=3

3 give the

following contribution to b ! s"j !"i:

Cij
R ¼ " 1

2
ffiffiffi
2

p
GFVtbV

$
ts

X3

m;n¼1

Vm3V
$
n2

gmi
2Lg

nj$
2L

M2
V1=3
2

; (20a)

Cij
L ¼ " 1

2
ffiffiffi
2

p
GFVtbV

$
ts

X3

m;n¼1

Vm3V
$
n2

)
2
4gmi

1Lg
nj$
1L

2M2
S1=31

þ gmi
3Lg

nj$
3L

2M2
S1=33

" 2hni3Lh
mj$
3L

M2
U"1=3

3

3
5: (20b)

In the following, for simplicity we neglect the subleading
Oð(Þ terms in Eq. (20) and keep only the VtbV

$
cs ’ 1 term.

One has to note that theU"1=3
3 leptoquark does not affect

b ! c‘ !". In this way, as can be seen from Eq. (14), only

the g3l1ð3ÞLg
23$
1ð3ÞL couplings of the S1=31ð3Þ leptoquarks can be

constrained using both b ! c) !"l and b ! s") !"l pro-
cesses. Nevertheless, assuming that the leptoquarks from

the same SUð2Þ triplet, namely, U"1=3
3 and U2=3

3 , have
masses of the same order, one can combine the constraints
on h2l3Lh

33$
3L .

Summing over all neutrino flavors and taking into ac-
count that the amplitudes with i ! j do not interfere with
the SM contribution, the branching ratio can be written as

dBð !B ! Xs" !"Þ
dx

¼ )B
G2

F

12&3 jVtbV
$
tsj2m5

bSðxÞ

)
"
3CðSMÞ2

L þ
X3

i;j¼1

ðjCij
L j2 þ jCij

R j2Þ

þ 2CðSMÞ
L

X3

i¼1

Re½Cii$
L (

#
; (21)

where x ¼ Emiss=mb and the SðxÞ function describes the
shape of the missing energy spectrum [33]. In our estima-
tion we set ms ¼ 0 (therefore 1=2 * x * 1) and neglect
the #s and 1=m2

b corrections.
Using the experimental limit on the inclusive branching

ratio, determined by the ALEPH Collaboration [34],

BexpðB ! Xs" !"Þ< 6:4) 10"4 at the 90%C:L:; (22)

and assuming for simplicity that only one specific ij
combination of one type of leptoquarks contributes, we
obtain constraints on the leptoquark couplings depicted
in Fig. 1. In the case that the couplings are real, the
obtained numbers are consistent with the result of
Grossman et al. [33].
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FIG. 1 (color online). Constraints on the leptoquark couplings contributing to the b ! s"j !"i process using the experimental upper
limit on BðB ! Xs" !"Þ.
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CS2(mLQ) = ±4CT (mLQ)

CS2(mb) = ±7.8CT (mb)
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How to discriminate: other observables
AFB , P⌧ , PD⇤ rather hard to measure

easierq2 = (pB � pD(⇤))2

Several possible NP scenarios (as of 2013)
V1 : CV1 = 0.16 (0.12)

S2 : CS2 = �1.75 (�1.67)

V2 : CV2 = 0.01± 0.60i (0.01± 0.51i)

T : CT = 0.33 (0.34)
LQ1 : CS2 = 7.8CT = �0.17± 0.80i (�0.12± 0.69i)

LQ2 : CS2 = �7.8CT = 0.34 (0.25)

(. . . )2015 best fits 
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Figure 2: The measured background subtracted q2 distributions for B ! D⌧⌫ and B ! D⇤⌧⌫ events,

extracted from the BABAR data [2].
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(7)

where �D(⇤)(q2) = ((mB � mD(⇤))2 � q2)((mB + mD(⇤))2 � q2). The SM distributions for67

the light lepton modes can be easily obtained by setting CX = 0 and m⌧ = 0.68

The helicity amplitudes H’s are expressed in terms of hadronic B ! D(⇤) form factors.69

In this work we use the Heavy Quark E↵ective Theory (HQET) form factors [10] with70

parameters extracted from experiments by the BABAR and Belle collaborations [11]. A71

detailed description of the matrix elements and form factor parametrization can be found72

in Ref. [6].73

To estimate the (dis)agreement between the measured and expected q2 spectra, we74

extract the experimental numbers of signal events from Fig. 23 in Ref. [2] and compare75

them with the expectations of di↵erent scenarios listed in the previous section. We present76

the extracted experimental data points in Fig. 2. In our study, we merge two last bins in77

Fig. 2 in order to satisfy the physical condition q2  (mB�mD(⇤))2 and add corresponding78

errors in quadratures. The corresponding theoretical predictions for dB/dq2 distributions79
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Figure 3: The di↵erential branching fractions, predicted in the SM (black) and various NP scenarios

listed in Section 2 : S
2

(blue), T (red), LQ
1

(green) and LQ
2

(cyan). The width of each curve is due to

the theoretical errors in the hadronic form factor parameters and the uncertainty of Vcb.

model B ! D⌧⌫ B ! D⇤⌧⌫ B ! (D +D⇤
)⌧⌫

SM 54% 65% 67%

V1 54% 65% 67%

V2 54% 65% 67%

S2 0.02% 37% 0.1%

T 58% 0.1% 1.0%

LQ1 13% 58% 25%

LQ2 21% 72% 42%

Table 1: p values for the fit of the BABAR data of dB/dq2 with various models.

are presented in Fig. 3. The width of each curve is due to the theoretical errors in the80

hadronic form factor parameters and the uncertainty of Vcb = (41.1± 1.3)⇥ 10�3 [12].81

Due to the lack of knowledge about the overall normalization of the spectra, in our82

study we test only the shape of the distributions and leave the normalization of the data83

to be a free parameter of each fit. This implies that the total e�ciency is assumed to be84

a free parameter, constant for all q2 bins and dependent on the tested model. The results85

on p values are presented in Table 1. One can see from the table that the scalar (tensor)86

operator is disfavored by the observed q2 distribution of the B ! D(⇤)⌧⌫ decays.87

In order to get rid of the dependence on Vcb, reduce theoretical uncertainties of hadronic88

form factors and increase the sensitivity of the q2 dependencies to NP, we introduce the89

following quantities 4 :90

RD(q
2) ⌘dB(B ! D⌧⌫)/dq2

dB(B ! D`⌫)/dq2
�D(q2)

(m2

B �m2
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.

(8)

Here for our convenience, to remove zero 5 of dB(B ! D`⌫)/dq2 at q2
max

= (mB �mD)291

and the phase space suppression of dB(B ! D(⇤)⌧⌫)/dq2 at q2
min

= m2

⌧ , we introduced92

additional purely kinematic factors above.93

4The NP e↵ects in q2 distributions are also studied in Ref. [13].
5In the SM, dB(B ! D`⌫)/dq2 / (Hs

V )
2 / �D(q2) ! 0 for q2 ! q2

max

.
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Figure 3: The di↵erential branching fractions, predicted in the SM (black) and various NP scenarios

listed in Section 2 : S
2

(blue), T (red), LQ
1

(green) and LQ
2

(cyan). The width of each curve is due to

the theoretical errors in the hadronic form factor parameters and the uncertainty of Vcb.

model B ! D⌧⌫ B ! D⇤⌧⌫ B ! (D +D⇤
)⌧⌫

SM 54% 65% 67%

V1 54% 65% 67%

V2 54% 65% 67%

S2 0.02% 37% 0.1%

T 58% 0.1% 1.0%

LQ1 13% 58% 25%

LQ2 21% 72% 42%

Table 1: p values for the fit of the BABAR data of dB/dq2 with various models.

are presented in Fig. 3. The width of each curve is due to the theoretical errors in the80

hadronic form factor parameters and the uncertainty of Vcb = (41.1± 1.3)⇥ 10�3 [12].81

Due to the lack of knowledge about the overall normalization of the spectra, in our82

study we test only the shape of the distributions and leave the normalization of the data83

to be a free parameter of each fit. This implies that the total e�ciency is assumed to be84

a free parameter, constant for all q2 bins and dependent on the tested model. The results85

on p values are presented in Table 1. One can see from the table that the scalar (tensor)86

operator is disfavored by the observed q2 distribution of the B ! D(⇤)⌧⌫ decays.87

In order to get rid of the dependence on Vcb, reduce theoretical uncertainties of hadronic88

form factors and increase the sensitivity of the q2 dependencies to NP, we introduce the89

following quantities 4 :90

RD(q
2) ⌘dB(B ! D⌧⌫)/dq2

dB(B ! D`⌫)/dq2
�D(q2)

(m2
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Here for our convenience, to remove zero 5 of dB(B ! D`⌫)/dq2 at q2
max

= (mB �mD)291

and the phase space suppression of dB(B ! D(⇤)⌧⌫)/dq2 at q2
min

= m2

⌧ , we introduced92

additional purely kinematic factors above.93

4The NP e↵ects in q2 distributions are also studied in Ref. [13].
5In the SM, dB(B ! D`⌫)/dq2 / (Hs

V )
2 / �D(q2) ! 0 for q2 ! q2
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Figure 3: The di↵erential branching fractions, predicted in the SM (black) and various NP scenarios

listed in Section 2 : S
2

(blue), T (red), LQ
1

(green) and LQ
2

(cyan). The width of each curve is due to

the theoretical errors in the hadronic form factor parameters and the uncertainty of Vcb.

model B ! D⌧⌫ B ! D⇤⌧⌫ B ! (D +D⇤
)⌧⌫

SM 54% 65% 67%

V1 54% 65% 67%

V2 54% 65% 67%

S2 0.02% 37% 0.1%

T 58% 0.1% 1.0%

LQ1 13% 58% 25%

LQ2 21% 72% 42%

Table 1: p values for the fit of the BABAR data of dB/dq2 with various models.

are presented in Fig. 3. The width of each curve is due to the theoretical errors in the80

hadronic form factor parameters and the uncertainty of Vcb = (41.1± 1.3)⇥ 10�3 [12].81

Due to the lack of knowledge about the overall normalization of the spectra, in our82

study we test only the shape of the distributions and leave the normalization of the data83

to be a free parameter of each fit. This implies that the total e�ciency is assumed to be84

a free parameter, constant for all q2 bins and dependent on the tested model. The results85

on p values are presented in Table 1. One can see from the table that the scalar (tensor)86

operator is disfavored by the observed q2 distribution of the B ! D(⇤)⌧⌫ decays.87

In order to get rid of the dependence on Vcb, reduce theoretical uncertainties of hadronic88

form factors and increase the sensitivity of the q2 dependencies to NP, we introduce the89

following quantities 4 :90

RD(q
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and the phase space suppression of dB(B ! D(⇤)⌧⌫)/dq2 at q2
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⌧ , we introduced92
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Figure 2: The measured background subtracted q2 distributions for B ! D⌧⌫ and B ! D⇤⌧⌫ events,

extracted from the BABAR data [2].
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where �D(⇤)(q2) = ((mB � mD(⇤))2 � q2)((mB + mD(⇤))2 � q2). The SM distributions for67

the light lepton modes can be easily obtained by setting CX = 0 and m⌧ = 0.68

The helicity amplitudes H’s are expressed in terms of hadronic B ! D(⇤) form factors.69

In this work we use the Heavy Quark E↵ective Theory (HQET) form factors [10] with70

parameters extracted from experiments by the BABAR and Belle collaborations [11]. A71

detailed description of the matrix elements and form factor parametrization can be found72

in Ref. [6].73

To estimate the (dis)agreement between the measured and expected q2 spectra, we74

extract the experimental numbers of signal events from Fig. 23 in Ref. [2] and compare75

them with the expectations of di↵erent scenarios listed in the previous section. We present76

the extracted experimental data points in Fig. 2. In our study, we merge two last bins in77

Fig. 2 in order to satisfy the physical condition q2  (mB�mD(⇤))2 and add corresponding78

errors in quadratures. The corresponding theoretical predictions for dB/dq2 distributions79

5
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Figure 4: The RD(⇤)(q2) distributions, predicted in the SM (black) and various NP scenarios listed in

Section 2 : S
2

(blue), T (red), LQ
1

(green) and LQ
2

(cyan). The width of each curve is due to the

theoretical errors in the hadronic form factor parameters

In Fig. 4, for illustration, we show the RD(⇤)(q2) distributions, predicted for the five94

scenarios described in Section 2. The width of each curve is due to the theoretical errors95

in the hadronic form factor parameters, which are varied within ±1� ranges. The dis-96

tributions for the vector V
1,2 NP scenarios (with best fitted values of Wilson coe�cients97

CV1 = 0.16 and CV2 = 0.01 ± 0.60i respectively) have small theoretical uncertainties as98

in the SM, but are practically indistinguishable from the distribution of the tensor (LQ
1

)99

NP scenario for the D(D⇤) mode. Therefore we omit plotting them in Fig. 4.100

We find that RD(q2) is very sensitive to the scalar contribution and RD⇤(q2) is more101

sensitive to the tensor operator. Moreover, one can easily see from Figs. 3 and 4 that the102

theoretical uncertainties in RD(⇤)(q2) are significantly smaller than those of the di↵erential103

branching fractions. Hence, the RD(⇤)(q2) distributions provide a good test of NP in104

addition to R(D(⇤)).105

4 Discriminative potential at Belle II106

In order to demonstrate the discriminating power of RD(⇤)(q2), we simulate “experimental107

data” for the binned RD(⇤)(q2) distributions, assuming one of the scenarios, listed in108

Section 2, that can explain the observed deviation in R(D) and R(D⇤), and compare109

them with other various model predictions by calculating �2 defined in the following way:110

111

�2 =
NbinsX

i,j=1

(Rexp

i �Rmodel

i )(V exp + V model)�1

ij (R
exp

j �Rmodel

j ) , (9)

where i and j denote the q2-bin indices, V exp and V model are the experimental and the-112

oretical covariance matrices of the simulated “experimental data” and the tested model113

respectively. Here the binned Ri is defined as Ri = (N ⌧
i /N

`
i )f(q

2

i ) with f(q2i ) for shortness114

denoting purely kinematic factors introduced in Eq. (8), where N ⌧,`
i are the numbers of115

signal events in the ith bin for a given luminosity. We evaluate N ⌧,`
i for each benchmark116

scenario using the central values of the hadronic parameters.117

For model predictions, the uncertainties of the HQET hadronic form factors and the118

7
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Required luminosity to exclude the model
L [fb

�1
]

model

SM V1 V2 S2 T LQ1 LQ2

V1
1170

(270)

10

6

(5)

500

(5)

900

(5)

4140

(5)

2860

(1390)

V2
1140

(270)

10

6

(5)

510

(5)

910

(5)

4210

(5)

3370

(1960)

“
d
a
t
a
” S2

560

(290)

560

(13750)

540

(36450)

380

(5)

1310

(35720)

730

(4720)

T
600

(270)

680

(5)

700

(5)

320

(5)

620

(5)

550

(1980)

LQ1
1010

(270)

4820

(5)

4650

(5)

1510

(5)

800

(5)

5920

(1940)

LQ2
1020

(250)

3420

(1320)

3990

(1820)

1040

(20560)

650

(4110)

5930

(1860)

Table 2: Luminosity required to discriminate various simulated “data” and tested model sets at

99.9% C.L. using RD(⇤)(q2) or R(D(⇤)) (in parentheses).

model

SM V1 V2 S2 T LQ1 LQ2

V1 ⌅⌅⌅ 8 }}} }}} }}} ⌅⌅⌅
V2 ⌅⌅⌅ 8 }}} }}} }}} ⌅⌅⌅

“
d
a
t
a
” S2 ⌅⌅⌅ � � }}} � �

T ⌅⌅⌅ }}} }}} }}} }}} �
LQ1 ⌅⌅⌅ }}} }}} }}} }}} ⌅⌅⌅
LQ2 ⌅⌅⌅ ⌅⌅⌅ ⌅⌅⌅ � � ⌅⌅⌅

Table 3: Comparison of two discrimination methods, using RD(⇤)(q2) (circle) or R(D(⇤)) (square): the

method requiring a smaller luminosity to distinguish “data” and theoretical model at 99.9% C.L. is more

advantageous. Double circle corresponds to the case when only RD(⇤)(q2) is e↵ective and can distinguish

scenarios. Cross marks denote the impossibility of discrimination by either of the two methods.

experimental data of R(D(⇤)) have already shown the significant deviation from the SM153

as explained in Section 1.154

As can been seen from Table 3, for the “data”-model cases LQ
2

(V
1,2)-V1,2(LQ2

) and155

LQ
2(1)

-LQ
1(2)

, R(D(⇤)) turn out to be more advantageous quantities to be studied. On156

the other hand, if we assume “data” to be e.g. S
2

or T , the binned q2 distributions157

become more profitable for discrimination of other NP models. Moreover, only RD(⇤)(q2)158

can clearly distinguish the S
2

-T and T -S
2

cases. To summarise, among the 36 cases listed159

in Table 3, in 22 cases the study of q2 distributions turns out to be more advantageous160

and has a lower luminosity cost, and in 15 cases only RD(⇤)(q2) can discriminate “data”161

and models at 99.9% C.L.162

To clarify the sensitivity to NP Wilson coe�cients in the Belle II experiment, in Fig. 5163

we present constraints on the Wilson coe�cients, obtained from the �2 fit of binned RD(q2)164

and RD⇤(q2) for the integrated luminosity of 40 ab�1, assuming the “data” to be perfectly165

consistent with the SM predictions. The dark (light) blue regions represent the expected166

68% (99.9%) C.L. constraints from RD(q2) and RD⇤(q2). For comparison, we show the167

68% (99.9%) C.L. allowed regions, represented by red solid (dashed) lines, from R(D) and168

R(D⇤). Due to the large statistics of the B ! D(⇤)`⌫` events at the Belle II experiment, it169

9

�2 of the binned

(...): integrated quantities

A good target at an earlier stage of Belle II 
in most casesL . 6 ab�1

RD(⇤)(q2)

99.9 % CL
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Figure 5: Constraints on the Wilson coe�cients at the mb scale. The constraints are obtained from the

�2 fit of binned RD(q2) and RD⇤(q2) assuming the future experimental measurements at Belle II for the

integrated luminosity 40 ab�1 to be perfectly consistent with the SM predictions. The red solid(dashed)

lines correspond to the constraints at 68% (99.9%) C.L. coming from the q2-integrated R(D(⇤)).
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Figure 5: Constraints on the Wilson coe�cients at the mb scale. The constraints are obtained from the

�2 fit of binned RD(q2) and RD⇤(q2) assuming the future experimental measurements at Belle II for the

integrated luminosity 40 ab�1 to be perfectly consistent with the SM predictions. The red solid(dashed)

lines correspond to the constraints at 68% (99.9%) C.L. coming from the q2-integrated R(D(⇤)).
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Scalar LQ
B ! Xs⌫⌫̄, K(⇤)⌫⌫̄

Bauer, Neubert PRL116,141802 (2016)

RK =
�(B ! Kµ+µ�)

�(B ! Ke+e�)
= 0.745+0.090

�0.074 ± 0.036

LHCb (2014)2.6�

Tree:
D ! µ+µ�

Loop: b ! s`¯̀

(g � 2)µ, ⌧ ! µ�

S1 (3⇤,1, 1/3)

B ! Xs⌫⌫̄, K(⇤)⌫⌫̄

Vector LQ U3 (3,3, 2/3) Fajfer, Kosnik PLB755, 270 (2016)

Tree: B ! Xs⌫⌫̄, K(⇤)⌫⌫̄

b ! s`¯̀, P 0
5, RK

t ! b⌧+⌫
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S1 (3⇤,1, 1/3) Dumont, Nishiwaki, Watanabe PRD94, 034001(2016)

8 TeV
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FIG. 2: Pair production cross sections (left) and decay branching ratios (right) of the S1 leptoquark boson

as a function of the mass. The NLO cross sections at 8 and 14 TeV are shown as indicated by the legend in

the left figure. The branching ratios for S⇤
1 ! t⌧ , S⇤

1 ! b⌫⌧ , and S⇤
1 ! c⌧ are denoted by black, blue, and

red curves, respectively in the right figure, where g33
1L = 0.5 is chosen and g23

1R is fixed by following Eq. (21)

so as to explain R(D) and R(D⇤) simultaneously.

Cabibbo-suppressed terms from the CKM matrix elements and consider only the V33 = Vtb terms

of Eqs. (16) and (17) in the following paper.

A. Production process

Since a leptoquark boson has SU(3) color charge, it is expected that a pair production of

leptoquark bosons by the QCD interaction is significant. We note that the pair production does

not depend on the couplings defined in Eqs. (4)-(5). In this paper, we investigate the pair-produced

leptoquark bosons at the LHC.3

Thus, our target signal at the LHC is produced through pp ! S1S
⇤
1 , where p indicates a

proton. The cross section for this production in the leptoquark model has been evaluated in the

next-to-leading order (NLO) [39, 40, 41]. With the use of Prospino2 [39], we show the plot for

3 When the leotoquark couplings are much large, a single production in association with a lepton becomes important.
Whereas in our configuration, only the charm, bottom and top quarks appear through the leptoquark interactions,
which are highly parton distribution function (PDF) suppressed or do not exist as a parton when

p
s = 8 or 14 TeV.

Thereby, only the pair production is relevant in our setup.

9

� [pb]

b̄c
⌫ ⌧
S
1

14TeV, 300 fb-1

(bn)(bn):
  sbkg = as in @53D
(ct)(ct):
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  (Case-2): dashed
  (Case-3): dotted
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FIG. 9: Prospects of exclusions for the 14 TeV LHC when L = 300 fb�1 data is collected. The plots present

95% CL exclusions for the coupling g3i
1L and the mass MS1 from both the (b⌫)(b̄⌫̄) and (c⌧)(c̄⌧̄) channels.

The blue curve shows the 95% exclusion limit from the (b⌫)(b⌫) channel, while the red curves describe

the ones from the (c⌧)(c⌧) channel, where the three di↵erent c-tagging/mis-tagging probabilities defined as

(Case-1), (Case-2), and (Case-3) are adopted in solid, dashed, and dotted curves, respectively. Here, we

depict the excluded regions from the 8 TeV and 13 TeV results. The black regions represent the areas with

�S1/MS1 � 20%. The dark-yellow parts are theoretically unacceptable such as g23
1R � 4⇡.

the narrow-width approximation is not reliable. The dark-yellow parts should be discarded since

perturbativity is violated as g23
1R � 4⇡ and theoretically unacceptable.

Remind that, in our setup, the couplings (g3i
1L, g23

1R) and the mass (MS1) are related by the

condition in Eq. (21) to explain the B̄ ! D(⇤)⌧ ⌫̄ anomaly. Hence, g23
1R is determined with the

condition in the figure. From Eq. (21), we recognize that the resultant g23
1R tends to be larger in

the case of i = 1 or 2 than i = 3 when we compare the two cases with the common MS1 and values

of g33
1L and g3i

1L (i = 1 or 2) being identical. Then, the following relations are expected,

B(S⇤1 ! b⌫)|i=3 > B(S⇤1 ! b⌫)|i=1 or 2, B(S⇤1 ! c⌧)|i=3 < B(S⇤1 ! c⌧)|i=1 or 2. (33)

Thus, the coverage of the 95% exclusion contour from the (c⌧)(c̄⌧̄) channel tends to be broader in

i = 1 or 2 compared with i = 3, while the opposite trend is found in the contour from the (b⌫)(b̄⌫̄)

channel. The e�ciencies of the three c-tagging/mis-tagging rates in the Case-1, 2, 3 are directly

reflected in the explored ranges as following the order in Eq. (32). Through the cooperation of the

(b⌫)(b̄⌫̄) and (c⌧)(c̄⌧̄) channels with accumulating L = 300 fb�1 data at the 14 TeV LHC run II, we

can exclude the S1 leptoquark boson up to at least 0.8 TeV for both i = 3 and i = 1 or 2, in which
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: τ forward-backward asymmetryAFB

P⌧ : τ longitudinal polarization
PD⇤ : D* longitudinal polarization

where ! is the angle between the three-momenta of "
and !B in the " !# rest frame;

(ii) " polarization parameter by studying further "
decays,

P" ¼
"ð$" ¼ 1=2Þ $ "ð$" ¼ $1=2Þ
"ð$" ¼ 1=2Þ þ "ð$" ¼ $1=2Þ ; (24)

(iii) D& longitudinal polarization using the D& ! D%
decay,

PD& ¼ "ð$D& ¼ 0Þ
"ð$D& ¼ 0Þ þ "ð$D& ¼ 1Þ þ "ð$D& ¼ $1Þ :

(25)

Here, for brevity, " denotes "ð !B ! Dð&Þ" !#Þ. The q2 dis-
tributions for various " and D& polarization states together
with b!ðq2Þ can be found in Appendix B.
In order to determine ! angle, the " momentum recon-

struction is necessary. It is not apparent whether this is
possible due to the two or more missing neutrinos in the
decay modes under consideration [9]. Here we mention a
proposal in LHCb to utilize the information on the verti-
ces of !B and " production/decay for identifying a !B !
D&" !# process in their environment [39,40]. The " pro-
duction/decay vertex information, which can be obtained
using the D& ! D%=" ! 3h# decays, allows us to deter-
mine the three-momentum of " in the lab frame with a
two-fold ambiguity. Then, the same solution can be
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FIG. 5 (color online). The correlations between various observables [RðDð&ÞÞ, AFB, P" and PD& ] for four different NP scenarios
assuming l ¼ ": the generic scalar [gray (green)] and tensor [black (blue)] contributions to theC"

S2
andC"

T Wilson coefficients, respectively;

onlyR2=3
2 [dark gray (red)] and S1=31 [light gray (orange)] leptoquark contribution—the specific cases givingC"

S2
ð&bÞ ¼ '7:8C"

Tð&bÞ. The
correlations were obtained by applying the constraints on the NP couplings from the '2 fit of RðDÞ and RðD&Þ at 3( level. The star
corresponds to the SM prediction. The current experimental measurements of RðDð&ÞÞ within'1( range are shown in vertical bands.

TESTING LEPTOQUARK MODELS IN . . . PHYSICAL REVIEW D 88, 094012 (2013)

094012-9

Y. Sakaki, MT, A. Tayduganov, R. Watanabe

arXiv:1309.0301; PRD88, 094012(2013)
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where ! is the angle between the three-momenta of "
and !B in the " !# rest frame;

(ii) " polarization parameter by studying further "
decays,

P" ¼
"ð$" ¼ 1=2Þ $ "ð$" ¼ $1=2Þ
"ð$" ¼ 1=2Þ þ "ð$" ¼ $1=2Þ ; (24)

(iii) D& longitudinal polarization using the D& ! D%
decay,

PD& ¼ "ð$D& ¼ 0Þ
"ð$D& ¼ 0Þ þ "ð$D& ¼ 1Þ þ "ð$D& ¼ $1Þ :

(25)

Here, for brevity, " denotes "ð !B ! Dð&Þ" !#Þ. The q2 dis-
tributions for various " and D& polarization states together
with b!ðq2Þ can be found in Appendix B.
In order to determine ! angle, the " momentum recon-

struction is necessary. It is not apparent whether this is
possible due to the two or more missing neutrinos in the
decay modes under consideration [9]. Here we mention a
proposal in LHCb to utilize the information on the verti-
ces of !B and " production/decay for identifying a !B !
D&" !# process in their environment [39,40]. The " pro-
duction/decay vertex information, which can be obtained
using the D& ! D%=" ! 3h# decays, allows us to deter-
mine the three-momentum of " in the lab frame with a
two-fold ambiguity. Then, the same solution can be
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FIG. 5 (color online). The correlations between various observables [RðDð&ÞÞ, AFB, P" and PD& ] for four different NP scenarios
assuming l ¼ ": the generic scalar [gray (green)] and tensor [black (blue)] contributions to theC"

S2
andC"

T Wilson coefficients, respectively;

onlyR2=3
2 [dark gray (red)] and S1=31 [light gray (orange)] leptoquark contribution—the specific cases givingC"

S2
ð&bÞ ¼ '7:8C"

Tð&bÞ. The
correlations were obtained by applying the constraints on the NP couplings from the '2 fit of RðDÞ and RðD&Þ at 3( level. The star
corresponds to the SM prediction. The current experimental measurements of RðDð&ÞÞ within'1( range are shown in vertical bands.
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Belle @ ICHEP2016

• ℛ 𝐷∗ = 0.276 ± 0.034(stat) .
. syst

– 7.1𝜎 significance including systematic uncertainty.
– Consistent with SM prediction and other measurements.

• 𝒫 = −0.44 ± 0.47(stat) .
. syst

– First 𝓟𝝉 measurements !
– Consistent with SM prediction (−0.497 ± 0.014) within uncertainty.

• Systematics arises mainly from hadronic 𝐵 bkg, MC statistics.

Result of 𝓡(𝑫∗) and 𝓟𝝉 Measurements 10

M. Tanaka, R. Watanabe, PRD 87, 034028 (2013)

𝓡(𝑫∗) and 𝓟𝝉 with Had-tag
Preliminary

Preliminary

SM

Measured
𝟏𝝈

2𝝈

Average at Moriond 2016

Æ Consistent with the SM prediction within 𝟎. 𝟔𝝈

Y. Sato
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B̄ ! ⇡⌧ ⌫̄

Br ~ 0.007% in the SM 

Exp. B = (1.52± 0.72± 0.13)⇥ 10�4 Belle 2015

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

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.
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OV1 = (ū�µPLb)(⌧̄ �µPL⌫⌧ ) , (4)
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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

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

|Vub| and form factors uncertainty

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.

2
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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.
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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 |

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.

2

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.

3

HFAG



Minoru TANAKA

Pure- to semi- leptonic ratio

34

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,
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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]
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. (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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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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Belle II ~50/ab

Scaling the present errors as

cf. Belle ~ 1/ab

1/
p
L

and the central values = SM
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The earlier stage of Belle II

◼︎	Testing NP with the q2 distribution

~ 5-10 /ab

Belle II, LHCb prospect?

◼	 ︎Other observables AFB , P⌧ , PD⇤ , R(Xc)

~ 4σ
◼︎ Excess of

R(D), R(D⇤)
B̄ ! D(⇤)⌧ ⌫̄

◼	 ︎Flavor structure of possible NP

MFV
B� ! ⌧ ⌫̄ , B ! ⇡⌧ ⌫̄
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