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What about the charged leptons?

➡ The charged LFV processes can occur through oscillations in loops 

➡ Unmeasurable small rates (10-54-10-49) for all the LFV μ and τ decays

Observation of LFV will be a clear signature of the NP! 

➡ Charged LFV enhanced in many NP models (10-10 - 10-7)

Introduction to tau LFV
• Lepton Flavor Violation (LFV) is highly suppressed in the 

Standard Model (SM) even if neutrino oscillation is taken
– Br < O(10-54) => Experimentally unreachable

• Many extensions to SM predict to enhance LFV to be 
observable in current experiment facilities: Br ~O(10-8)

=> Observation of LFV is an clear signature of the New Physics (NP)!
• Tau lepton - the heaviest charged lepton coupling to the NP
=> Many possible LFV decay modes related to the NP models

2Tau LFV in B factory @ NuFact 2016

Standard Model SUSY
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Conservation of the individual lepton-flavour and the total lepton numbers within the SM (mν = 0)
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➡ The observation of neutrino oscillations as a first sign of LFV beyond the SM!
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Introduction to tau LFV
• Lepton Flavor Violation (LFV) is highly suppressed in the 

Standard Model (SM) even if neutrino oscillation is taken
– Br < O(10-54) => Experimentally unreachable

• Many extensions to SM predict to enhance LFV to be 
observable in current experiment facilities: Br ~O(10-8)

=> Observation of LFV is an clear signature of the New Physics (NP)!
• Tau lepton - the heaviest charged lepton coupling to the NP
=> Many possible LFV decay modes related to the NP models
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Standard model tests in modes with neutrinos | Simon Wehle | 18.04.2018 !2

Motivation

‣ Decays involving neutrinos can be 
sensitive to a variety of new physics 
models 

‣ Experimentally extremely challenging 

‣ We can learn lot about the origin of 
flavour 

Standard model tests in modes with neutrinos

Illustration: W. Altmannshofer
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Charged lepton flavour violation: 
SM-free signals!

Charged-Lepton Flavour Physics
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Figure 2. Possible supersymmetric contributions to the transition dipole diagrams
mediating the LFV processes µ ! e� (left) and µN ! eN conversion (right).

concept of fermion generations was developed. Non-discovery of µ ! e� and ⌧ ! µ� established that µ
and ⌧ were indeed new elementary leptons, as opposed to excited states of composite lighter leptons. In
analogy to the GIM mechanism, the absence of µ ! e� also required to introduce the muon neutrino, prior
to the ⌫

µ

discovery in 1962 [7], to cancel FCNC amplitudes [8].
Radiative lepton decays `1 ! `2� proceed via dimension-five left and right-handed radiative transition

amplitudes. The branching fraction can be written in the form [5]

B(`1 ! `2�) =
3↵

32⇡

�|A
L

|2 + |A
R

|2� · B(`1 ! `2⌫⌫) . (1)

For generic new physics at mass scale ⇤ one can parametrise the left and right-handed dipole amplitudes
by A

L

= A
R

= 16

p
2⇡2/G

F

⇤

2, where G
F

is the Fermi constant and ⇤ the scale of the LFV interaction.
The upper limit of B(µ ! e�) < 1.2 · 10�11, obtained by the MEGA experiment at the Los Alamos
Meson Physics Facility in 2001 [9], thus translates into the stringent bound ⇤ > 340TeV [5], which is well
beyond the LHC reach for direct detection. Decays involving virtual photons, such as `1 ! `2`2`2 and µ–e
conversion, have an additional rate suppression factor ↵QED, but also probe different physics processes.

Figure 2 depicts example graphs for R-parity conserving supersymmetric contributions to the charged
LFV processes µ ! e� (left) and µN ! eN conversion (right). The predicted rates depend on the value of
the slepton mass mixing parameter involved (cf. [10, 11] and references therein). Lepton flavour violation
is also naturally present in R-parity violating models, where the strength of the effects is governed by the
size of trilinear lepton number violating couplings involving sleptons and leptons (�), and squarks, leptons
and quarks (�0) in the supersymmetric superpotential [12].

2.1 A new limit on B(µ+ ! e+�) by the MEG experiment

The MEG experiment [13, 14] uses the presently most powerful quasi-continuous muon beam produced at
the PSI (Switzerland) ⇡E5 beam line. Positive 29 MeV surface muons hit with 3 ·107Hz rate a thin stopping
target that is surrounded by the MEG detector. The muon decay rate measured by MEG effectively has no
time structure, because the 2.2 µs muon lifetime is long compared to the 50 MHz radio-frequency structure
of the proton cyclotron producing the muons. MEG consists of a positron spectrometer (drift chamber)
immersed in a gradient magnetic field that sweeps the produced positrons out of the interaction region,
a time-of-flight counter, and a 900 litre liquid-xenon (LXe) scintillation detector outside of the magnet,
measuring the photon incidence, time and energy. The solid-angle acceptance around the target is 10%.

The µ+ ! e+� signal events are characterised by back-to-back, in-time monoenergetic (52.8 MeV)
positron-photon pairs. Their measured energies, polar and zenith opening angles, and time difference are
used to separate them from backgrounds, which are dominated by accidental coincidence of a positron from
standard µ+ ! e+⌫⌫ decays and a photon from radiative µ+ ! e+�⌫⌫ decays, bremsstrahlung or positron
annihilation in flight. The reliance on a precise back-to-back signature invalidates the use of negative
muons, which would form muonium atoms in the target that would smear out the two-body kinematics.

3

LFV signals are expected in many BSM scenarios, such as the MSSM or 
as a consequence of Seesaw models
Belle II will be able to improve current limits by a factor of 100 for !→3l and 
a factor of >10 for !→l #

MoriondEW, Mar 19, 2016 Experimental Summary

Charged lepton flavour violation: SM-free signals!
A very active field of BSM searches 
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Figure 1
Record of selected lepton flavor violation searches.

cascade down to 1S orbitals. There, they can undergo (a) ordinary decaywith a rate of 5× 105 s− 1,
(b) weak capture, µ − p νµn (which exceeds the ordinary decay rate for nuclei with Z > 6), or
(c) coherent flavor changing conversion, µ − N e− N . The last of these reactions has already
been significantly constrained using various targets. Indeed, the ratio of conversions to capture,

Table 1 A sample of various charged lepton flavor violating reactions

Reaction Current bound Reference Expected Possible
B (µ+ e+ γ ) < 1.2 × 10− 11 28 2 × 10− 13 2 × 10− 14

B (µ± e± e+ e− ) < 1.0 × 10− 12 37 – 10− 14

B (µ± e± γ γ ) < 7.2 × 10− 11 92 – –
R (µ− Au e− Au) < 7 × 10− 13 15 – –
R (µ− Al e− Al) – 10− 16 10− 18

B (τ ± µ± γ ) < 5.9 × 10− 8 Table 2 O (10− 9)
B (τ ± e± γ ) < 8.5 × 10− 8 Table 2 O (10− 9)
B (τ ± µ± µ+ µ− ) < 2.0 × 10− 8 Table 2 O (10− 10)
B (τ ± e± e+ e− ) < 2.6 × 10− 8 Table 2 O (10− 10)
Z 0 e± µ < 1.7 × 10− 6 90
Z0 e± τ < 9.8 × 10− 6 90
Z0 µ± τ < 1.2 × 10− 5 91
K 0
L e± µ < 4.7 × 10− 12 74 10− 13

D0 e± µ < 8.1 × 10− 7 78 10− 8

B 0 e± µ < 9.2 × 10− 8 79 10− 9

Data from current experimental bounds, expected improvements from existing or funded
experiments, and possible long-term advances.
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A
nn

u.
 R

ev
. N

uc
l. 

Pa
rt.

 S
ci

. 2
00

8.
58

:3
15

-3
41

. D
ow

nl
oa

de
d 

fro
m

 w
w

w
.a

nn
ua

lre
vi

ew
s.o

rg
by

 C
ER

N
 L

ib
ra

ry
 o

n 
08

/1
4/

11
. F

or
 p

er
so

na
l u

se
 o

nl
y.

Only null observation to date

MEG

SINDRUM-II

BABAR / Belle

MEGA

Mu2e / COMET 
PRISM / PRIME

Super-B (50 ab–1)

Spectacular 
perspectives: 

M
ar

cia
no

 e
t a

l., 
An

nu
. R

ev
. N

uc
l. 

Pa
rt.

 S
ci.

58
, 3

15
 (2

00
8)

, u
pd

ate
d

MEG II

Belle IICLEO / BaBar / Belle

⌧ ! µ�
⌧ ! 3µ

No success in searches so far!

Standard model tests in modes with neutrinos | Simon Wehle | 18.04.2018 !2

Motivation

‣ Decays involving neutrinos can be 
sensitive to a variety of new physics 
models 

‣ Experimentally extremely challenging 

‣ We can learn lot about the origin of 
flavour 

Standard model tests in modes with neutrinos

Illustration: W. Altmannshofer
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Are neutrinos Dirac (|∆L| = 0) or Majorana (|∆L| = 2) particles? 

➡ Heavily suppressed LNV τ-decay rates within the νSM

➡ Unmeasurable decay rates with high NP scale, for example in models with heavy right-handed neutrinos

Within the SM (mν = 0), conservation of the individual lepton-flavour and the total lepton numbers

Gglobal

SM

= U(1)
B

⇥ U(1)
Le ⇥ U(1)

Lµ ⇥ U(1)
L⌧

/ Nuclear Physics B Proceedings Supplement 00 (2013) 1–5 2
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Figure 1: Neutrino-exchange diagrams induced by crossings of
the W

�
W

� ! l

�
l

0� �L = 2 kernel leading to LNV in (a) three-
and (b) four-body tau decays.

duced on their mass-shell (q2 = m

2
N

), the rates are
largely enhanced due to the resonant e↵ect asso-
ciated to their decay widths �

N

, with their decay
amplitudes proportional to

P
N

V

lN

V

l

0
N

/�
N

. This is
the so-called resonant enhancement mechanism [4]
for LNV decays and can occur only for time-like
neutrino momenta as in the case of mesons and ⌧
lepton decays .

Note that in the first two cases, the rates of heavy
flavor decays turn out to be very suppressed, making
uninteresting their searches at flavor factories [5, 6].
Lepton number violation in three-body decays of ⌧ lep-
tons and charged (D, D

s

, B, B

c

) mesons have been
widely investigated previously, both from the theoretical
[4, 5, 6, 7, 8] and experimental [9, 10, 11, 12, 13, 14, 15]
points of view. The current best experimental upper
bounds available on these decay channels are shown in
Figure 2; in addition, very stringent bounds of the order
of 10�9 have been obtained (see for example [13]) for
K

+ ! ⇡�l

+
l

0+ decays, with l, l

0 = e, µ. The measured
upper limits allow to exclude a region in the |V

lN

|2 vs.
m

N

plane of the parameter space, by assuming that a sin-
gle resonant neutrino (usually denoted by the subindex
N or 4) dominates the decay amplitude. Such sterile
Majorana neutrinos, with masses in the range of 1⇠10
GeV, can appear in the framework of some minimal ex-
tensions of the SM; for instance, it has been suggested
that they can play an important role to explain simulta-
neously the oscillations of neutrinos, the baryon asym-
metry of the Universe and the dark matter problem [16].

In this paper we present a summary and update of our
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Figure 2: Experimental upper limits on branching ratios of 3-
body decays of charged heavy mesons and ⌧ lepton [9-15].

recent proposals [17, 18] which consider the four-body
decays ⌧� ! ⌫⌧l�l

0�
M

+ and B

0 ! D

�
l

+
l

0+
M

�, where
M is a pseudoscalar or vector meson that can be allowed
by kinematics (the analogous decay ⇡+ ! e

+
e

+µ�⌫
was considered in [19]). We illustrate our studies with
results on di-muonic channels (results on di-electrons
modes can be found in [17, 18]). Searches for these de-
cay channels have not been undertaken by experiments
up to now. Here we emphasize that they can provide
competitive or even stronger bounds on the parameter
space of Majorana neutrinos as compared to three-body
decays of heavy flavors.

2. Resonant three-body decays

The addition of right-handed singlet neutrinos to the
SM leads in a natural way to the appearance of Ma-
jorana and Dirac mass terms [2], with Majorana mass
terms allowing �L = 2 lepton number violation. The
heavier (sterile) neutrinos get involved into charged
weak interactions, since after diagonalization of the full
neutrino matrix, neutrinos of defined flavor becomes a
mixture of light and heavy mass eigentstates, namely,

⌫
l

=

3X

i=1

U

li

⌫
i

+

n+4X

N=4

V

lN

⌫
N

(1)

if n right-handed singlets are considered. Here, U

li

are
essentially the entries of the PMNS matrix, and V

lN

are
the tiny mixings of the active and sterile neutrinos. The
charged current interaction Lagrangian in the flavor ba-
sis becomes:

L
cc

=
g

2
p

2
⌫̄

l

�µ(1 � �5)l ·W�µ + h.c. (2)

where ⌫
l

is given above.
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➡ The observation of neutrino oscillations as a first sign of LFV beyond the SM!
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Figure 1. A generic diagram for ∆L = 2 processes via Majorana neutrino exchange.

where W− is a virtual SM weak boson and ℓ1,2 = e, µ, τ . By coupling fermion currents to

the W bosons as depicted in figure 1, and arranging the initial and final states properly, one

finds various physical processes that can be experimentally searched for. The best known

example is neutrinoless double-beta decay (0νββ) [14–16], which proceeds via the parton-

level subprocess dd → uu W−∗W−∗ → uu e−e−. Other interesting classes of LV processes

involve tau decays such as τ− → ℓ+M−
1 M−

2 [17, 18] where the light mesons M1,M2 are

π,K, rare meson decays such as M+
1 → ℓ+1 ℓ

+
2 M−

2 [18–20] and hyperon decays such as

Σ− → Σ+e−e−, Ξ− → pµ−µ− etc. [21]. One could also explore additional processes like

e− → µ+ [22], µ− → e+ [18, 23] and µ− → µ+ conversion [18, 24]. One may also consider

searching for signals at accelerator and collider experiments via e−e− → W−W− [25],

e+e− → Z0 → N+X [26], e±p → νe(νe)ℓ
±
1 ℓ

±
2 X [27], neutrino nucleon scattering νℓ(νℓ)N →

ℓ∓ℓ±1 ℓ
±
2 X [28], pp → ℓ+1 ℓ

+
2 X [29–34], top-quark decays t → bℓ+1 ℓ

+
2 W− [35], charged-Higgs

production e±e± → H±H± [36], and in the decay N → ℓ±H∓ [37].

The dynamics for ∆L = 2 processes as in eq. (1.3) is dictated by the properties of the

exchanged neutrinos. For a Majorana neutrino that is light compared to the energy scale

in the process, the transition rates for LV processes are proportional to the product of two

flavor mixing matrix elements among the light neutrinos and a LV mass insertion

⟨m⟩2ℓ1ℓ2 =

∣

∣

∣
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3
∑
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Uℓ1mUℓ2mmνm

∣
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∣

∣

2

, (1.4)

where ⟨m⟩ℓ1ℓ2 are the “effective neutrino masses”. If the neutrinos are heavy compared to

the energy scale involved, then the contribution scales as

∣

∣

∣

∣

∣

3+n
∑

m′=4

Vℓ1m′Vℓ2m′

mNm′

∣

∣

∣

∣

∣

2

, (1.5)

where V is the mixing matrix between the light flavor and heavy neutrinos. Unfortunately,

both situations encounter a severe suppression either due to the small neutrino mass like

– 3 –

➡ NP models with light (0.1 - 5 GeV) right-handed Majorana neutrinos

➡ Significant enhancement of the τ decay rates
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where V is the mixing matrix between the light flavor and heavy neutrinos. Unfortunately,

both situations encounter a severe suppression either due to the small neutrino mass like

– 3 –

Observation of LNV will hint at light NP scale! 

Standard model tests in modes with neutrinos | Simon Wehle | 18.04.2018 !2

Motivation

‣ Decays involving neutrinos can be 
sensitive to a variety of new physics 
models 

‣ Experimentally extremely challenging 

‣ We can learn lot about the origin of 
flavour 

Standard model tests in modes with neutrinos

Illustration: W. Altmannshofer
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5

Are neutrinos Dirac (|∆L| = 0) or Majorana (|∆L| = 2) particles? 

➡ Heavily suppressed LNV τ-decay rates within the νSM

➡ Unmeasurable decay rates with high NP scale, for example in models with heavy right-handed neutrinos

Within the SM (mν = 0), conservation of the individual lepton-flavour and the total lepton numbers

Gglobal

SM

= U(1)
B

⇥ U(1)
Le ⇥ U(1)

Lµ ⇥ U(1)
L⌧

/ Nuclear Physics B Proceedings Supplement 00 (2013) 1–5 2

(a)

(b)

⌧�

M�
1

⌫N

l+

M�
2

⌧�

⌫⌧
l�

l0�

⌫N M+

Figure 1: Neutrino-exchange diagrams induced by crossings of
the W

�
W

� ! l

�
l

0� �L = 2 kernel leading to LNV in (a) three-
and (b) four-body tau decays.

duced on their mass-shell (q2 = m

2
N

), the rates are
largely enhanced due to the resonant e↵ect asso-
ciated to their decay widths �

N

, with their decay
amplitudes proportional to

P
N

V

lN

V

l

0
N

/�
N

. This is
the so-called resonant enhancement mechanism [4]
for LNV decays and can occur only for time-like
neutrino momenta as in the case of mesons and ⌧
lepton decays .

Note that in the first two cases, the rates of heavy
flavor decays turn out to be very suppressed, making
uninteresting their searches at flavor factories [5, 6].
Lepton number violation in three-body decays of ⌧ lep-
tons and charged (D, D

s

, B, B

c

) mesons have been
widely investigated previously, both from the theoretical
[4, 5, 6, 7, 8] and experimental [9, 10, 11, 12, 13, 14, 15]
points of view. The current best experimental upper
bounds available on these decay channels are shown in
Figure 2; in addition, very stringent bounds of the order
of 10�9 have been obtained (see for example [13]) for
K

+ ! ⇡�l

+
l

0+ decays, with l, l

0 = e, µ. The measured
upper limits allow to exclude a region in the |V

lN

|2 vs.
m

N

plane of the parameter space, by assuming that a sin-
gle resonant neutrino (usually denoted by the subindex
N or 4) dominates the decay amplitude. Such sterile
Majorana neutrinos, with masses in the range of 1⇠10
GeV, can appear in the framework of some minimal ex-
tensions of the SM; for instance, it has been suggested
that they can play an important role to explain simulta-
neously the oscillations of neutrinos, the baryon asym-
metry of the Universe and the dark matter problem [16].

In this paper we present a summary and update of our
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Figure 2: Experimental upper limits on branching ratios of 3-
body decays of charged heavy mesons and ⌧ lepton [9-15].

recent proposals [17, 18] which consider the four-body
decays ⌧� ! ⌫⌧l�l

0�
M

+ and B

0 ! D

�
l

+
l

0+
M

�, where
M is a pseudoscalar or vector meson that can be allowed
by kinematics (the analogous decay ⇡+ ! e

+
e

+µ�⌫
was considered in [19]). We illustrate our studies with
results on di-muonic channels (results on di-electrons
modes can be found in [17, 18]). Searches for these de-
cay channels have not been undertaken by experiments
up to now. Here we emphasize that they can provide
competitive or even stronger bounds on the parameter
space of Majorana neutrinos as compared to three-body
decays of heavy flavors.

2. Resonant three-body decays

The addition of right-handed singlet neutrinos to the
SM leads in a natural way to the appearance of Ma-
jorana and Dirac mass terms [2], with Majorana mass
terms allowing �L = 2 lepton number violation. The
heavier (sterile) neutrinos get involved into charged
weak interactions, since after diagonalization of the full
neutrino matrix, neutrinos of defined flavor becomes a
mixture of light and heavy mass eigentstates, namely,

⌫
l

=

3X

i=1

U

li

⌫
i

+

n+4X

N=4

V

lN

⌫
N

(1)

if n right-handed singlets are considered. Here, U

li

are
essentially the entries of the PMNS matrix, and V

lN

are
the tiny mixings of the active and sterile neutrinos. The
charged current interaction Lagrangian in the flavor ba-
sis becomes:

L
cc

=
g

2
p

2
⌫̄

l

�µ(1 � �5)l ·W�µ + h.c. (2)

where ⌫
l

is given above.
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➡ The observation of neutrino oscillations as a first sign of LFV beyond the SM!
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Figure 1. A generic diagram for ∆L = 2 processes via Majorana neutrino exchange.

where W− is a virtual SM weak boson and ℓ1,2 = e, µ, τ . By coupling fermion currents to

the W bosons as depicted in figure 1, and arranging the initial and final states properly, one

finds various physical processes that can be experimentally searched for. The best known

example is neutrinoless double-beta decay (0νββ) [14–16], which proceeds via the parton-

level subprocess dd → uu W−∗W−∗ → uu e−e−. Other interesting classes of LV processes

involve tau decays such as τ− → ℓ+M−
1 M−

2 [17, 18] where the light mesons M1,M2 are

π,K, rare meson decays such as M+
1 → ℓ+1 ℓ

+
2 M−

2 [18–20] and hyperon decays such as

Σ− → Σ+e−e−, Ξ− → pµ−µ− etc. [21]. One could also explore additional processes like

e− → µ+ [22], µ− → e+ [18, 23] and µ− → µ+ conversion [18, 24]. One may also consider

searching for signals at accelerator and collider experiments via e−e− → W−W− [25],

e+e− → Z0 → N+X [26], e±p → νe(νe)ℓ
±
1 ℓ

±
2 X [27], neutrino nucleon scattering νℓ(νℓ)N →

ℓ∓ℓ±1 ℓ
±
2 X [28], pp → ℓ+1 ℓ

+
2 X [29–34], top-quark decays t → bℓ+1 ℓ

+
2 W− [35], charged-Higgs

production e±e± → H±H± [36], and in the decay N → ℓ±H∓ [37].

The dynamics for ∆L = 2 processes as in eq. (1.3) is dictated by the properties of the

exchanged neutrinos. For a Majorana neutrino that is light compared to the energy scale

in the process, the transition rates for LV processes are proportional to the product of two

flavor mixing matrix elements among the light neutrinos and a LV mass insertion
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where ⟨m⟩ℓ1ℓ2 are the “effective neutrino masses”. If the neutrinos are heavy compared to

the energy scale involved, then the contribution scales as
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where V is the mixing matrix between the light flavor and heavy neutrinos. Unfortunately,

both situations encounter a severe suppression either due to the small neutrino mass like

– 3 –

➡ NP models with light (0.1 - 5 GeV) right-handed Majorana neutrinos

➡ Significant enhancement of the τ decay rates
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finds various physical processes that can be experimentally searched for. The best known
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e− → µ+ [22], µ− → e+ [18, 23] and µ− → µ+ conversion [18, 24]. One may also consider

searching for signals at accelerator and collider experiments via e−e− → W−W− [25],

e+e− → Z0 → N+X [26], e±p → νe(νe)ℓ
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2 W− [35], charged-Higgs

production e±e± → H±H± [36], and in the decay N → ℓ±H∓ [37].

The dynamics for ∆L = 2 processes as in eq. (1.3) is dictated by the properties of the
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where V is the mixing matrix between the light flavor and heavy neutrinos. Unfortunately,

both situations encounter a severe suppression either due to the small neutrino mass like
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Observation of LNV will hint at light NP scale! 

Standard model tests in modes with neutrinos | Simon Wehle | 18.04.2018 !2

Motivation

‣ Decays involving neutrinos can be 
sensitive to a variety of new physics 
models 

‣ Experimentally extremely challenging 

‣ We can learn lot about the origin of 
flavour 

Standard model tests in modes with neutrinos

Illustration: W. Altmannshofer

- G.L.Castro, N. Quntero (2013) -No answer yet!
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Figure 1: Neutrino-exchange diagrams induced by crossings of
the W
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0� �L = 2 kernel leading to LNV in (a) three-
and (b) four-body tau decays.

duced on their mass-shell (q2 = m

2
N

), the rates are
largely enhanced due to the resonant e↵ect asso-
ciated to their decay widths �

N

, with their decay
amplitudes proportional to

P
N

V

lN

V

l

0
N

/�
N

. This is
the so-called resonant enhancement mechanism [4]
for LNV decays and can occur only for time-like
neutrino momenta as in the case of mesons and ⌧
lepton decays .

Note that in the first two cases, the rates of heavy
flavor decays turn out to be very suppressed, making
uninteresting their searches at flavor factories [5, 6].
Lepton number violation in three-body decays of ⌧ lep-
tons and charged (D, D

s

, B, B

c

) mesons have been
widely investigated previously, both from the theoretical
[4, 5, 6, 7, 8] and experimental [9, 10, 11, 12, 13, 14, 15]
points of view. The current best experimental upper
bounds available on these decay channels are shown in
Figure 2; in addition, very stringent bounds of the order
of 10�9 have been obtained (see for example [13]) for
K

+ ! ⇡�l

+
l

0+ decays, with l, l

0 = e, µ. The measured
upper limits allow to exclude a region in the |V

lN

|2 vs.
m

N

plane of the parameter space, by assuming that a sin-
gle resonant neutrino (usually denoted by the subindex
N or 4) dominates the decay amplitude. Such sterile
Majorana neutrinos, with masses in the range of 1⇠10
GeV, can appear in the framework of some minimal ex-
tensions of the SM; for instance, it has been suggested
that they can play an important role to explain simulta-
neously the oscillations of neutrinos, the baryon asym-
metry of the Universe and the dark matter problem [16].

In this paper we present a summary and update of our
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Figure 2: Experimental upper limits on branching ratios of 3-
body decays of charged heavy mesons and ⌧ lepton [9-15].

recent proposals [17, 18] which consider the four-body
decays ⌧� ! ⌫⌧l�l

0�
M

+ and B

0 ! D

�
l

+
l

0+
M

�, where
M is a pseudoscalar or vector meson that can be allowed
by kinematics (the analogous decay ⇡+ ! e

+
e

+µ�⌫
was considered in [19]). We illustrate our studies with
results on di-muonic channels (results on di-electrons
modes can be found in [17, 18]). Searches for these de-
cay channels have not been undertaken by experiments
up to now. Here we emphasize that they can provide
competitive or even stronger bounds on the parameter
space of Majorana neutrinos as compared to three-body
decays of heavy flavors.

2. Resonant three-body decays

The addition of right-handed singlet neutrinos to the
SM leads in a natural way to the appearance of Ma-
jorana and Dirac mass terms [2], with Majorana mass
terms allowing �L = 2 lepton number violation. The
heavier (sterile) neutrinos get involved into charged
weak interactions, since after diagonalization of the full
neutrino matrix, neutrinos of defined flavor becomes a
mixture of light and heavy mass eigentstates, namely,
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if n right-handed singlets are considered. Here, U
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are
essentially the entries of the PMNS matrix, and V
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are
the tiny mixings of the active and sterile neutrinos. The
charged current interaction Lagrangian in the flavor ba-
sis becomes:

L
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where ⌫
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is given above.
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Lepton universality

6

➡ differences due to lepton masses 

➡ easy to account for in predictions

➡ for example:

Within the SM, the coupling of leptons to W bosons is flavour-independent: ge = gµ = g⌧

⌫⌧⌫µ

W�
e�

⌫e

ge
W�

gµ
W�

g⌧

⌧�µ�

Hint for NP with ~4σ 

Discovery of lepton flavour non-universality is 
a key signature of NP! 

Identical decays involving electrons, muon or taus 

Standard model tests in modes with neutrinos | Simon Wehle | 18.04.2018 !22

Semitauonic decays

‣ Combination of data from LHCb, 
BaBar and Belle 
• Measurement of RD(*) shows hints for new 

physics with ~4σ 

‣ Many statistically independent 
approaches: 
• 3 tagging methods (hadronic, semileptonic, 

inclusive) 

• Signal modes (!→l"", !→h") 

‣ Belle II should confirm/deny this 
anomaly already with 5ab-1  

Measurement of RD*

DRAFT
9/

3/
20

18

8 Leptonic and Semileptonic B Decays

Table 51: Expected precision on RD(⇤) and P⌧ (D⇤) at Belle II. The first and the second values

are the expected statistical and the systematic errors, respectively. These expectations are

shown as the relative (absolute) values for RD(⇤) (P⌧ (D⇤)).

5 ab�1 50 ab�1

RD (±6.0 ± 3.9)% (±2.0 ± 2.5)%

RD⇤ (±3.0 ± 2.5)% (±1.0 ± 2.0)%

P⌧ (D⇤) ±0.18 ± 0.08 ±0.06 ± 0.04

RK anomaly, lepton flavour non-universality in B ! K`+`�, as well as RD(⇤) , see Refs. [255– 3771

259]. Some types of lepto-quarks can also induce OV
1

[207, 257, 260–264] and explain RK 3772

and RD(⇤) at the same time [257, 258]21. 3773

Future prospects. Based on the existing results from Belle and expected statistical and 3774

experimental improvements at Belle II, we provide estimates of the precision of RD(⇤) and 3775

P⌧ (D⇤) in Table 51 for two integrated luminosities. In Fig. 68, the expected precisions at 3776

Belle II are compared to the current results and the SM expectations. The RD(⇤) precision 3777

will be comparable to the current theoretical uncertainty. Furthermore, precise polarisation 3778

measurements, P⌧ (D⇤), and decay di↵erentials will provide further discrimination of NP 3779

scenarios. In the estimates for P⌧ (D⇤), we take the pessimistic scenario that no improvement 3780

to the systematic uncertainty arising from the hadronic B decays with three or more ⇡0, ⌘ 3781

and � can be achieved. However, although challenging, understanding for these modes may 3782

be improved by the future measurements at Belle II and the systematic uncertainty will 3783

be further reduced. As shown in Fig. 66, the Belle analyses of B ! D(⇤)⌧⌫⌧ largely rely on 3784

the EECL shape in discrimination of the signal from the background events. One possible 3785

challenge at Belle II is therefore to understand the e↵ects from the large beam-induced 3786

background onto EECL. 3787

With the Belle II data set NP scenarios can be also precisely tested with q2 (and other

di↵erential) distributions. Figure 69 shows a demonstration of the statistical precision of

the q2 measurement with 50 ab�1 data based on a toy-MC study. A quantitative estimation

of the future sensitivity to NP in B̄ ! D(⇤)⌧ ⌫̄ is shown in Fig. 70 [266]. The figure shows

the regions of CX that are probed by the ratios (red) and the q2 distributions (blue) at

Belle II with 5 ab�1 (dashed lines) and 50 ab�1 (solid lines) at 95% CL22. One finds that

the distributions are very sensitive to all NP scenarios, including those with new scalar and

21 LHC constraints on these models are obtained by the process bb̄ ! ⌧+⌧� [265]. As a result,
for the vector boson, resolution of the R

D

(⇤) anomaly and consistency with existing ⌧+⌧� resonance
searches at the LHC require a very large Z 0 total decay width. For the lepto-quark, the large deviation
(⇠ 20%) in R

D

(⇤) from the SM value is in some tension both with the ⌧+⌧� resonance search and
the R

K

anomaly while a small deviation (. 5%) in R
D

(⇤) is still consistent [259].
22 To see how small a NP contribution that can be probed, the central values of the experiment are

assumed to be those of the SM while the experimental errors, extracted from the BaBar data [241]
for q2 distributions and given as the world average [210] for the ratios, are luminosity scaled. See
Ref. [266] for further details of the analysis.

161/665

Prediction for Belle II:

KEK-PH2018/HVP g-2, Belle II Phillip URQUIJO

Tree: Semileptonic decays — Theory

• In the SM, the decay B0→D∗− l+ ν proceed through a tree level decay 
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R(D⇤) =
BR(B ! D⇤⌧⌫)

BR(B ! D⇤`⌫)
<latexit sha1_base64="oePPZ9y7mN9iwoU9D7P6a57AAKc="></latexit><latexit sha1_base64="KT95K2yN1VTOwT41jXGpMkj/lho="></latexit><latexit sha1_base64="KT95K2yN1VTOwT41jXGpMkj/lho="></latexit><latexit sha1_base64="GfbxYSMATADp+M6NWMn+kTOUdXg="></latexit>

with ` = e, µ
<latexit sha1_base64="VHX98/2nRtdOwL51qSOQTcPwPB8=">AAACBXicbVA9SwNBEJ3zM8avqKUWiyJYSLizURAhaGOZgDFC7gh7m7lkye7dsbunhCONjX/FxkIRsfM/2Nn5U9x8FH49GHi8N8PMvDAVXBvX/XCmpmdm5+YLC8XFpeWV1dLa+qVOMsWwzhKRqKuQahQ8xrrhRuBVqpDKUGAj7J0N/cY1Ks2T+ML0Uwwk7cQ84owaK7VKW7mvJLnhpksGxD8mPgpBTgjuE19mrdKOW3ZHIH+JNyE7la3X2icAVFuld7+dsExibJigWjc9NzVBTpXhTOCg6GcaU8p6tINNS2MqUQf56IsB2bVKm0SJshUbMlK/T+RUat2Xoe2U1HT1b28o/uc1MxMdBTmP08xgzMaLokwQk5BhJKTNFTIj+pZQpri9lbAuVZQZG1zRhuD9fvkvuTwoe27Zq9k0TmGMAmzCNuyBB4dQgXOoQh0Y3MI9PMKTc+c8OM/Oy7h1ypnMbMAPOG9f1hiZDw==</latexit><latexit sha1_base64="sckHgYokwAQ1k8fPC2x7AxMCLUI=">AAACBXicbVDLSgNBEJyNrxhfqx4NMhgEDxJ2vSiIEPTiMQHzgGwIs5NOMmRmd5mZVcKSiyD+ihcPikhu/oM3v8GfcPI4aGJBQ1HVTXeXH3GmtON8WamFxaXllfRqZm19Y3PL3t6pqDCWFMo05KGs+UQBZwGUNdMcapEEInwOVb93NfKrtyAVC4Mb3Y+gIUgnYG1GiTZS084mnhT4jukuHmDvHHvAOb7AcIw9ETftnJN3xsDzxJ2SXCE7LH0/7A+LTfvTa4U0FhBoyolSddeJdCMhUjPKYZDxYgURoT3SgbqhARGgGsn4iwE+NEoLt0NpKtB4rP6eSIhQqi980ymI7qpZbyT+59Vj3T5rJCyIYg0BnSxqxxzrEI8iwS0mgWreN4RQycytmHaJJFSb4DImBHf25XlSOcm7Tt4tmTQu0QRptIcO0BFy0SkqoGtURGVE0T16Qi/o1Xq0nq03633SmrKmM7voD6yPH7RdmnU=</latexit><latexit sha1_base64="sckHgYokwAQ1k8fPC2x7AxMCLUI=">AAACBXicbVDLSgNBEJyNrxhfqx4NMhgEDxJ2vSiIEPTiMQHzgGwIs5NOMmRmd5mZVcKSiyD+ihcPikhu/oM3v8GfcPI4aGJBQ1HVTXeXH3GmtON8WamFxaXllfRqZm19Y3PL3t6pqDCWFMo05KGs+UQBZwGUNdMcapEEInwOVb93NfKrtyAVC4Mb3Y+gIUgnYG1GiTZS084mnhT4jukuHmDvHHvAOb7AcIw9ETftnJN3xsDzxJ2SXCE7LH0/7A+LTfvTa4U0FhBoyolSddeJdCMhUjPKYZDxYgURoT3SgbqhARGgGsn4iwE+NEoLt0NpKtB4rP6eSIhQqi980ymI7qpZbyT+59Vj3T5rJCyIYg0BnSxqxxzrEI8iwS0mgWreN4RQycytmHaJJFSb4DImBHf25XlSOcm7Tt4tmTQu0QRptIcO0BFy0SkqoGtURGVE0T16Qi/o1Xq0nq03633SmrKmM7voD6yPH7RdmnU=</latexit><latexit sha1_base64="6/oQP/9VKXzloXlm76TrZ80so8k=">AAACBXicbVA9SwNBEN3zM8avU0stFoNgIeHORkGEoI1lBPMBuSPsbSbJkt29Y3dPCUcaG/+KjYUitv4HO/+Nm+QKTXww8Hhvhpl5UcKZNp737SwsLi2vrBbWiusbm1vb7s5uXcepolCjMY9VMyIaOJNQM8xwaCYKiIg4NKLB9dhv3IPSLJZ3ZphAKEhPsi6jxFip7R5kgRL4gZk+HuHgAgfAOb7EcIIDkbbdklf2JsDzxM9JCeWott2voBPTVIA0lBOtW76XmDAjyjDKYVQMUg0JoQPSg5alkgjQYTb5YoSPrNLB3VjZkgZP1N8TGRFaD0VkOwUxfT3rjcX/vFZquudhxmSSGpB0uqibcmxiPI4Ed5gCavjQEkIVs7di2ieKUGODK9oQ/NmX50n9tOx7Zf/WK1Wu8jgKaB8domPkozNUQTeoimqIokf0jF7Rm/PkvDjvzse0dcHJZ/bQHzifP8Yelso=</latexit>



30th Rencontres de Blois, Blois, FranceAmi Rostomyan

The role of τ leptons in the quest

7

B mesons decay into e, μ, τ leptons

➡ modes used to test the lepton flavour universality 

ℓ

BelleBackground contamination 
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h

h

⌫̄⌧

signal side

tag side

e+ e�
⌧

⌧

The only lepton that decays into hadrons

➡ a large variety of LFV and LNV semi-leptonic 
decays (τ → ℓh(h)), in addition to radiative     
(τ → ℓγ) and leptonic decays (τ → ℓℓℓ)

➡ τ → μ and τ → e: test of the lepton flavour 
structure

NP may favour the third generation!?

Test the SM in a variety of ways

⌥(4S)
<latexit sha1_base64="xgjEFWRuPW7fPCoeBqJEnxEs+AQ=">AAAB9HicdVDLSgNBEOyNrxhfUY9eBoMQL8tuDJjcgl48RnSTQLKE2clsMmR2dp2ZDYSQ7/DiQRGvfow3/8bJQ/BZ0FBUddPdFSScKe0471ZmZXVtfSO7mdva3tndy+8fNFScSkI9EvNYtgKsKGeCepppTluJpDgKOG0Gw8uZ3xxRqVgsbvU4oX6E+4KFjGBtJL/jJYrxWKBi+ea0my84dqlacc6q6DdxbWeOAixR7+bfOr2YpBEVmnCsVNt1Eu1PsNSMcDrNdVJFE0yGuE/bhgocUeVP5kdP0YlReiiMpSmh0Vz9OjHBkVLjKDCdEdYD9dObiX957VSHFX/CRJJqKshiUZhypGM0SwD1mKRE87EhmEhmbkVkgCUm2uSUMyF8for+J42S7Tq2e10u1C6WcWThCI6hCC6cQw2uoA4eELiDe3iEJ2tkPVjP1suiNWMtZw7hG6zXD/2ZkZc=</latexit><latexit sha1_base64="xgjEFWRuPW7fPCoeBqJEnxEs+AQ=">AAAB9HicdVDLSgNBEOyNrxhfUY9eBoMQL8tuDJjcgl48RnSTQLKE2clsMmR2dp2ZDYSQ7/DiQRGvfow3/8bJQ/BZ0FBUddPdFSScKe0471ZmZXVtfSO7mdva3tndy+8fNFScSkI9EvNYtgKsKGeCepppTluJpDgKOG0Gw8uZ3xxRqVgsbvU4oX6E+4KFjGBtJL/jJYrxWKBi+ea0my84dqlacc6q6DdxbWeOAixR7+bfOr2YpBEVmnCsVNt1Eu1PsNSMcDrNdVJFE0yGuE/bhgocUeVP5kdP0YlReiiMpSmh0Vz9OjHBkVLjKDCdEdYD9dObiX957VSHFX/CRJJqKshiUZhypGM0SwD1mKRE87EhmEhmbkVkgCUm2uSUMyF8for+J42S7Tq2e10u1C6WcWThCI6hCC6cQw2uoA4eELiDe3iEJ2tkPVjP1suiNWMtZw7hG6zXD/2ZkZc=</latexit><latexit sha1_base64="xgjEFWRuPW7fPCoeBqJEnxEs+AQ=">AAAB9HicdVDLSgNBEOyNrxhfUY9eBoMQL8tuDJjcgl48RnSTQLKE2clsMmR2dp2ZDYSQ7/DiQRGvfow3/8bJQ/BZ0FBUddPdFSScKe0471ZmZXVtfSO7mdva3tndy+8fNFScSkI9EvNYtgKsKGeCepppTluJpDgKOG0Gw8uZ3xxRqVgsbvU4oX6E+4KFjGBtJL/jJYrxWKBi+ea0my84dqlacc6q6DdxbWeOAixR7+bfOr2YpBEVmnCsVNt1Eu1PsNSMcDrNdVJFE0yGuE/bhgocUeVP5kdP0YlReiiMpSmh0Vz9OjHBkVLjKDCdEdYD9dObiX957VSHFX/CRJJqKshiUZhypGM0SwD1mKRE87EhmEhmbkVkgCUm2uSUMyF8for+J42S7Tq2e10u1C6WcWThCI6hCC6cQw2uoA4eELiDe3iEJ2tkPVjP1suiNWMtZw7hG6zXD/2ZkZc=</latexit><latexit sha1_base64="xgjEFWRuPW7fPCoeBqJEnxEs+AQ=">AAAB9HicdVDLSgNBEOyNrxhfUY9eBoMQL8tuDJjcgl48RnSTQLKE2clsMmR2dp2ZDYSQ7/DiQRGvfow3/8bJQ/BZ0FBUddPdFSScKe0471ZmZXVtfSO7mdva3tndy+8fNFScSkI9EvNYtgKsKGeCepppTluJpDgKOG0Gw8uZ3xxRqVgsbvU4oX6E+4KFjGBtJL/jJYrxWKBi+ea0my84dqlacc6q6DdxbWeOAixR7+bfOr2YpBEVmnCsVNt1Eu1PsNSMcDrNdVJFE0yGuE/bhgocUeVP5kdP0YlReiiMpSmh0Vz9OjHBkVLjKDCdEdYD9dObiX957VSHFX/CRJJqKshiUZhypGM0SwD1mKRE87EhmEhmbkVkgCUm2uSUMyF8for+J42S7Tq2e10u1C6WcWThCI6hCC6cQw2uoA4eELiDe3iEJ2tkPVjP1suiNWMtZw7hG6zXD/2ZkZc=</latexit>

B
<latexit sha1_base64="UGP0FZd74viY0QiBYtmkopsXZuU=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw4yImluIF48JmAWSIfR0apI2PT1Dd48QQr7AiwdFvPpJ3vwbO4vg+qDg8V4VVfXCVHBtPO/dWVpeWV1bz23kN7e2d3YLe/sNnWSKYZ0lIlGtkGoUXGLdcCOwlSqkcSiwGQ6vpn7zDpXmibwxoxSDmPYljzijxkq1SrdQ9NyS55fOffKb+K43QxEWqHYLb51ewrIYpWGCat32vdQEY6oMZwIn+U6mMaVsSPvYtlTSGHUwnh06IcdW6ZEoUbakITP168SYxlqP4tB2xtQM9E9vKv7ltTMTXQZjLtPMoGTzRVEmiEnI9GvS4wqZESNLKFPc3krYgCrKjM0mb0P4/JT8Txqnru+5fu2sWK4s4sjBIRzBCfhwAWW4hirUgQHCPTzCk3PrPDjPzsu8dclZzBzANzivHwVojRQ=</latexit><latexit sha1_base64="UGP0FZd74viY0QiBYtmkopsXZuU=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw4yImluIF48JmAWSIfR0apI2PT1Dd48QQr7AiwdFvPpJ3vwbO4vg+qDg8V4VVfXCVHBtPO/dWVpeWV1bz23kN7e2d3YLe/sNnWSKYZ0lIlGtkGoUXGLdcCOwlSqkcSiwGQ6vpn7zDpXmibwxoxSDmPYljzijxkq1SrdQ9NyS55fOffKb+K43QxEWqHYLb51ewrIYpWGCat32vdQEY6oMZwIn+U6mMaVsSPvYtlTSGHUwnh06IcdW6ZEoUbakITP168SYxlqP4tB2xtQM9E9vKv7ltTMTXQZjLtPMoGTzRVEmiEnI9GvS4wqZESNLKFPc3krYgCrKjM0mb0P4/JT8Txqnru+5fu2sWK4s4sjBIRzBCfhwAWW4hirUgQHCPTzCk3PrPDjPzsu8dclZzBzANzivHwVojRQ=</latexit><latexit sha1_base64="UGP0FZd74viY0QiBYtmkopsXZuU=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw4yImluIF48JmAWSIfR0apI2PT1Dd48QQr7AiwdFvPpJ3vwbO4vg+qDg8V4VVfXCVHBtPO/dWVpeWV1bz23kN7e2d3YLe/sNnWSKYZ0lIlGtkGoUXGLdcCOwlSqkcSiwGQ6vpn7zDpXmibwxoxSDmPYljzijxkq1SrdQ9NyS55fOffKb+K43QxEWqHYLb51ewrIYpWGCat32vdQEY6oMZwIn+U6mMaVsSPvYtlTSGHUwnh06IcdW6ZEoUbakITP168SYxlqP4tB2xtQM9E9vKv7ltTMTXQZjLtPMoGTzRVEmiEnI9GvS4wqZESNLKFPc3krYgCrKjM0mb0P4/JT8Txqnru+5fu2sWK4s4sjBIRzBCfhwAWW4hirUgQHCPTzCk3PrPDjPzsu8dclZzBzANzivHwVojRQ=</latexit><latexit sha1_base64="UGP0FZd74viY0QiBYtmkopsXZuU=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw4yImluIF48JmAWSIfR0apI2PT1Dd48QQr7AiwdFvPpJ3vwbO4vg+qDg8V4VVfXCVHBtPO/dWVpeWV1bz23kN7e2d3YLe/sNnWSKYZ0lIlGtkGoUXGLdcCOwlSqkcSiwGQ6vpn7zDpXmibwxoxSDmPYljzijxkq1SrdQ9NyS55fOffKb+K43QxEWqHYLb51ewrIYpWGCat32vdQEY6oMZwIn+U6mMaVsSPvYtlTSGHUwnh06IcdW6ZEoUbakITP168SYxlqP4tB2xtQM9E9vKv7ltTMTXQZjLtPMoGTzRVEmiEnI9GvS4wqZESNLKFPc3krYgCrKjM0mb0P4/JT8Txqnru+5fu2sWK4s4sjBIRzBCfhwAWW4hirUgQHCPTzCk3PrPDjPzsu8dclZzBzANzivHwVojRQ=</latexit>

B̄<latexit sha1_base64="a7NryBFZPdctIrLbe1lZQS8lmSU=">AAAB7XicdVDLSgNBEOyNrxhfUY9eBoPgadkVUXML8eIxgnlAsoTZyWwyZnZmmZkVwpJ/8OJBEa/+jzf/xskmgs+ChqKqm+6uMOFMG897dwpLyyura8X10sbm1vZOeXevpWWqCG0SyaXqhFhTzgRtGmY47SSK4jjktB2OL2d++44qzaS4MZOEBjEeChYxgo2VWr0QK1TvlyueW/X86pmPfhPf9XJUYIFGv/zWG0iSxlQYwrHWXd9LTJBhZRjhdFrqpZommIzxkHYtFTimOsjya6foyCoDFEllSxiUq18nMhxrPYlD2xljM9I/vZn4l9dNTXQRZEwkqaGCzBdFKUdGotnraMAUJYZPLMFEMXsrIiOsMDE2oJIN4fNT9D9pnbi+5/rXp5VafRFHEQ7gEI7Bh3OowRU0oAkEbuEeHuHJkc6D8+y8zFsLzmJmH77Bef0AU9yO9w==</latexit><latexit sha1_base64="a7NryBFZPdctIrLbe1lZQS8lmSU=">AAAB7XicdVDLSgNBEOyNrxhfUY9eBoPgadkVUXML8eIxgnlAsoTZyWwyZnZmmZkVwpJ/8OJBEa/+jzf/xskmgs+ChqKqm+6uMOFMG897dwpLyyura8X10sbm1vZOeXevpWWqCG0SyaXqhFhTzgRtGmY47SSK4jjktB2OL2d++44qzaS4MZOEBjEeChYxgo2VWr0QK1TvlyueW/X86pmPfhPf9XJUYIFGv/zWG0iSxlQYwrHWXd9LTJBhZRjhdFrqpZommIzxkHYtFTimOsjya6foyCoDFEllSxiUq18nMhxrPYlD2xljM9I/vZn4l9dNTXQRZEwkqaGCzBdFKUdGotnraMAUJYZPLMFEMXsrIiOsMDE2oJIN4fNT9D9pnbi+5/rXp5VafRFHEQ7gEI7Bh3OowRU0oAkEbuEeHuHJkc6D8+y8zFsLzmJmH77Bef0AU9yO9w==</latexit><latexit sha1_base64="a7NryBFZPdctIrLbe1lZQS8lmSU=">AAAB7XicdVDLSgNBEOyNrxhfUY9eBoPgadkVUXML8eIxgnlAsoTZyWwyZnZmmZkVwpJ/8OJBEa/+jzf/xskmgs+ChqKqm+6uMOFMG897dwpLyyura8X10sbm1vZOeXevpWWqCG0SyaXqhFhTzgRtGmY47SSK4jjktB2OL2d++44qzaS4MZOEBjEeChYxgo2VWr0QK1TvlyueW/X86pmPfhPf9XJUYIFGv/zWG0iSxlQYwrHWXd9LTJBhZRjhdFrqpZommIzxkHYtFTimOsjya6foyCoDFEllSxiUq18nMhxrPYlD2xljM9I/vZn4l9dNTXQRZEwkqaGCzBdFKUdGotnraMAUJYZPLMFEMXsrIiOsMDE2oJIN4fNT9D9pnbi+5/rXp5VafRFHEQ7gEI7Bh3OowRU0oAkEbuEeHuHJkc6D8+y8zFsLzmJmH77Bef0AU9yO9w==</latexit><latexit sha1_base64="a7NryBFZPdctIrLbe1lZQS8lmSU=">AAAB7XicdVDLSgNBEOyNrxhfUY9eBoPgadkVUXML8eIxgnlAsoTZyWwyZnZmmZkVwpJ/8OJBEa/+jzf/xskmgs+ChqKqm+6uMOFMG897dwpLyyura8X10sbm1vZOeXevpWWqCG0SyaXqhFhTzgRtGmY47SSK4jjktB2OL2d++44qzaS4MZOEBjEeChYxgo2VWr0QK1TvlyueW/X86pmPfhPf9XJUYIFGv/zWG0iSxlQYwrHWXd9LTJBhZRjhdFrqpZommIzxkHYtFTimOsjya6foyCoDFEllSxiUq18nMhxrPYlD2xljM9I/vZn4l9dNTXQRZEwkqaGCzBdFKUdGotnraMAUJYZPLMFEMXsrIiOsMDE2oJIN4fNT9D9pnbi+5/rXp5VafRFHEQ7gEI7Bh3OowRU0oAkEbuEeHuHJkc6D8+y8zFsLzmJmH77Bef0AU9yO9w==</latexit>

e+
<latexit sha1_base64="rLc6ULkuVOE7MppFfCePMo1qCQI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjxWtB/QxrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RRWVtfWN4qbpa3tnd298v5BU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm6nfekKleSwfzDhBP6IDyUPOqLHSPT6e9coVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2anTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/jyMmmeVz236t1dVGrXeRxFOIJjOAUPLqEGt1CHBjAYwDO8wpsjnBfn3fmYtxacfOYQ/sD5/AHkEo2G</latexit><latexit sha1_base64="rLc6ULkuVOE7MppFfCePMo1qCQI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjxWtB/QxrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RRWVtfWN4qbpa3tnd298v5BU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm6nfekKleSwfzDhBP6IDyUPOqLHSPT6e9coVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2anTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/jyMmmeVz236t1dVGrXeRxFOIJjOAUPLqEGt1CHBjAYwDO8wpsjnBfn3fmYtxacfOYQ/sD5/AHkEo2G</latexit><latexit sha1_base64="rLc6ULkuVOE7MppFfCePMo1qCQI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjxWtB/QxrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RRWVtfWN4qbpa3tnd298v5BU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm6nfekKleSwfzDhBP6IDyUPOqLHSPT6e9coVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2anTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/jyMmmeVz236t1dVGrXeRxFOIJjOAUPLqEGt1CHBjAYwDO8wpsjnBfn3fmYtxacfOYQ/sD5/AHkEo2G</latexit><latexit sha1_base64="rLc6ULkuVOE7MppFfCePMo1qCQI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjxWtB/QxrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RRWVtfWN4qbpa3tnd298v5BU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm6nfekKleSwfzDhBP6IDyUPOqLHSPT6e9coVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2anTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/jyMmmeVz236t1dVGrXeRxFOIJjOAUPLqEGt1CHBjAYwDO8wpsjnBfn3fmYtxacfOYQ/sD5/AHkEo2G</latexit>

e�
<latexit sha1_base64="ois9VRdzJDl8YfUuPCL+K3TrBO4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQY9FLx4r2g9oY9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJYPZpygH9GB5CFn1FjpHh/PeuWKW3VnIMvEy0kFctR75a9uP2ZphNIwQbXueG5i/Iwqw5nASambakwoG9EBdiyVNELtZ7NTJ+TEKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8MrPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadkg3BW3x5mTTPq55b9e4uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+B8/gDnGo2I</latexit><latexit sha1_base64="ois9VRdzJDl8YfUuPCL+K3TrBO4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQY9FLx4r2g9oY9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJYPZpygH9GB5CFn1FjpHh/PeuWKW3VnIMvEy0kFctR75a9uP2ZphNIwQbXueG5i/Iwqw5nASambakwoG9EBdiyVNELtZ7NTJ+TEKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8MrPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadkg3BW3x5mTTPq55b9e4uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+B8/gDnGo2I</latexit><latexit sha1_base64="ois9VRdzJDl8YfUuPCL+K3TrBO4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQY9FLx4r2g9oY9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJYPZpygH9GB5CFn1FjpHh/PeuWKW3VnIMvEy0kFctR75a9uP2ZphNIwQbXueG5i/Iwqw5nASambakwoG9EBdiyVNELtZ7NTJ+TEKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8MrPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadkg3BW3x5mTTPq55b9e4uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+B8/gDnGo2I</latexit><latexit sha1_base64="ois9VRdzJDl8YfUuPCL+K3TrBO4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQY9FLx4r2g9oY9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJYPZpygH9GB5CFn1FjpHh/PeuWKW3VnIMvEy0kFctR75a9uP2ZphNIwQbXueG5i/Iwqw5nASambakwoG9EBdiyVNELtZ7NTJ+TEKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8MrPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadkg3BW3x5mTTPq55b9e4uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+B8/gDnGo2I</latexit>

ℓ = e or μ states with no lepton 
flavour number

B ! D⇤`⌫
<latexit sha1_base64="ZjLNReEthQmzoAXERIou/shdKfM=">AAAB+3icbVDLSgNBEOz1GeMrxqOXwSCIh7Argh5D9OAxgnlAdg2zk04yZHZ2mZkVQ8ivePGgiFd/xJt/4yTZgyYWNBRV3XR3hYng2rjut7Oyura+sZnbym/v7O7tFw6KDR2nimGdxSJWrZBqFFxi3XAjsJUopFEosBkOr6d+8xGV5rG8N6MEg4j2Je9xRo2VOoVilfgmJjcPZ8RHIYgv006h5JbdGcgy8TJSggy1TuHL78YsjVAaJqjWbc9NTDCmynAmcJL3U40JZUPax7alkkaog/Hs9gk5sUqX9GJlSxoyU39PjGmk9SgKbWdEzUAvelPxP6+dmt5VMOYySQ1KNl/USwWx306DIF2ukBkxsoQyxe2thA2ooszYuPI2BG/x5WXSOC97btm7uyhVqlkcOTiCYzgFDy6hArdQgzoweIJneIU3Z+K8OO/Ox7x1xclmDuEPnM8f19+TBA==</latexit><latexit sha1_base64="ZjLNReEthQmzoAXERIou/shdKfM=">AAAB+3icbVDLSgNBEOz1GeMrxqOXwSCIh7Argh5D9OAxgnlAdg2zk04yZHZ2mZkVQ8ivePGgiFd/xJt/4yTZgyYWNBRV3XR3hYng2rjut7Oyura+sZnbym/v7O7tFw6KDR2nimGdxSJWrZBqFFxi3XAjsJUopFEosBkOr6d+8xGV5rG8N6MEg4j2Je9xRo2VOoVilfgmJjcPZ8RHIYgv006h5JbdGcgy8TJSggy1TuHL78YsjVAaJqjWbc9NTDCmynAmcJL3U40JZUPax7alkkaog/Hs9gk5sUqX9GJlSxoyU39PjGmk9SgKbWdEzUAvelPxP6+dmt5VMOYySQ1KNl/USwWx306DIF2ukBkxsoQyxe2thA2ooszYuPI2BG/x5WXSOC97btm7uyhVqlkcOTiCYzgFDy6hArdQgzoweIJneIU3Z+K8OO/Ox7x1xclmDuEPnM8f19+TBA==</latexit><latexit sha1_base64="ZjLNReEthQmzoAXERIou/shdKfM=">AAAB+3icbVDLSgNBEOz1GeMrxqOXwSCIh7Argh5D9OAxgnlAdg2zk04yZHZ2mZkVQ8ivePGgiFd/xJt/4yTZgyYWNBRV3XR3hYng2rjut7Oyura+sZnbym/v7O7tFw6KDR2nimGdxSJWrZBqFFxi3XAjsJUopFEosBkOr6d+8xGV5rG8N6MEg4j2Je9xRo2VOoVilfgmJjcPZ8RHIYgv006h5JbdGcgy8TJSggy1TuHL78YsjVAaJqjWbc9NTDCmynAmcJL3U40JZUPax7alkkaog/Hs9gk5sUqX9GJlSxoyU39PjGmk9SgKbWdEzUAvelPxP6+dmt5VMOYySQ1KNl/USwWx306DIF2ukBkxsoQyxe2thA2ooszYuPI2BG/x5WXSOC97btm7uyhVqlkcOTiCYzgFDy6hArdQgzoweIJneIU3Z+K8OO/Ox7x1xclmDuEPnM8f19+TBA==</latexit><latexit sha1_base64="ZjLNReEthQmzoAXERIou/shdKfM=">AAAB+3icbVDLSgNBEOz1GeMrxqOXwSCIh7Argh5D9OAxgnlAdg2zk04yZHZ2mZkVQ8ivePGgiFd/xJt/4yTZgyYWNBRV3XR3hYng2rjut7Oyura+sZnbym/v7O7tFw6KDR2nimGdxSJWrZBqFFxi3XAjsJUopFEosBkOr6d+8xGV5rG8N6MEg4j2Je9xRo2VOoVilfgmJjcPZ8RHIYgv006h5JbdGcgy8TJSggy1TuHL78YsjVAaJqjWbc9NTDCmynAmcJL3U40JZUPax7alkkaog/Hs9gk5sUqX9GJlSxoyU39PjGmk9SgKbWdEzUAvelPxP6+dmt5VMOYySQ1KNl/USwWx306DIF2ukBkxsoQyxe2thA2ooszYuPI2BG/x5WXSOC97btm7uyhVqlkcOTiCYzgFDy6hArdQgzoweIJneIU3Z+K8OO/Ox7x1xclmDuEPnM8f19+TBA==</latexit>

B ! J/ `⌫
<latexit sha1_base64="aFhQQ9pyxjhWh6WevqD6v81jQy4=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF1ITEXRZ6kZcVbAPaEKZTG/aoZNJmJkIJRQ3/oobF4q49Svc+TdO2yy09cDA4Zx7uXNOkHCmtON8W4Wl5ZXVteJ6aWNza3vH3t1rqjiVFBo05rFsB0QBZwIammkO7UQCiQIOrWB4PfFbDyAVi8W9HiXgR6QvWMgo0Ubq2gc17OkY3555dcWwd4qxB5xjT6Rdu+xUnCnwInFzUkY56l37y+vFNI1AaMqJUh3XSbSfEakZ5TAueamChNAh6UPHUEEiUH42jTDGx0bp4TCW5gmNp+rvjYxESo2iwExGRA/UvDcR//M6qQ6v/IyJJNUg6OxQmHJsQk/6wD0mgWo+MoRQycxfMR0QSag2rZVMCe585EXSPK+4TsW9uyhXa3kdRXSIjtAJctElqqIbVEcNRNEjekav6M16sl6sd+tjNlqw8p199AfW5w8KrpVH</latexit><latexit sha1_base64="aFhQQ9pyxjhWh6WevqD6v81jQy4=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF1ITEXRZ6kZcVbAPaEKZTG/aoZNJmJkIJRQ3/oobF4q49Svc+TdO2yy09cDA4Zx7uXNOkHCmtON8W4Wl5ZXVteJ6aWNza3vH3t1rqjiVFBo05rFsB0QBZwIammkO7UQCiQIOrWB4PfFbDyAVi8W9HiXgR6QvWMgo0Ubq2gc17OkY3555dcWwd4qxB5xjT6Rdu+xUnCnwInFzUkY56l37y+vFNI1AaMqJUh3XSbSfEakZ5TAueamChNAh6UPHUEEiUH42jTDGx0bp4TCW5gmNp+rvjYxESo2iwExGRA/UvDcR//M6qQ6v/IyJJNUg6OxQmHJsQk/6wD0mgWo+MoRQycxfMR0QSag2rZVMCe585EXSPK+4TsW9uyhXa3kdRXSIjtAJctElqqIbVEcNRNEjekav6M16sl6sd+tjNlqw8p199AfW5w8KrpVH</latexit><latexit sha1_base64="aFhQQ9pyxjhWh6WevqD6v81jQy4=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF1ITEXRZ6kZcVbAPaEKZTG/aoZNJmJkIJRQ3/oobF4q49Svc+TdO2yy09cDA4Zx7uXNOkHCmtON8W4Wl5ZXVteJ6aWNza3vH3t1rqjiVFBo05rFsB0QBZwIammkO7UQCiQIOrWB4PfFbDyAVi8W9HiXgR6QvWMgo0Ubq2gc17OkY3555dcWwd4qxB5xjT6Rdu+xUnCnwInFzUkY56l37y+vFNI1AaMqJUh3XSbSfEakZ5TAueamChNAh6UPHUEEiUH42jTDGx0bp4TCW5gmNp+rvjYxESo2iwExGRA/UvDcR//M6qQ6v/IyJJNUg6OxQmHJsQk/6wD0mgWo+MoRQycxfMR0QSag2rZVMCe585EXSPK+4TsW9uyhXa3kdRXSIjtAJctElqqIbVEcNRNEjekav6M16sl6sd+tjNlqw8p199AfW5w8KrpVH</latexit><latexit sha1_base64="aFhQQ9pyxjhWh6WevqD6v81jQy4=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF1ITEXRZ6kZcVbAPaEKZTG/aoZNJmJkIJRQ3/oobF4q49Svc+TdO2yy09cDA4Zx7uXNOkHCmtON8W4Wl5ZXVteJ6aWNza3vH3t1rqjiVFBo05rFsB0QBZwIammkO7UQCiQIOrWB4PfFbDyAVi8W9HiXgR6QvWMgo0Ubq2gc17OkY3555dcWwd4qxB5xjT6Rdu+xUnCnwInFzUkY56l37y+vFNI1AaMqJUh3XSbSfEakZ5TAueamChNAh6UPHUEEiUH42jTDGx0bp4TCW5gmNp+rvjYxESo2iwExGRA/UvDcR//M6qQ6v/IyJJNUg6OxQmHJsQk/6wD0mgWo+MoRQycxfMR0QSag2rZVMCe585EXSPK+4TsW9uyhXa3kdRXSIjtAJctElqqIbVEcNRNEjekav6M16sl6sd+tjNlqw8p199AfW5w8KrpVH</latexit>

B ! `⌫
<latexit sha1_base64="7J2qBE2h4BAolUTv+eYoK+0E2bo=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOpF48V7Ac0sWy2k3bpZhN2N0op/R9ePCji1f/izX/jts1BWx8MPN6bYWZemAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmGDZZIhLVCalGwSU2DTcCO6lCGocC2+HoZua3H1Fpnsh7M04xiOlA8ogzaqz0UCe+SYiPQhBfZr1yxa26c5BV4uWkAjkavfKX309YFqM0TFCtu56bmmBCleFM4LTkZxpTykZ0gF1LJY1RB5P51VNyZpU+iRJlSxoyV39PTGis9TgObWdMzVAvezPxP6+bmeg6mHCZZgYlWyyKMkHsp7MISJ8rZEaMLaFMcXsrYUOqKDM2qJINwVt+eZW0LqqeW/XuLiu1eh5HEU7gFM7BgyuowS00oAkMFDzDK7w5T86L8+58LFoLTj5zDH/gfP4AVeWRvw==</latexit><latexit sha1_base64="7J2qBE2h4BAolUTv+eYoK+0E2bo=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOpF48V7Ac0sWy2k3bpZhN2N0op/R9ePCji1f/izX/jts1BWx8MPN6bYWZemAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmGDZZIhLVCalGwSU2DTcCO6lCGocC2+HoZua3H1Fpnsh7M04xiOlA8ogzaqz0UCe+SYiPQhBfZr1yxa26c5BV4uWkAjkavfKX309YFqM0TFCtu56bmmBCleFM4LTkZxpTykZ0gF1LJY1RB5P51VNyZpU+iRJlSxoyV39PTGis9TgObWdMzVAvezPxP6+bmeg6mHCZZgYlWyyKMkHsp7MISJ8rZEaMLaFMcXsrYUOqKDM2qJINwVt+eZW0LqqeW/XuLiu1eh5HEU7gFM7BgyuowS00oAkMFDzDK7w5T86L8+58LFoLTj5zDH/gfP4AVeWRvw==</latexit><latexit sha1_base64="7J2qBE2h4BAolUTv+eYoK+0E2bo=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOpF48V7Ac0sWy2k3bpZhN2N0op/R9ePCji1f/izX/jts1BWx8MPN6bYWZemAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmGDZZIhLVCalGwSU2DTcCO6lCGocC2+HoZua3H1Fpnsh7M04xiOlA8ogzaqz0UCe+SYiPQhBfZr1yxa26c5BV4uWkAjkavfKX309YFqM0TFCtu56bmmBCleFM4LTkZxpTykZ0gF1LJY1RB5P51VNyZpU+iRJlSxoyV39PTGis9TgObWdMzVAvezPxP6+bmeg6mHCZZgYlWyyKMkHsp7MISJ8rZEaMLaFMcXsrYUOqKDM2qJINwVt+eZW0LqqeW/XuLiu1eh5HEU7gFM7BgyuowS00oAkMFDzDK7w5T86L8+58LFoLTj5zDH/gfP4AVeWRvw==</latexit><latexit sha1_base64="7J2qBE2h4BAolUTv+eYoK+0E2bo=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOpF48V7Ac0sWy2k3bpZhN2N0op/R9ePCji1f/izX/jts1BWx8MPN6bYWZemAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmGDZZIhLVCalGwSU2DTcCO6lCGocC2+HoZua3H1Fpnsh7M04xiOlA8ogzaqz0UCe+SYiPQhBfZr1yxa26c5BV4uWkAjkavfKX309YFqM0TFCtu56bmmBCleFM4LTkZxpTykZ0gF1LJY1RB5P51VNyZpU+iRJlSxoyV39PTGis9TgObWdMzVAvezPxP6+bmeg6mHCZZgYlWyyKMkHsp7MISJ8rZEaMLaFMcXsrYUOqKDM2qJINwVt+eZW0LqqeW/XuLiu1eh5HEU7gFM7BgyuowS00oAkMFDzDK7w5T86L8+58LFoLTj5zDH/gfP4AVeWRvw==</latexit>

B ! K(⇤)``
<latexit sha1_base64="pBiTPZfzqSH7cAlGfHxLkouNfpM=">AAACAHicbVDLSgMxFL1TX7W+Rl24cBMsQnVRZkTQZakbwU0F+4DOWDJppg3NPEgyQhlm46+4caGIWz/DnX9jOp2FVg8kHM65l+QcL+ZMKsv6MkpLyyura+X1ysbm1vaOubvXkVEiCG2TiEei52FJOQtpWzHFaS8WFAcep11vcjXzuw9USBaFd2oaUzfAo5D5jGClpYF50ESOitDNfVo7PckcyjnKr4FZtepWDvSX2AWpQoHWwPx0hhFJAhoqwrGUfduKlZtioRjhNKs4iaQxJhM8on1NQxxQ6aZ5gAwda2WI/EjoEyqUqz83UhxIOQ08PRlgNZaL3kz8z+snyr90UxbGiaIhmT/kJxzpyLM20JAJShSfaoKJYPqviIyxwETpziq6BHsx8l/SOavbVt2+Pa82mkUdZTiEI6iBDRfQgGtoQRsIZPAEL/BqPBrPxpvxPh8tGcXOPvyC8fENOQOU4A==</latexit><latexit sha1_base64="pBiTPZfzqSH7cAlGfHxLkouNfpM=">AAACAHicbVDLSgMxFL1TX7W+Rl24cBMsQnVRZkTQZakbwU0F+4DOWDJppg3NPEgyQhlm46+4caGIWz/DnX9jOp2FVg8kHM65l+QcL+ZMKsv6MkpLyyura+X1ysbm1vaOubvXkVEiCG2TiEei52FJOQtpWzHFaS8WFAcep11vcjXzuw9USBaFd2oaUzfAo5D5jGClpYF50ESOitDNfVo7PckcyjnKr4FZtepWDvSX2AWpQoHWwPx0hhFJAhoqwrGUfduKlZtioRjhNKs4iaQxJhM8on1NQxxQ6aZ5gAwda2WI/EjoEyqUqz83UhxIOQ08PRlgNZaL3kz8z+snyr90UxbGiaIhmT/kJxzpyLM20JAJShSfaoKJYPqviIyxwETpziq6BHsx8l/SOavbVt2+Pa82mkUdZTiEI6iBDRfQgGtoQRsIZPAEL/BqPBrPxpvxPh8tGcXOPvyC8fENOQOU4A==</latexit><latexit sha1_base64="pBiTPZfzqSH7cAlGfHxLkouNfpM=">AAACAHicbVDLSgMxFL1TX7W+Rl24cBMsQnVRZkTQZakbwU0F+4DOWDJppg3NPEgyQhlm46+4caGIWz/DnX9jOp2FVg8kHM65l+QcL+ZMKsv6MkpLyyura+X1ysbm1vaOubvXkVEiCG2TiEei52FJOQtpWzHFaS8WFAcep11vcjXzuw9USBaFd2oaUzfAo5D5jGClpYF50ESOitDNfVo7PckcyjnKr4FZtepWDvSX2AWpQoHWwPx0hhFJAhoqwrGUfduKlZtioRjhNKs4iaQxJhM8on1NQxxQ6aZ5gAwda2WI/EjoEyqUqz83UhxIOQ08PRlgNZaL3kz8z+snyr90UxbGiaIhmT/kJxzpyLM20JAJShSfaoKJYPqviIyxwETpziq6BHsx8l/SOavbVt2+Pa82mkUdZTiEI6iBDRfQgGtoQRsIZPAEL/BqPBrPxpvxPh8tGcXOPvyC8fENOQOU4A==</latexit><latexit sha1_base64="pBiTPZfzqSH7cAlGfHxLkouNfpM=">AAACAHicbVDLSgMxFL1TX7W+Rl24cBMsQnVRZkTQZakbwU0F+4DOWDJppg3NPEgyQhlm46+4caGIWz/DnX9jOp2FVg8kHM65l+QcL+ZMKsv6MkpLyyura+X1ysbm1vaOubvXkVEiCG2TiEei52FJOQtpWzHFaS8WFAcep11vcjXzuw9USBaFd2oaUzfAo5D5jGClpYF50ESOitDNfVo7PckcyjnKr4FZtepWDvSX2AWpQoHWwPx0hhFJAhoqwrGUfduKlZtioRjhNKs4iaQxJhM8on1NQxxQ6aZ5gAwda2WI/EjoEyqUqz83UhxIOQ08PRlgNZaL3kz8z+snyr90UxbGiaIhmT/kJxzpyLM20JAJShSfaoKJYPqviIyxwETpziq6BHsx8l/SOavbVt2+Pa82mkUdZTiEI6iBDRfQgGtoQRsIZPAEL/BqPBrPxpvxPh8tGcXOPvyC8fENOQOU4A==</latexit>

B ! ``
<latexit sha1_base64="aIYJ0f2JI1rvLYZM4ht0N6l6fxc=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GOpF48VbC00oWy203bpZhN2N4US+k+8eFDEq//Em//GbZuDtj7Y5fHeDDPzolRwbTzv2yltbG5t75R3K3v7B4dH7vFJWyeZYthiiUhUJ6IaBZfYMtwI7KQKaRwJfIrGd3P/aYJK80Q+mmmKYUyHkg84o8ZKPddtkMAkJEAhll/PrXo1bwGyTvyCVKFAs+d+Bf2EZTFKwwTVuut7qQlzqgxnAmeVINOYUjamQ+xaKmmMOswXm8/IhVX6ZJAo+6QhC/V3R05jradxZCtjakZ61ZuL/3ndzAxuw5zLNDMo2XLQIBPE3jqPgfS5QmbE1BLKFLe7EjaiijJjw6rYEPzVk9dJ+6rmezX/4bpabxRxlOEMzuESfLiBOtxDE1rAYALP8ApvTu68OO/Ox7K05BQ9p/AHzucP2l+Sfg==</latexit><latexit sha1_base64="aIYJ0f2JI1rvLYZM4ht0N6l6fxc=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GOpF48VbC00oWy203bpZhN2N4US+k+8eFDEq//Em//GbZuDtj7Y5fHeDDPzolRwbTzv2yltbG5t75R3K3v7B4dH7vFJWyeZYthiiUhUJ6IaBZfYMtwI7KQKaRwJfIrGd3P/aYJK80Q+mmmKYUyHkg84o8ZKPddtkMAkJEAhll/PrXo1bwGyTvyCVKFAs+d+Bf2EZTFKwwTVuut7qQlzqgxnAmeVINOYUjamQ+xaKmmMOswXm8/IhVX6ZJAo+6QhC/V3R05jradxZCtjakZ61ZuL/3ndzAxuw5zLNDMo2XLQIBPE3jqPgfS5QmbE1BLKFLe7EjaiijJjw6rYEPzVk9dJ+6rmezX/4bpabxRxlOEMzuESfLiBOtxDE1rAYALP8ApvTu68OO/Ox7K05BQ9p/AHzucP2l+Sfg==</latexit><latexit sha1_base64="aIYJ0f2JI1rvLYZM4ht0N6l6fxc=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GOpF48VbC00oWy203bpZhN2N4US+k+8eFDEq//Em//GbZuDtj7Y5fHeDDPzolRwbTzv2yltbG5t75R3K3v7B4dH7vFJWyeZYthiiUhUJ6IaBZfYMtwI7KQKaRwJfIrGd3P/aYJK80Q+mmmKYUyHkg84o8ZKPddtkMAkJEAhll/PrXo1bwGyTvyCVKFAs+d+Bf2EZTFKwwTVuut7qQlzqgxnAmeVINOYUjamQ+xaKmmMOswXm8/IhVX6ZJAo+6QhC/V3R05jradxZCtjakZ61ZuL/3ndzAxuw5zLNDMo2XLQIBPE3jqPgfS5QmbE1BLKFLe7EjaiijJjw6rYEPzVk9dJ+6rmezX/4bpabxRxlOEMzuESfLiBOtxDE1rAYALP8ApvTu68OO/Ox7K05BQ9p/AHzucP2l+Sfg==</latexit><latexit sha1_base64="aIYJ0f2JI1rvLYZM4ht0N6l6fxc=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GOpF48VbC00oWy203bpZhN2N4US+k+8eFDEq//Em//GbZuDtj7Y5fHeDDPzolRwbTzv2yltbG5t75R3K3v7B4dH7vFJWyeZYthiiUhUJ6IaBZfYMtwI7KQKaRwJfIrGd3P/aYJK80Q+mmmKYUyHkg84o8ZKPddtkMAkJEAhll/PrXo1bwGyTvyCVKFAs+d+Bf2EZTFKwwTVuut7qQlzqgxnAmeVINOYUjamQ+xaKmmMOswXm8/IhVX6ZJAo+6QhC/V3R05jradxZCtjakZ61ZuL/3ndzAxuw5zLNDMo2XLQIBPE3jqPgfS5QmbE1BLKFLe7EjaiijJjw6rYEPzVk9dJ+6rmezX/4bpabxRxlOEMzuESfLiBOtxDE1rAYALP8ApvTu68OO/Ox7K05BQ9p/AHzucP2l+Sfg==</latexit>
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Standard model tests in modes with neutrinos

‣ Leptonic B decays  

‣ Semileptonic B decays  

‣ Missing Energy Channels:  

• B → K(∗)!! 

•  B→ !! 

‣ How Belle II is ideal to challenge these 
decays 

Overview of the topics in this talk

Search NP in B → D(*)τ +ντ

7

• In the Standard Model (SM), the only difference between                        and                         
is the mass of the lepton


• The ratio of them is sensitive to additional amplitudes, i.e. involving an intermediate 
charged Higgs boson.


• NP: type-II-2HDM (charged Higgs boson appears), Leptoquarks(LQ) model…

• NP could affect this decay topology in two ways:


• Branching fraction

•   polarizationτ

B → D(*)τ +ντ B → D(*)µ+νµ

Type-II Two Higgs Doublet Model

b

u
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+
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u
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= B
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Already tightly constrained by weak radiative B meson decays
M

H+
> 580 GeV

Steinhauser, https://arxiv.org/pdf/1702.04571.pdf
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W+/H+

charged current is the decay of the ⇡+ meson, which consists of an up (u) quark of
electrical charge +2/3 of the charge of the proton and a down (d) antiquark of charge
+1/3. A pictorial representation of this process, known as a Feynman diagram, is shown
in Fig. 1a. The u and d quarks are ‘first generation’ or lowest mass quarks. Whenever a
decay mode is specified in this Letter, the charge conjugate mode is implied.

The B+ meson is similar to the ⇡+, except that the light d antiquark is replaced by the
heavy ‘third generation’ (highest mass quarks) beauty (b) antiquark, which has a charge
of +1/3 and a mass of ⇠5GeV/c2 (about five times the mass of a proton). The decay
B+ ! µ+⌫, represented in Fig. 1b, is allowed but highly suppressed because of angular
momentum considerations (helicity suppression) and because it involves transitions be-
tween quarks of di↵erent generations (CKM suppression), specifically the third and first
generations of quarks. All b hadrons, including the B+, B0

s

and B0 mesons, decay predom-
inantly via the transition of the b antiquark to a ‘second generation’ (intermediate mass
quarks) charm (c) antiquark, which is less CKM suppressed, in final states with charmed
hadrons. Many allowed decay modes, which typically involve charmed hadrons and other
particles, have angular momentum configurations that are not helicity suppressed.

The neutral B0

s

meson is similar to the B+ except that the u quark is replaced by
a second generation strange (s) quark of charge �1/3. The decay of the B0

s

meson to
two muons, shown in Fig. 1c, is forbidden at the elementary level because the Z0 cannot
couple directly to quarks of di↵erent flavours, that is, there are no direct ‘flavour changing
neutral currents’. However, it is possible to respect this rule and still have this decay occur
through the ‘higher order’ transitions such as those shown in Fig. 1d and e. These are
highly suppressed because each additional interaction vertex reduces their probability of
occurring significantly. They are also helicity and CKM suppressed. Consequently, the
branching fraction for the B0

s

! µ+µ� decay is expected to be very small compared to
the dominant b antiquark to c antiquark transitions. The corresponding decay of the B0
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Figure 1 | Feynman diagrams related to the B0
s ! µ+µ� decay: a, ⇡+ meson decay

through charged-current process; b, B+ meson decay through the charged-current process; c, a
B0

s

decay through the direct flavour changing neutral current process, which is forbidden in the
SM, as indicated by the large red “X; d and e, higher-order flavour changing neutral current
processes for the B0

s

! µ+µ� decay allowed in the SM; and f and g, examples of processes for
the same decay in theories extending the SM, where new particles, denoted as X0 and X+, can
alter the decay rate.
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W+/X+
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Neutrinos on the tag or signal side

8

KEK-PH2018/HVP g-2, Belle II Phillip URQUIJO

Τau identification (reconstruction)

• Identification / reconstruction of τ leptons is very challenging 

• Short lifetime of 10-12 s 

• Hadronic decay with π’s and 1 ν 

• Leptonic decay with e/µ and 2 ν  
• Lack of full reconstruction implies background mimics the the signal where some 

daughters are lost e.g. KL, π0. O)en difficult to constrain with “sideband” data.

8
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Tau identification

The identification of a tau lepton is really hard

A short lifetime of 10-12 s 
means we only see decay 
products

Hadronic decays with pions
and a neutrino

Semileptonic decay, �→µ⇥⇥ 
has just one track and two 
neutrinos

Mass and lifetime very similar 
to Ds which has very similar decays

� Analysis Method

• Tag a counterpart 𝐵 meson (𝐵tag) using hadronic or
semileptonic decays
ÆObtain information of 𝐵sig indirectly

• For  𝐵 → 𝐷(∗)𝜏−  𝜈𝜏, we measure

𝑅 𝐷 ∗ ≡
𝐵𝐹 𝐵 → 𝐷 ∗ 𝜏−  𝜈𝜏
𝐵𝐹 𝐵 → 𝐷 ∗ 𝑙−  𝜈𝑙

(𝑙− = 𝑒−, 𝜇−)

 𝐷0

𝜋−

𝐵tag
 𝐵sig

𝜋−

𝐾+

𝑙−𝜏−

 𝜈𝜏
𝜈𝜏

𝐷∗
𝜋+

𝐾−𝐷0

𝛾

 𝜈𝑙

Tag side Signal side
𝑒+

𝑒−
2-3 neutrinos
Æ Impossible to fully  

reconstruct 𝐵sig

Mini-workshop on D(*) Tau Nu and Related Topics

3/23

Not possible to fully reconstruct the tag or the signal side
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SuperKEKB
Status and improvements since KEKB

e+e- accelerator located in Tsukuba, Japan 

Built in tunnels of KEKB, but is almost entirely  
new machine: 

• x20 smaller beam focus at interaction region

• Doubled beam currents

This yields x40 higher peak luminosity 
(8x1034 cm-2s-1)

First beams in 2016 
First collisions: next month 

KEKB SuperKEKB

“nano-beam”

!5

Experimental Setup for Belle II 

‣ Electron positron collider are an ideal 
setup for missing energy channels 

• Initial state precisely known 

• Negligible pileup 

‣ Neutrino energy can be determined 
precisely

The Challenges

SUSY 2017, B-physics & Belle II Phillip URQUIJO

Belle (II) Reconstruction

11
University of Zurich, 2016, May 9 Flavour anomalies & Belle II's impact on the physics landscape

machines are beautiful
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e+ e�

e+ e�bb̄bb̄

bū

b̄u

⌥(1S) = hbb̄i
⌥(4S) = hbb̄i

10

andBs mesons. Samples of b-flavored hadrons of di↵erent
types are available from production at higher energies,
in e+e� collisions on the Z resonance at LEP (ALEPH,
DELPHI, L3, OPAL experiments) and SLC (SLD experi-
ment), as wells in hadron collisions at the Tevatron (CDF
and D0 experiments) and the LHC (LHCb, ATLAS, CMS
experiments).

The cross sections for the process e+e� ! bb̄ at the
⌥(4S), ⌥(5S) and Z resonances are 1.1 nb, 0.3 nb, and
6.6 nb, respectively. The cross section for b-hadron pro-
duction in hadron collisions is much larger, e.g. �(pp !
bb̄) ⇠ 300 µb at a center-of-mass energy of

p
s = 7 TeV.

Table I gives an overview of the data samples recorded
by the various experiments.

TABLE I: Overview of the b-hadron samples recorded
by various experiments. For LEP and SLC the numbers
of produced Z bosons is given instead of the integrated

luminosity
R Ldt.

Experiment
p
s (GeV)

R Ldt ( fb�1) BB/bb̄ pairs

Belle 10.58 711 7.72⇥ 108 BB

BABAR 10.58 426 4.68⇥ 108 BB

CLEO 10.58 16 1.71⇥ 107 BB

ARGUS 10.58 0.2 2⇥ 105 BB

LEPa,c ⇠ 91 ⇠ 4⇥ 106 Z ⇠ 6⇥ 105 bb̄

SLD ⇠ 91 ⇠ 6⇥ 105 Z ⇠ 9⇥ 104 bb̄

LHCb 7000, 8000 3.2 2.6⇥ 1011 bb̄

ATLAS, CMSc 7000, 8000 25 ⇠ 1012 bb̄

Tevatronb,c 1960 10 ⇠ 1011 bb̄
a LEP is representative of the ALEPH, DELPHI, L3, and

OPAL experiments.
b Tevatron is representative of the CDF and D0 experiments.

c Quoted numbers are per experiment.

Semileptonic and leptonic decays of the B meson
are best studied in e+e� collisions, where the four-
momentum of the inital state is known and the events are
rather clean. Their study in hadron collisions is di�cult
due to the large hadronic background and the unknown
initial state, which makes a reconstruction of the neutrino
impossible. Moreover, hadron-collider experiments must
trigger on specific exclusive decay modes, preferentially
with charged particles in the final state. The B-factory
experiments can reconstruct a large variety of B-meson
decay modes with a high e�ciency and are thus able to
perform inclusive measurements.

In this article, we will primarily focus on the measure-
ments of the high-luminosity B-factory experiments Belle
at KEKB and BABAR at PEP-II. They provide the cur-
rently most precise results on B ! `⌫ and B ! X`⌫
decays. If competitive results from other experiments
exist for a specific decay mode, they will be mentioned
as well. The PEP-II collider operated from 1998 to 2008,

KEKB from 1998 to 2010 at a center-of-mass energy ofp
s = 10.58 GeV, equal to the mass of the ⌥(4S).
The production of B mesons in e+e� collisions at the

⌥(4S) resonance is illustrated in Fig. 4. The ⌥(4S) is
the lightest bb̄ resonance with a mass above the BB pair
production threshold: m⌥(4S) = 10.58 GeV > 2mB =
10.56 GeV. It decays almost exclusively to B-meson
pairs, with about equal probability to B+B� and B0B0.
The current upper limit for non-BB decays of the ⌥(4S)
is 4% at the 95% confidence level (Olive et al., 2014).

B! threshold 

(a)

(b)

FIG. 4: B-meson production in e+e� collisions at the
⌥(4S) resonance: (a) cross section for e+e� ! hadrons,

(b) diagram for BB production.

The energies of the collinding electron and positron
beams were chosen to be asymmetric, which resulted in
a boost of the ⌥(4S) resonance and the B mesons pro-
duced in its decay. This boost allows for a better spa-
tial separation of the two B-meson decay vertices. The
flight lengths of the B mesons are used to determine
their lifetimes and are thus important for time-dependent
measurements, in particular the measurement of time-
dependent CP asymmetries. Table II lists some of the
operation parameters of the KEKB and PEP-II colliders.

2. Detectors

The detection of B ! `⌫ and B ! X`⌫ decays re-
quires a reliable reconstruction and identification of the
charged lepton ` = e, µ and, in the case of semileptonic
decays, the hadrons that form the hadronic final state X.
In addition, the other particles in the event need to be
reconstructed to infer the kinematics of the undetected
neutrino from either the missing energy and momentum
in the event or the reconstruction of the second B meson.

B�

B+

• Latest Belle 
analyses use 
semileptonic and 
hadronic tagging. 

• Normalisation to 
semileptonic decay 
modes. 

• Based on Mmiss2 and 
EECL/extra

40 x Belle Luminosity

➡ the kinematics of the initial state is precisely known

➡ the neutrino energy can be determined precisely

e+e– annihilation data is ideal for missing energy channels

e+
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The progress of τ LFV and LNV searches
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… mostly occurred at the B-factories

➡ immense amount of e+e− annihilation data (BaBar → 531 fb−1, Belle → 1000 fb−1) 

➡ large cross section of pairwise τ-lepton production (the X-section of e+e− → τ+τ− at 10.58 GeV of 0.9 
nb to be compared to the e+e− → BB X-section of 1.2 nb)

FIG. 5: LFV UL (90% C.L.) results from CLEO, BaBar and Belle, and extrapolations for
Belle II (50 ab�1) and LHCb updgrade (50 fb�1).
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Lepton Flavor Violation (LFV) is highly suppressed in the SM, LFV ⌧ decays are then
clean and ambiguous probes for NP e↵ects. Belle II can experimentally access ⌧ LFV decay
rates over 100 times smaller than Belle for the cleanest channels (as ⌧ ! 3l) and over 10 times
smaller for other modes, such as ⌧ ! `� that have irreducible background contributions.
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The upper limits reached for τ decays approached the regions sensitive to NP.
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Belle II @ SuperKEKB
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New facility to search for physics beyond the SM by studying B, D and τ decays

➡ an asymmetric electron-positron collider

➡ collisions near and at Y(nS)

➡ smaller interaction point

➡ increased currents

First beams and commissioning in 2016

Belle II detector – upgraded Belle detector

Armine Rostomyan9

SuperKEKB:  
50 ab-1

KEKB:  
1 ab-1

> upgrade of SuperKEKB > upgrade of the Belle II detector 
➡ more precise hadron identification 

and vertex reconstruction 

Why at Belle and Belle II ? 
Tiny topologically non-trivial QCD vacuum effects  
➡ enormous statistical precision

Belle II collaboration 
( 587 colleagues from 97 institutions and 23 countries)

Tsukuba, Japan
SuperKEKB – major upgrade of the KEKB

➡ improved tracking efficiency, particle 
identification 

➡ smarter software and more precise 
algorithms 

➡ rolled in April 2017

➡First recorded events in April 2018

Belle II Detector

3028/11/2017

e− 

(7 GeV)
e+ 

(4 GeV)

17º

150º

News from B-Factories @ DESY Seminar

Vertex Detectors
Central  
Drift 

Chamber
Barrel and Forward 
Particle ID Detector

EM Calorimeter

solenoid  
@ 1.5T

KL-Muon 
Detector
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First recorded events
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Belle II status

First collisions: Event display

17 / 31N
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First collisions: first peaks
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Belle II Phillip URQUIJO

K0S → π π

• Early combined particles in Belle II / 
Bryan Fulsom  
[BELLE2-NOTE-PH-2018-001] 

• Hadronic event, more than 2 tracks 

• π: track requirement −4 < z0 < 6 cm  

• KFitter used to fit the vertex 

• (Another plot in the note includes no 
cuts).

 4
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Belle II 2018
Preliminary

Mass peaks for charged tracks and photons 

Data accumulation is on going 
Mass peaks for charged tracks and gammas  

Current integrated luminosity ~5pb-1 Data accumulation is on going, currently having a 46 pb-1  data set 
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Plans for Belle II
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Standard model tests in modes with neutrinos | Simon Wehle | 18.04.2018

SuperKEKB Projected Luminosity

April 1, 2018 24
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Plans For Belle II 
First collisions very soon soon!

Phase 1: first beams
➡ no detector over interaction 

region, 
➡ study the beam properties 
Phase 2: first collisions
➡ no PXD detector
➡ instead BEAST II (radiation 

monitoring system) 
➡ understand backgrounds
➡ establish nano-beam scheme 

and reach KEKB luminosity
Phase 3: first physics with full 
detector
➡ luminosity milestones:

- 1ab-1 after 1 year

- 5ab-1- mid of 2020 

- 50ab-1 by 2025 

More details are given in Isabelle Ripp-Baudo’s presentation
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Beam Background 

‣ Belle II can use timing information of the calorimeter to reduce background

Challenge for the experiment Searches for Dark Matter at Belle II  (Torben Ferber)

Detour: Electromagnetic calorimeter at Belle II
15
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In addition to physics backgrounds, there are beam backgrounds: 

  • Degrade energy resolution (at low energies) 
  • Create radiation damage (possible non-linearity) 
  • Produce pile-up and increased event size  
  • Can be physics backgrounds (at low energies) 
 
→ Impact of beam backgrounds for this (!) analysis is small.
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Example: 
Dark Photon mA = 7 GeV

Signal (example)

Introduction
• Dark Photon A’ motivated by Dark Matter, g-2, .. 

• Minimal Dark Matter model: Dark Matter particle χ and a 
new scalar or gauge Boson A’ as s-channel annihilation 
mediator (mA’ > 2mχ) 

• Additional U(1)’ symmetry → Kinetic mixing* of massive 
Dark Photon with the SM photon

3
13/28

Towards First Physics: Dark Photon.

>Dark Photon motivated by dark matter, g-2 anomaly...

>Minimal dark matter model: Dark matter particle N 

and a new scalar or gauge boson A'  as s-channel 

annihilation mediator (m
A'
 > 2m

N
)

>Additional U(1)' symmetry ? “Kinetic Mixing”* of 

massive dark photon A' with the SM photon

*Holdom, Phys. Lett B166, 1986

Eγ=
s−M A'
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Belle II MC

Belle II MC

40 times higher luminosity comes at the cost of higher machine induced backgrounds

Standard model tests in modes with neutrinos | Simon Wehle | 18.04.2018 !7

Beam Background 

‣ 40 times higher luminosity comes at 
the cost of higher machine induced 
backgrounds

Challenge for the experiment

Elisa Manoni - INFN PG                      EPS-HEP 2017 - Flavour and Symmetries session

Belle II and New physics searches

2

Search for new physics (NP)

 Energy frontier: direct production of 
new particles - limited by beam energy 
(LHC - ATLAS, CMS)

NP
SMSM

Intensity frontier: new virtual particles 
in loops/trees transitions, deviation from 
SM expectations (B factories, LHCb)

From Belle to Belle II: Factor x40 
luminosity � higher data samples + 
higher rate and radiation damage to 
detectors from “machine background 
processes”

Upgrade of Belle detector and 
reconstruction algorithm in order to 
keep same or better performances wrt 
Belle in higher radiation environment

Radiative Bhabha

Touschek 

Beam-gas
2-photon-processes

Elisa Manoni - INFN PG                      EPS-HEP 2017 - Flavour and Symmetries session

Belle II and New physics searches

2

Search for new physics (NP)

 Energy frontier: direct production of 
new particles - limited by beam energy 
(LHC - ATLAS, CMS)

NP
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SM expectations (B factories, LHCb)

From Belle to Belle II: Factor x40 
luminosity � higher data samples + 
higher rate and radiation damage to 
detectors from “machine background 
processes”

Upgrade of Belle detector and 
reconstruction algorithm in order to 
keep same or better performances wrt 
Belle in higher radiation environment

Radiative Bhabha

Touschek 

Beam-gas
2-photon-processes

Belle Belle II

Simulation: 
view on the  

central drift chamber

Use the timing information from calorimeter to reduce the background
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 The beam backgrounds are expected to be 10-20 higher
➡ small number of daughter  particles from τ LFV decay

➡ τ LFV searches more complicated compared to Belle 

➡ feasibility studies using MC samples in more contaminated environment
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Fig. 5: Distribution of � energy (top-left), distribution of ECL cluster timing (top-right),

distribution of track distance from the interaction point along z, (bottom-left) and Pt distri-

bution of charged particle (bottom-right). The bold lines shows the distributions after the

Belle II quality cut, which rejects low energy photons. The black arrows show the selection

criteria adopted for background rejection.
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in the tag side of the ⌧ pair was also required for successful candidate selection.188

The impact of the selection criteria was verified on multiple observables according to event189

topology. It can for example be seen in the distribution of the reconstructed ⌧ energy in190

the center of mass frame, shown in Fig. 6. The di↵erence between BGx1 and BGx0 samples191

became much smaller after the introduction of the background rejection cuts. The phase192

space of the signal ⌧ as a correlation of invariant mass and beam energy di↵erence can also193

be seen in Fig. 7. 29.6% of BGx1 events and 35.1% of BGx0 events passed this selection; we194

therefore can estimate a 16% decrease in signal due to this veto.195

Other modes. What follows is a review of other ⌧ LFV measurements performed at Belle,196

including the golden ⌧ ! 3µ mode. All of these channels are largely background-free and197

therefore statistically limited; a sensitivity improvement of about two orders of magnitude198

can be expected in Belle II thanks to the increase in luminosity.199

⌧ ! ``0`00. For the decays ⌧ ! ``0`00, similar M```–�E variables are used to find signal200

events. Figures 8(a) and (b) show the three-lepton invariant mass versus �E (M```–�E)201

distributions, respectively, for the ⌧� ! e�e+e� and ⌧� ! µ�µ+µ� candidates after selec-202
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Two independent variables:

⌧ ! µ�. In an LFV analysis, in order to evaluate the signal yield, two independent146

variables are used: the reconstructed mass of the signal and the di↵erence between the sum147

of energies of the signal ⌧ daughters and the beam energy (�E) in the CM frame. In the148

⌧ ! µ� case, these variables are defined as149

Mµ� =
q

E2

µ� � P 2

µ� , (2)

�E = ECM

µ� � ECM

beam

, (3)

where Eµ� and Pµ� are the sum of the energies and the magnitude of the vector sum of the150

momenta for the µ and the �, respectively. The superscript CM indicates that the variable151

is defined in the CM frame, e.g. ECM

beam

is the beam energy in the CM frame. For signal,152

Mµ� and �E should be in the vicinity of Mµ� ⇠ m⌧ and �E ⇠ 0 (GeV), while for the153

background, Mµ� and �E will smoothly vary without any special peaking structure.154

Taking into account the resolution of the detector and the correlation between Mµ� and155

�E, we use an elliptical signal region. To avoid bias, we perform a blind analysis: the data156

in the signal region are blinded when determining the selection criteria and the systematic157

uncertainties. After fixing these quantities, we open the blind and evaluate the number of158

signal events in the signal region.159

The observed Mµ�–�E distributions at Belle (4.9 ⇥ 108 ⌧+⌧� pairs [22].) are shown in160

Figs. 4(a) and (b) for ⌧ ! µ� and ⌧ ! e�, respectively. The signal yield is evaluated from161

an extended unbinned maximum-likelihood fit to the Mµ�–�E distribution. The main back-162

ground (BG) is from ⌧ ! `⌫`⌫⌧ + extra � events and radiative di-muon (for µ�) or Bhabha163

(for e�) events. The cut imposed to reduce the background is summarised in Table 2.164

The upper limit obtained from this analysis yields Br(⌧ ! µ� (e�)) = 4.5 ⇥ 10�8 (1.2 ⇥165

10�7) at 90% C.L.166
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Fig. 4: Mµ�–�E distributions at Belle in the search for (a) ⌧ ! µ� and (b) ⌧ ! e� [22]. The

black dots and shaded boxes show the data and signal MC, respectively, and the ellipse is

the 2� signal region.
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an extended unbinned maximum-likelihood fit to the Mµ�–�E distribution. The main back-162

ground (BG) is from ⌧ ! `⌫`⌫⌧ + extra � events and radiative di-muon (for µ�) or Bhabha163

(for e�) events. The cut imposed to reduce the background is summarised in Table 2.164

The upper limit obtained from this analysis yields Br(⌧ ! µ� (e�)) = 4.5 ⇥ 10�8 (1.2 ⇥165

10�7) at 90% C.L.166
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Fig. 4: Mµ�–�E distributions at Belle in the search for (a) ⌧ ! µ� and (b) ⌧ ! e� [22]. The

black dots and shaded boxes show the data and signal MC, respectively, and the ellipse is

the 2� signal region.
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➡ For signal → ΔE close to  0 and Mμγ close to τ mass 

µ�

�
<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>

e+
<latexit sha1_base64="rLc6ULkuVOE7MppFfCePMo1qCQI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjxWtB/QxrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RRWVtfWN4qbpa3tnd298v5BU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm6nfekKleSwfzDhBP6IDyUPOqLHSPT6e9coVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2anTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/jyMmmeVz236t1dVGrXeRxFOIJjOAUPLqEGt1CHBjAYwDO8wpsjnBfn3fmYtxacfOYQ/sD5/AHkEo2G</latexit><latexit sha1_base64="rLc6ULkuVOE7MppFfCePMo1qCQI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjxWtB/QxrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RRWVtfWN4qbpa3tnd298v5BU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm6nfekKleSwfzDhBP6IDyUPOqLHSPT6e9coVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2anTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/jyMmmeVz236t1dVGrXeRxFOIJjOAUPLqEGt1CHBjAYwDO8wpsjnBfn3fmYtxacfOYQ/sD5/AHkEo2G</latexit><latexit sha1_base64="rLc6ULkuVOE7MppFfCePMo1qCQI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjxWtB/QxrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RRWVtfWN4qbpa3tnd298v5BU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm6nfekKleSwfzDhBP6IDyUPOqLHSPT6e9coVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2anTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/jyMmmeVz236t1dVGrXeRxFOIJjOAUPLqEGt1CHBjAYwDO8wpsjnBfn3fmYtxacfOYQ/sD5/AHkEo2G</latexit><latexit sha1_base64="rLc6ULkuVOE7MppFfCePMo1qCQI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjxWtB/QxrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RRWVtfWN4qbpa3tnd298v5BU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm6nfekKleSwfzDhBP6IDyUPOqLHSPT6e9coVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2anTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/jyMmmeVz236t1dVGrXeRxFOIJjOAUPLqEGt1CHBjAYwDO8wpsjnBfn3fmYtxacfOYQ/sD5/AHkEo2G</latexit>

e�
<latexit sha1_base64="ois9VRdzJDl8YfUuPCL+K3TrBO4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQY9FLx4r2g9oY9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJYPZpygH9GB5CFn1FjpHh/PeuWKW3VnIMvEy0kFctR75a9uP2ZphNIwQbXueG5i/Iwqw5nASambakwoG9EBdiyVNELtZ7NTJ+TEKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8MrPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadkg3BW3x5mTTPq55b9e4uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+B8/gDnGo2I</latexit><latexit sha1_base64="ois9VRdzJDl8YfUuPCL+K3TrBO4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQY9FLx4r2g9oY9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJYPZpygH9GB5CFn1FjpHh/PeuWKW3VnIMvEy0kFctR75a9uP2ZphNIwQbXueG5i/Iwqw5nASambakwoG9EBdiyVNELtZ7NTJ+TEKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8MrPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadkg3BW3x5mTTPq55b9e4uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+B8/gDnGo2I</latexit><latexit sha1_base64="ois9VRdzJDl8YfUuPCL+K3TrBO4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQY9FLx4r2g9oY9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJYPZpygH9GB5CFn1FjpHh/PeuWKW3VnIMvEy0kFctR75a9uP2ZphNIwQbXueG5i/Iwqw5nASambakwoG9EBdiyVNELtZ7NTJ+TEKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8MrPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadkg3BW3x5mTTPq55b9e4uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+B8/gDnGo2I</latexit><latexit sha1_base64="ois9VRdzJDl8YfUuPCL+K3TrBO4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQY9FLx4r2g9oY9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJYPZpygH9GB5CFn1FjpHh/PeuWKW3VnIMvEy0kFctR75a9uP2ZphNIwQbXueG5i/Iwqw5nASambakwoG9EBdiyVNELtZ7NTJ+TEKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8MrPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadkg3BW3x5mTTPq55b9e4uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+B8/gDnGo2I</latexit>

⌧sig
<latexit sha1_base64="1S+hVzrQrXJlUYWQrUuJCCLUBfw=">AAAB9XicjVC7SgNBFL0bX3F9RS1tBoNgFXZttBGDNpYRzAOyMcxOZpMhM7vLzF0lLAE/w8ZCEVs/w97Ov3GSWKgoeODC4Zx7uYcTplIY9Lx3pzA3v7C4VFx2V1bX1jdKm1sNk2Sa8TpLZKJbITVcipjXUaDkrVRzqkLJm+HwbOI3r7k2IokvcZTyjqL9WESCUbTSVYA06+aBVsSI/rhbKvsVbwryNymfvLrHtwBQ65begl7CMsVjZJIa0/a9FDs51SiY5GM3yAxPKRvSPm9bGlPFTSefph6TPav0SJRoOzGSqfr1IqfKmJEK7aaiODA/vYn4m9fOMDrq5CJOM+Qxmz2KMkkwIZMKSE9ozlCOLKFMC5uVsAHVlKEtyv1fCY2Diu9V/AuvXD2FGYqwA7uwDz4cQhXOoQZ1YKDhDh7g0blx7p0n53m2WnA+b7bhG5yXDybilG0=</latexit><latexit sha1_base64="a6K9IdUcn6ENn/TY2hGeNk0M7k4=">AAAB9XicjVC7SgNBFL3rM66vqKXNYBCswq6NNmLQxjKCeUA2htnJbDJkdnaZuauEJf9hY+EDWz/D3kb8GyeJhYqCBy4czrmXezhhKoVBz3t3Zmbn5hcWC0vu8srq2npxY7NukkwzXmOJTHQzpIZLoXgNBUreTDWncSh5Ixycjv3GFddGJOoChylvx7SnRCQYRStdBkizTh7omBjRG3WKJb/sTUD+JqXjF/cofXhzq53ia9BNWBZzhUxSY1q+l2I7pxoFk3zkBpnhKWUD2uMtSxWNuWnnk9QjsmuVLokSbUchmahfL3IaGzOMQ7sZU+ybn95Y/M1rZRgdtnOh0gy5YtNHUSYJJmRcAekKzRnKoSWUaWGzEtanmjK0Rbn/K6G+X/a9sn/ulSonMEUBtmEH9sCHA6jAGVShBgw03MAd3DvXzq3z6DxNV2ecz5st+Abn+QMYcZXh</latexit><latexit sha1_base64="a6K9IdUcn6ENn/TY2hGeNk0M7k4=">AAAB9XicjVC7SgNBFL3rM66vqKXNYBCswq6NNmLQxjKCeUA2htnJbDJkdnaZuauEJf9hY+EDWz/D3kb8GyeJhYqCBy4czrmXezhhKoVBz3t3Zmbn5hcWC0vu8srq2npxY7NukkwzXmOJTHQzpIZLoXgNBUreTDWncSh5Ixycjv3GFddGJOoChylvx7SnRCQYRStdBkizTh7omBjRG3WKJb/sTUD+JqXjF/cofXhzq53ia9BNWBZzhUxSY1q+l2I7pxoFk3zkBpnhKWUD2uMtSxWNuWnnk9QjsmuVLokSbUchmahfL3IaGzOMQ7sZU+ybn95Y/M1rZRgdtnOh0gy5YtNHUSYJJmRcAekKzRnKoSWUaWGzEtanmjK0Rbn/K6G+X/a9sn/ulSonMEUBtmEH9sCHA6jAGVShBgw03MAd3DvXzq3z6DxNV2ecz5st+Abn+QMYcZXh</latexit><latexit sha1_base64="ne5HGLWYmne5eDeX6OlF2vwPfn4=">AAAB9XicjVDLSgNBEOz1GeMr6tHLYBA8hV0vegx68RjBPCC7htnJbDJkZnaZ6VXCkv/w4kERr/6LN//GyeOgomBBQ1HVTRcVZ1JY9P0Pb2l5ZXVtvbRR3tza3tmt7O23bJobxpsslanpxNRyKTRvokDJO5nhVMWSt+PR5dRv33FjRapvcJzxSNGBFolgFJ10GyLNe0VoFLFiMOlVqkHNn4H8TaqwQKNXeQ/7KcsV18gktbYb+BlGBTUomOSTcphbnlE2ogPedVRTxW1UzFJPyLFT+iRJjRuNZKZ+vSiosnasYrepKA7tT28q/uZ1c0zOo0LoLEeu2fxRkkuCKZlWQPrCcIZy7AhlRrishA2poQxdUeX/ldA6rQV+Lbj2q/WLRR0lOIQjOIEAzqAOV9CAJjAw8ABP8Ozde4/ei/c6X13yFjcH8A3e2ye3m5Kg</latexit>

⌫⌧
<latexit sha1_base64="ahH09yS5aDKidxMMD59VrMkEe4M=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gOaUDbbTbt0s4m7E6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpxlsskYnuhtRwKRRvoUDJu6nmNA4l74Tj25nfeeLaiEQ94CTlQUyHSkSCUbRS11dZ30ea9as1t+7OQVaJV5AaFGj2q1/+IGFZzBUySY3peW6KQU41Cib5tOJnhqeUjemQ9yxVNOYmyOf3TsmZVQYkSrQthWSu/p7IaWzMJA5tZ0xxZJa9mfif18swug5yodIMuWKLRVEmCSZk9jwZCM0ZyokllGlhbyVsRDVlaCOq2BC85ZdXSfui7rl17/6y1rgp4ijDCZzCOXhwBQ24gya0gIGEZ3iFN+fReXHenY9Fa8kpZo7hD5zPHzFjkA4=</latexit><latexit sha1_base64="ahH09yS5aDKidxMMD59VrMkEe4M=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gOaUDbbTbt0s4m7E6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpxlsskYnuhtRwKRRvoUDJu6nmNA4l74Tj25nfeeLaiEQ94CTlQUyHSkSCUbRS11dZ30ea9as1t+7OQVaJV5AaFGj2q1/+IGFZzBUySY3peW6KQU41Cib5tOJnhqeUjemQ9yxVNOYmyOf3TsmZVQYkSrQthWSu/p7IaWzMJA5tZ0xxZJa9mfif18swug5yodIMuWKLRVEmCSZk9jwZCM0ZyokllGlhbyVsRDVlaCOq2BC85ZdXSfui7rl17/6y1rgp4ijDCZzCOXhwBQ24gya0gIGEZ3iFN+fReXHenY9Fa8kpZo7hD5zPHzFjkA4=</latexit><latexit sha1_base64="ahH09yS5aDKidxMMD59VrMkEe4M=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gOaUDbbTbt0s4m7E6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpxlsskYnuhtRwKRRvoUDJu6nmNA4l74Tj25nfeeLaiEQ94CTlQUyHSkSCUbRS11dZ30ea9as1t+7OQVaJV5AaFGj2q1/+IGFZzBUySY3peW6KQU41Cib5tOJnhqeUjemQ9yxVNOYmyOf3TsmZVQYkSrQthWSu/p7IaWzMJA5tZ0xxZJa9mfif18swug5yodIMuWKLRVEmCSZk9jwZCM0ZyokllGlhbyVsRDVlaCOq2BC85ZdXSfui7rl17/6y1rgp4ijDCZzCOXhwBQ24gya0gIGEZ3iFN+fReXHenY9Fa8kpZo7hD5zPHzFjkA4=</latexit><latexit sha1_base64="ahH09yS5aDKidxMMD59VrMkEe4M=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gOaUDbbTbt0s4m7E6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpxlsskYnuhtRwKRRvoUDJu6nmNA4l74Tj25nfeeLaiEQ94CTlQUyHSkSCUbRS11dZ30ea9as1t+7OQVaJV5AaFGj2q1/+IGFZzBUySY3peW6KQU41Cib5tOJnhqeUjemQ9yxVNOYmyOf3TsmZVQYkSrQthWSu/p7IaWzMJA5tZ0xxZJa9mfif18swug5yodIMuWKLRVEmCSZk9jwZCM0ZyokllGlhbyVsRDVlaCOq2BC85ZdXSfui7rl17/6y1rgp4ijDCZzCOXhwBQ24gya0gIGEZ3iFN+fReXHenY9Fa8kpZo7hD5zPHzFjkA4=</latexit>

⌧tag
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Taking into account the resolution of the detector and the correlation between Mµ� and155

�E, we use an elliptical signal region. To avoid bias, we perform a blind analysis: the data156

in the signal region are blinded when determining the selection criteria and the systematic157

uncertainties. After fixing these quantities, we open the blind and evaluate the number of158

signal events in the signal region.159

The observed Mµ�–�E distributions at Belle (4.9 ⇥ 108 ⌧+⌧� pairs [22].) are shown in160

Figs. 4(a) and (b) for ⌧ ! µ� and ⌧ ! e�, respectively. The signal yield is evaluated from161

an extended unbinned maximum-likelihood fit to the Mµ�–�E distribution. The main back-162

ground (BG) is from ⌧ ! `⌫`⌫⌧ + extra � events and radiative di-muon (for µ�) or Bhabha163

(for e�) events. The cut imposed to reduce the background is summarised in Table 2.164

The upper limit obtained from this analysis yields Br(⌧ ! µ� (e�)) = 4.5 ⇥ 10�8 (1.2 ⇥165
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Fig. 4: Mµ�–�E distributions at Belle in the search for (a) ⌧ ! µ� and (b) ⌧ ! e� [22]. The

black dots and shaded boxes show the data and signal MC, respectively, and the ellipse is

the 2� signal region.
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Main background sources:
➡ τ → μνν 
➡ τ → eνν
➡ τ → πν
➡ e+e– → ee(μμ) γ
➡ e+e– → continuum

} + γ 

Background suppression:
➡ event topology
➡ back-to-back production: thrust value close to 1
➡ missing momentum towards the tag hemisphereτ
➡ relation between the missing momentum and missing mass
➡ total visible energy
➡ …
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an extended unbinned maximum-likelihood fit to the Mµ�–�E distribution. The main back-162

ground (BG) is from ⌧ ! `⌫`⌫⌧ + extra � events and radiative di-muon (for µ�) or Bhabha163

(for e�) events. The cut imposed to reduce the background is summarised in Table 2.164
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Fig. 4: Mµ�–�E distributions at Belle in the search for (a) ⌧ ! µ� and (b) ⌧ ! e� [22]. The

black dots and shaded boxes show the data and signal MC, respectively, and the ellipse is

the 2� signal region.
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the signal region have been found in any of the six modes; the 90% C.L. upper limits on the 204

branching fractions in units of 10�8 are given in Table 3. 205

Table 3: Summary of the e�ciency (E↵.), the expected number of BG events (N exp

BG), and

the upper limit on the branching fraction (UL) at 90% C.L. for ⌧� ! `�`0+`00�.

Mode E↵.(%) Nexp
BG UL (10

�8
) Mode E↵.(%) Nexp

BG UL (10

�8
)

e�e+e� 6.0 0.21± 0.15 2.7 e�µ+µ�
6.1 0.10± 0.04 2.7

e�e+µ�
9.3 0.04± 0.04 1.8 µ�e+µ�

10.1 0.02± 0.02 1.7

e�µ+e� 11.5 0.01± 0.01 1.5 µ�µ+µ�
7.6 0.13± 0.06 2.1

⌧ ! `P 0 (P 0 = ⇡0, ⌘, ⌘0). The results for ⌧ decays into a lepton and a neutral pseu- 206

doscalar (⇡0, ⌘, ⌘0) at Belle [24] are summarized in Table 4. A single event is found in 207

⌧ ! e⌘(! ��) while no events are observed in other modes. The obtained 90% C.L. ULs on 208

the branching fraction are in the range (2.2 � 4.4) ⇥ 10�8. 209
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➡ For signal → ΔE close to  0 and Mμγ close to τ mass 
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➡ One of factors pushing up the sensitivity of probes is the increase of the luminosity 

The searches at Belle II will push the current bounds further by more than one order of magnitude

FIG. 5: LFV UL (90% C.L.) results from CLEO, BaBar and Belle, and extrapolations for
Belle II (50 ab�1) and LHCb updgrade (50 fb�1).
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VI. LFV ⌧ DECAYS

Lepton Flavor Violation (LFV) is highly suppressed in the SM, LFV ⌧ decays are then
clean and ambiguous probes for NP e↵ects. Belle II can experimentally access ⌧ LFV decay
rates over 100 times smaller than Belle for the cleanest channels (as ⌧ ! 3l) and over 10 times
smaller for other modes, such as ⌧ ! `� that have irreducible background contributions.

51

CLEO
BaBar
Belle
LHCb
ATLAS

Belle II 

LFV and LNV τ decays

➡ Equally important is the increase of the signal detection efficiency
➡ high trigger efficiencies; improvements in the vertex reconstruction, charged track and neutral-

meson reconstructions, particle identification, refinements in the analysis techniques…
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➡ Current experimental results limited by statistics 

➡ 1ab-1 (KEKB) → 50ab-1 (SuperKEKB)

Standard model tests in modes with neutrinos | Simon Wehle | 18.04.2018 !22

Semitauonic decays

‣ Combination of data from LHCb, 
BaBar and Belle 
• Measurement of RD(*) shows hints for new 

physics with ~4σ 

‣ Many statistically independent 
approaches: 
• 3 tagging methods (hadronic, semileptonic, 

inclusive) 

• Signal modes (!→l"", !→h") 

‣ Belle II should confirm/deny this 
anomaly already with 5ab-1  

Measurement of RD*

DRAFT
9/

3/
20
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8 Leptonic and Semileptonic B Decays

Table 51: Expected precision on RD(⇤) and P⌧ (D⇤) at Belle II. The first and the second values

are the expected statistical and the systematic errors, respectively. These expectations are

shown as the relative (absolute) values for RD(⇤) (P⌧ (D⇤)).

5 ab�1 50 ab�1

RD (±6.0 ± 3.9)% (±2.0 ± 2.5)%

RD⇤ (±3.0 ± 2.5)% (±1.0 ± 2.0)%

P⌧ (D⇤) ±0.18 ± 0.08 ±0.06 ± 0.04

RK anomaly, lepton flavour non-universality in B ! K`+`�, as well as RD(⇤) , see Refs. [255– 3771

259]. Some types of lepto-quarks can also induce OV
1

[207, 257, 260–264] and explain RK 3772

and RD(⇤) at the same time [257, 258]21. 3773

Future prospects. Based on the existing results from Belle and expected statistical and 3774

experimental improvements at Belle II, we provide estimates of the precision of RD(⇤) and 3775

P⌧ (D⇤) in Table 51 for two integrated luminosities. In Fig. 68, the expected precisions at 3776

Belle II are compared to the current results and the SM expectations. The RD(⇤) precision 3777

will be comparable to the current theoretical uncertainty. Furthermore, precise polarisation 3778

measurements, P⌧ (D⇤), and decay di↵erentials will provide further discrimination of NP 3779

scenarios. In the estimates for P⌧ (D⇤), we take the pessimistic scenario that no improvement 3780

to the systematic uncertainty arising from the hadronic B decays with three or more ⇡0, ⌘ 3781

and � can be achieved. However, although challenging, understanding for these modes may 3782

be improved by the future measurements at Belle II and the systematic uncertainty will 3783

be further reduced. As shown in Fig. 66, the Belle analyses of B ! D(⇤)⌧⌫⌧ largely rely on 3784

the EECL shape in discrimination of the signal from the background events. One possible 3785

challenge at Belle II is therefore to understand the e↵ects from the large beam-induced 3786

background onto EECL. 3787

With the Belle II data set NP scenarios can be also precisely tested with q2 (and other

di↵erential) distributions. Figure 69 shows a demonstration of the statistical precision of

the q2 measurement with 50 ab�1 data based on a toy-MC study. A quantitative estimation

of the future sensitivity to NP in B̄ ! D(⇤)⌧ ⌫̄ is shown in Fig. 70 [266]. The figure shows

the regions of CX that are probed by the ratios (red) and the q2 distributions (blue) at

Belle II with 5 ab�1 (dashed lines) and 50 ab�1 (solid lines) at 95% CL22. One finds that

the distributions are very sensitive to all NP scenarios, including those with new scalar and

21 LHC constraints on these models are obtained by the process bb̄ ! ⌧+⌧� [265]. As a result,
for the vector boson, resolution of the R

D

(⇤) anomaly and consistency with existing ⌧+⌧� resonance
searches at the LHC require a very large Z 0 total decay width. For the lepto-quark, the large deviation
(⇠ 20%) in R

D

(⇤) from the SM value is in some tension both with the ⌧+⌧� resonance search and
the R

K

anomaly while a small deviation (. 5%) in R
D

(⇤) is still consistent [259].
22 To see how small a NP contribution that can be probed, the central values of the experiment are

assumed to be those of the SM while the experimental errors, extracted from the BaBar data [241]
for q2 distributions and given as the world average [210] for the ratios, are luminosity scaled. See
Ref. [266] for further details of the analysis.

161/665

Prediction for Belle II:SUSY 2017, B-physics & Belle II Phillip URQUIJO

Belle II: b→c Tree
• Combination of Babar, Belle & LHCb 4 σ from SM. 

• Belle II should confirm/deny this anomaly with 5 ab-1 

• Tag{Had, SL, Inclusive} x Signal {τ → l ν ν , τ → h ν} ~ 6 statistically independent approaches. 

• B → D* τ ν: 5 ab-1 ~ 3% (down from about 8%) 

• B → D τ ν: 5 ab-1 ~ 6% (down from 16%) - though Belle yet to release R(D) with SL tag.
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Table 10: Expected precision on RD(⇤) and P⌧ (D⇤) at Belle II. The first and the second values

are the expected statistical and the systematic errors, respectively. These expectations are

shown as the relative (absolute) values for RD(⇤) (P⌧ (D⇤)).

5 ab�1 50 ab�1

RD (6.0 ± 3.9)% (2.0 ± 2.5)%

RD⇤ (3.0 ± 2.5)% (1.0 ± 2.0)%

P⌧ (D⇤) 0.18 ± 0.08 0.06 ± 0.04
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Fig. 8: Expected Belle II constraints on the RD vs RD⇤ plane (top) and the RD⇤ vs P⌧ (D⇤)

plane (bottom) compared to existing experimental constraints from Belle. The SM predic-

tions are also indicated by the black dots with error bars. In the right panel, the new physics

scenarios “Scalar”, “Vector” and “Tensor” assume contributions from the operators OS
1

,

OV
1

and OT , respectively.

Future prospect. Based on the existing results from Belle and expected improvements at 523

Belle II, we estimate precisions in the RD(⇤) and P⌧ (D⇤) measurements as shown in Table 10. 524

In Fig. 8, the expected precisions at Belle II are compared to the current results and the SM 525

expectations. The RD(⇤) precision will be comparable to the current theoretical uncertainty 526

in the SM expectations. Furthermore, using information of P⌧ (D⇤), discrimination of the 527

new physics scenarios may be possible. In the estimates for P⌧ (D⇤), no improvement in the 528

systematic uncertainty arising from the hadronic B decays with three or more ⇡0, ⌘ and � is 529

assumed. However, although challenging, understanding for these modes may be improved by 530

the future measurements at Belle II and the systematic uncertainty will be further reduced. 531

As shown in Fig. 6, the Belle analyses of B ! D(⇤)⌧⌫⌧ largely rely on the E
ECL

shape 532

in discrimination of the signal from the background events. One of the possible problem 533

at Belle II is therefore e↵ects from the large beam-induced background onto E
ECL

. Deep 534

understanding of the beam background will be essential. 535

With high statistics of the Belle II data, the new physics scenarios can be also precisely

tested with q2 distributions. Figure 9 is demonstration of the statistical precision of the

q2 measurement with 50 ab�1 data based on a toy-MC study. A quantitative estimation

for future sensitivity to search for new physics by B̄ ! D(⇤)⌧ ⌫̄ is shown in Fig. 10 [66]. In

the figure, it is shown that the regions of CX are probed by the ratios (red) and the q2
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Fig. 9: (left) q2 distribution in the hadronic tag analysis and ⌧� ! `�⌫̄`⌫⌧ with the full Belle

data sample [26]. (right) Projection to the 50 ab�1 of the Belle II data. In both panels,

the solid histograms show the predicted distribution shape with the 2HDM of type II at

tan �/mH± = 0.5 (GeV/c2)�1. In the right panel, pseudo-data are shown based on the SM

hypothesis.

distributions (blue) at Belle II with 5 ab�1 (dashed lines) and 50 ab�1 (solid lines) at 95%

CL3. One finds that the distributions are sensitive to the scalar and tensor scenarios. On

the other hand, the ratios and distributions are comparable for constraining the other new

physics scenarios. A new physics contribution that enters in CX is typically described as

CX ⇡ 1

2
p

2GFVcb

gg0

M2

NP

, (48)

where g and g0 denote the general couplings of new heavy particles to quarks and leptons (at536

the NP mass scale M
NP

). Given that the couplings g, g0 ⇠ 1, one observes that the Belle II537

reach of new physics mass scale, M
NP

⇠ (2
p

2GFVcbCX)�1/2, is about 5 – 10 TeV.538

1.4.2. B ! ⇡⌧⌫. Authors: R. Watanabe (th.), F. Bernlochner (exp.)539

As is presented above, discrepancies in the b ! c⌧⌫ processes with the SM predictions540

have been reported by the B physics experiments. This is particularly interesting because541

the processes are described by the b ! c charged current and predicted at the tree level in542

the SM. In this sense, it would be natural to expect that the b ! u⌧⌫ processes may also543

provide hints of new physics.544

The branching fraction of B ! ⇡⌧ ⌫̄ has been measured by the Belle collaboration in545

Ref. [67]. They observed no significant signal and obtained the 90% CL upper limit as B(B !546

⇡⌧ ⌫̄) < 2.5 ⇥ 10�4. Alternatively, one obtains B(B ! ⇡⌧ ⌫̄) = (1.52 ± 0.72 ± 0.13) ⇥ 10�4,547

where the first error (along with the central value) is read o↵ from the observed signal548

strength and the second one comes from the systematic uncertainty (8%) [67].549

On the theory side, evaluations of form factors for the B ! ⇡ transition have been devel-

oped. In the recent lattice studies of Refs. [68, 69], the authors have computed the vector

3 To see how small new physics contribution is probed, the central values of the experiment are
assumed to be those of the SM while the experimental errors, extracted from the BaBar data [41]
for q2 distributions and given as the world average [8] for the ratios, are scaled by luminosity. See
Ref. [66] for further details of the analysis.
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50 ab-1 projection of the  
subtracted q2 spectrum 

in B → D* τ ν (HT)

Flavour Session: M. Nayak
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5 ab-1 → 50 ab-1

BelleII can confirm/deny this anomaly already with 5ab-1 

Semi-tauonic B decays (example)
Lepton Universality in B→D(*)τν  

~4σ discrepancy 

R(D(*)) is a sensitive parameter to 
the new physics beyond SM. 

Now 

Belle II 
5ab⁻¹ 

Belle II can confirm the excess 
with ~5ab⁻¹ data. 

𝑹𝑹 𝑫𝑫(∗) =
𝐁𝐁𝐁𝐁(𝑩𝑩 → 𝑫𝑫 ∗ 𝝉𝝉𝝉𝝉)
𝐁𝐁𝐁𝐁(𝑩𝑩 → 𝑫𝑫 ∗ 𝒍𝒍𝝉𝝉)

 

Exp SM 
𝑅𝑅(𝐷𝐷∗) 0.304+0.013+0.007 0.252+0.003 
𝑅𝑅(𝐷𝐷) 0.407+0.039+0.024 0.300+0.008 

HFAG (FPCP2017) 

SM 

(l=e or µ) 
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Flavour Physics Prospects

Current experimental results limited by statistics
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1/ab (KEKB) → 50/ab (SuperKEKB)                                   
+ LHC experiments continue in parallel

Belle II + LHCb 
at the end  
of operation

arXiv:1709.10308
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The MIAPP B2TiP Workshop will bring together experimentalists and 
theorists to define the physics programme for the first years of data taking 
of the Belle II detector at the upgraded SuperKEKB e+e- accelerator. This 
workshop is an important milestone towards the publication of the Belle 
II Physics Book.

WG 1: Semileptonic & Leptonic B decays
WG 2: Radiative & Electroweak Penguins
WG 3: α = φ2 and β = φ1

WG 4:  γ = φ3

WG 5: Charmless Hadronic B Decay
WG 6: Charm
WG 7: Quarkonium(like)
WG 8: τ, low multiplicity & EW
WG 9: New Physics

MIAPP - B2TiP Workshop                            
15 - 17 November 2016, Garching

Venue
Institute for Advanced Study (IAS)
Lichtenbergstraße 2 a
85748 Garching

Organisers
Christoph Bobeth
Thomas Kuhr

Local organisation
Susann Blauwitz, Ina Haneburger 
Tina Jacobs, Theresa Kämper 
(MIAPP)

www.munich-iapp.de/B2TiP

Belle II - Theory Interface Platform 

‣ Series of workshops from mid 2014 until end of 2016 

‣ Report in final stage → to be on arXiv soon

➡ LHC experiments continue in parallel 
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➡ SuperKEKB is completing the commissioning phase and first collisions achieved

➡ Phase 2 data taking has been started

➡ First data is available already 

➡ The data with the full detector installed will start in early 2019

➡ Belle II will probe the New Physics in many channels with neutrinos in the final state 

➡ Belle II will be the major player in τ physics in the near future

➡ Very exciting times are ahead! 
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Effective field theory approach
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➡ Strong experimental constraints on the scale Λ for new degrees of freedom

➡ Parameterise the LFV τ decays via the effective field theory (EFT)

➡ Their effect will show up at low energies as a series of non-renormalisable operators:

L = LSM +
X

i

c
(5)
i

⇤
O

(5)
i +

X

i

c
(6)
i

⇤2
O

(6)
i + ...

Francesco Tenchini HINT2016

2.4  Model discriminating power of Tau processes 

Emilie Passemar 

•  Summary	table:	

 
 
 
 

•  The	no1on	of	“best	probe”	(process	with	largest	decay	rate)	is	model	dependent	
 
 

•  If	observed,	compare	rate	of	processes									key	handle	on	relaTve	strength	
between	operators	and	hence	on	the	underlying	mechanism	

  

Discriminating power: τLFV matrix

9 

Celis,	Cirigliano,	E.P.’14	

Celis, Cirigliano, Passemar (2014)

4-lepton

dipole

lepton-quark

lepton-gluon

5

Effective Field Theory Approach
Belle

L = LSM +
C(5)

⇤
O(5) +

P
i

C
(6)
i

⇤2
O

(6)
i + ...

• Model-independent approach with an effective Lagrangian:

lepton-quark

lepton- 
gluon

dipole

4-lepton

Armine Rostomyan Part B1 TauBelleII

international collaboration, Belle II, had also been formed to upgrade the Belle detector to ensure the 
operation of the new detector in the increased luminosity environment, as well as to improve the 
performance of the detector components. The Belle II experiment is ideally suited for searches of rare τ 
decay due to the high luminosity and the superior detection efficiency offered by its unique combination of 
the wide kinematic coverage, advanced detection capabilities and cleaner environment as compared with a 
hadron collider. The red points of the Figure above are the scaled sensitivities of various τ decays to 50 ab-1 
for Belle II. With the reduction and better understanding of the background contamination, the sensitivity is 
expected to be even more enhanced. 

I propose to search for LFV and LNV in semi-leptonic τ decays using the Belle II data. These searches 
will push the current bounds further by an order of magnitude or a discovery will be made. 

The general approach of the analyses is the selection of appropriate charged-particle topology – one (τtag) 
against one or three (τsignal) charged tracks – removing the background events with as minimal as possible 
impact on the signal efficiency. At the e+e– → τ+τ– centre-of-mass system, both τ leptons are boosted and their 
decay products are well separated in two opposite hemispheres defined by the plane perpendicular to the 
thrust axis. The signal hemisphere is considered to contain the products of LFV or 
LNV τ decay. There are two characteristic features in e+e– → τ+τ– processes – the 
energy of each τ-lepton is close to the half of the centre-of-mass system energy, 
and the invariant mass of the daughters is close to the mass of τ-lepton. The 
strategy is to define a signal region in the energy-mass plane of the τ-daughters, 
and optimise the set of additional selection criteria – cuts on thrust value, missing 
momentum, energy and mass of the signal side, etc… – to enhance the signal 
efficiency by reducing the contribution of background events from known SM 
processes. Due to expected better performance of the particle identification 
detectors at Belle II, it is expected to have less background contamination due to 
misidentification of the particles than at Belle. However, the background 
contributions from e+e– → qq production and SM e+e– → τ+τ− events, as well as contributions from Bhabha, µ
+µ− and two-photon productions will be still present. Since these background contaminations are channel 
dependent, the event selection requirements should be optimised decay channel-by-channel. This 
optimisation, as well as the careful estimation of acceptance effects and reconstruction efficiency using 
Monte Carlo simulations of the signal and background channels, comprise the main and the most important 
part of the analysis. I played a crucial role and lead the developments and tuning of Monte Carlo 
packages simulating one of the main (so far the worse simulated) background contributions, e+e– → qq.   

A discovery or an upper limit: Once the number of signal events (Nsignal) is known, either a discovery will 
be made – if Nsignal is different from zero, or an upper limit on the branching fraction of a certain decay mode 
will be set, 

Here s90 is the 90% confidence level upper limit on the number of signal events recalculated  given the 4

systematic uncertainties due to background estimation and signal efficiency ϵ, L is the integrated luminosity, 
σττ is the τ pair production cross section and if the τ decayed product M is not a stable particle, B(M → X1X2) 
is the branching fraction of that meson with n=1 for τ → ℓM decay modes (e.g. τ → ℓπ0) or n=2 for and τ → 
ℓMM (e.g. τ → ℓπ0π0) decay modes. Given the equation above, an increase of luminosity by an order of 
magnitude, directly translates into an increase of sensitivity in setting up the upper limit. 

If a discovery is made, the various τ decays have the potential to reveal the underlaying dynamics responsible 
for the LFV. For example, by looking at correlations among different decay modes – if a given type of 
operator dominates, a particular pattern for the branching ratios of various decay channels is expected – or 
by analysing differential distributions in many-body τ decays1 – the invariant mass of the hadron pair peaks 
around various resonances depending on the contributing operators. Even more astonishing would be the 
observation of LNV in τ decays setting the theoretical and experimental groups on a quest. The essential goal 
for the theoretical groups would be to evaluate a framework to reveal the underlying mechanism leading to 
LNV. Given that framework, the strategy of the experimental group will be developed in due time. Thus, to 
gain as much information as possible from the Belle II data, a synergy between experimental and theoretical 
groups is critical. Christophe Grojean and Gauthier Durieux are the theorists together with whom we will 
explore the origins of such an observation. The challenge would lie in unique interpretation of the results. 

3. Feasibility and Risks - “No competitor with Belle II” 
In 2016 several major milestones have been achieved with the successful completion of the first phase 
machine commissioning of SuperKEKB. In parallel major detector components like the Time of Propagation 
Counter and the Central Drift chamber have been installed in Belle II. In April 2017 the Belle II detector was 
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➡ Each NP model generates a specific pattern of operators

➡ Due  to the variety of the hadronic final states, the semi-leptonic τ decays probe a larger set of operators

The τ decays offer an opportunity to probe the underlying NP responsible for the LFV.

No compelling evidence for new particles mediating LFV processes

- Celis, Cirigliano, Passemar (2014) -  


