
Flavor Physics at Belle II

 Flavor 2019: new Physics in flavor from LHC to Belle II

Francesco Tenchini 
May 20th, 2019

Belle

      Physics 

Ami Rostomyan 

(on behalf of the Belle II collaboration)

… a very personal selection


Anomalies and Precision in the Belle II Era

Vienna, 6-8 September 2021



     Ami Rostomyan                                                                                                                                                                                                                              Anomalies and Precision in the Belle II Era                                                                                                                                       

τ physics program @ B factories
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Wide physics program 

➡ Precision SM measurement

➡ CP asymmetries

➡ Angular distributions

➡  Searches for lepton flavor/universality/number violations 


➡ …

Dark Week@KEK 2019 - M. Villanueva �15
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The B-factories 
provided a sort of 
very interesting 
results along the 
last two decades.

Belle II will not 
be the 
exception.

As the integrated 
luminosity 
increases, many 
of these results 
will be tested/
improved.

Prospects for ! studies
Historically B-factories provided a variety of very interesting results in the last two decades. 

B-factories: Belle@KEKB and BaBar@PEP-II 

Standard model tests in modes with neutrinos | Simon Wehle | 18.04.2018
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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
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University of Zurich, 2016, May 9 Flavour anomalies & Belle II's impact on the physics landscape

machines are beautiful
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⌥(1S) = hbb̄i
⌥(4S) = hbb̄i
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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 of
p
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

➡ High luminosities 

~Belle: 710 fb-1 @ Y(4S)

~ BaBar: 424 fb-1 @ Y(4S)

➡ Asymmetric beam energies

➡ Boosted BB̄ pairs 

➡ Collision energy at Y(nS)

➡ BR(Y(4S)→ BB̄ ) > 96% 
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B-Factories
Not just B-Factories but also τ factories!
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q

q̄

σ(e+e− → Υ(4S)) = 1.05 [nb]
σ(e+e− → qq̄) = 3.69 [nb]

σ(e+e− → τ+τ−) = 0.919 [nb]

Hermetic detectors with 

➡ high track reconstruction efficiency 

➡ good kinematic and vertex resolution

➡ excellent PID & γ & π0 reconstruction capabilities

Clean environment 

➡ the kinematics of the initial state is precisely known

➡ the neutrino energy can be determined precisely

Wide range of observables in τ sector to confront theory!

Does NP couple to 3rd generation strongly?

Precision measurements or indirect search of BSM

➡ significant deviations from SM are unambiguous signatures of NP

Direct search of forbidden decays

➡ any signal is unambiguous signature of NP
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Belle II @ SuperKEKB
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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

Belle II detector – upgraded Belle detector

Important for τ analysis: discriminate between e, μ, π, K; reconstruct neutrals!

➡ improved tracking efficiency

➡ improved particle identification 

➡ smarter software

➡ more precise algorithms 

➡ rolled in April 2017


First recorded events in April 2018

~ 200/fb of data already collected
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The mass, lifetime and leptonic decays of τ
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Figure 1. Test of the SM prediction of the
relation between the ⌧ leptonic branching
fractions and the ⌧ lifetime and mass. B0⌧e
denotes the statistical average of
Be = B(⌧! e⌫̄e⌫⌧) and the Be SM
prediction from the Bµ measurement
Be(Bµ) = Bµ · ( f⌧e/ f⌧µ). The yellow band
represents the uncertainty from the ⌧
lifetime.

Using semi-hadronic processes

 
g⌧
gµ

!2

=
B(⌧! h⌫⌧)
B(h! µ⌫̄µ)
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h
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2
⌧
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2

,

where h = ⇡ or K and the radiative corrections are �⇡ = (0.16± 0.14)% and �K = (0.90± 0.22)% [11].
We measure:

⇣
g⌧/gµ

⌘
⇡
= 0.9961 ± 0.0027 ,

⇣
g⌧/gµ

⌘
K
= 0.9860 ± 0.0070 .

Similar tests could be performed with decays to electrons, however they are less precise because the
hadron two body decays to electrons are helicity-suppressed. Averaging the three g⌧/gµ ratios we
obtain

⇣
g⌧/gµ

⌘
⌧+⇡+K

= 1.0000 ± 0.0014 ,

accounting for all correlations.

4 |Vus| measurement

The measurements of the kaon branching fractions are used in conjunction with lattice QCD estimates
of hadronic form factors to provide the most precise determinations of |Vus| [1]. The ⌧ exclusive
branching fractions to strange final states can be used in a similar way to obtain additional less precise
|Vus| determinations. Furthermore, the inclusive branching fraction of the ⌧ to all strange final states,
B(⌧! Xs⌫), can be used to compute |Vus|with a procedure that does not require lattice QCD estimates
and has an independent and small theory uncertainty [12]:

|Vus|⌧s =
s

Rs/

"
RVA

|Vud |2
� �Rtheory

#
.

Rs and RVA are the ⌧ hadronic partial widths to strange and to non-strange hadronic final states
(�s and �had) divided by the universality-improved branching fraction B(⌧ ! e⌫⌫̄) = Buni

e =
(17.815 ± 0.023)% [2, 3]. We compute �Rtheory = 0.242 ± 0.032 using inputs from Ref. [12]

Bτl ∝ Bμe
ττ

τμ

m5
τ

m5
μ

A. Lusiani et al: arXiv:1804.08436 
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The mass, lifetime and leptonic decays of τ

6

➡ A precise tau mass and lifetime measurements are 
crucial for lepton universality tests of SM


➡ Possibility to test CPT conservation measuring  and 
 lifetimes and masses separately.

τ−

τ+

Lepton masses and lifetimes are fundamental 
parameters of SM!

Lepton Masses (MeV): 

➡ me= 0.5109989461 ± 0.0000000031      δm/m ~ 6*10-9

➡ mμ= 105.6583745 ± 0.0000024              δm/m ~ 2*10-8

➡ mτ= 1776.86 ± 0.12                                δm/m ~ 7*10-5

Similar situation for lifetime

VOLUME 69, NUMBER 21 PH YSICAL REV I EW LETTERS 23 NOVEMBER 1992

3.2

& 3.0

No. DE-AC03-76SF00515 (SLAC), No. DE-FG03-
92ER4070I (Caltech), No. DE-FG03-91ER40679 (UC
Irvine), No. DE-FG02-91ER40676 (Boston University),
No. DE-AC02-76ER03069 (M IT), No. DE-AC35-
89ER40486 (SSC), and No. DE-FG05-92ER40736 (UT
Dallas); by the Texas National Research Laboratory
Commission (Rocky Mountain Consortium for High En-
ergy Physics) under Contracts No. RGFY91B5 and No.
RGFY92B5 (Colorado State); and by the National Sci-
ence Foundation (University of Washington).

2.8
16 18

~ ~—eve ('/'j
20

FIG. 3. The variation of r, with 8;, given by Eq. (1) under
the assumption of lepton universality; the ~ 1 o. bands obtained
using m, from this experiment (solid lines) and using the PDG
value (dashed lines) are shown in comparison to the point corre-
sponding to the PDG values (1 o error bars).

Finally, the systematic error due to uncertainty in the
background is estimated from the 1o Poisson errors on
the seven J/y background events and the uncertainty in
the hadronic cross section at z + r threshold. The re-
sulting uncertainty is hm, = + 0.01 MeV.
These independent systematic errors are added in

quadrature to yield a total systematic error of hm, =—0'pp
MeV.
I n conclusion, using a maximum-likelihood fit to

cross-section data near threshold, the mass of the
lepton has been measured as m, =1776.9+p~+ 0.2

MeV, where the first error is statistical and the second
systematic. This result is 7.2 MeV below the PDG aver-
age [I] (1784.1+3 6MeV) —an'd has significantly smaller
errors [13]. Inserting this new value in Eq. (2), the cou-
pling strength ratio becomes

(G, „„;/G„„;)=0.960+ 0.024,
so that the deviation from lepton universality is reduced
from 2.4 to 1.7 standard deviations (see Fig. 3). It
should be noted also that this new result for m, yields a
reduction in the upper limit on m„(see Ref. [13]).
We ~ould like to thank the BEPC staff and the Com-

puter Center at IHEP for their outstanding efforts, and
also Y. S. Tsai and J. M. Wu for helpful discussions
about the z + z cross section near threshold. This work
was supported in part by the National Natural Science
Foundation of China under Contract No. 19290400
(IHEP); by the Department of Energy under Contracts
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➡ SM prediction for the relationship between the τ lifetime, 
mass,  and weak coupling constant 


➡ violated before the first precise mass measurement by BES

B(τ → eνν̄)

B(τ → eνν̄)
ττ

=
g2

τ m5
τ

192π3
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τ mass measurement

7
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The τ mass cannot be measured directly

➡ neutrinos in the final state

3π
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Pseudomass technique

8

Use conservation of momentum and energy:

➡ in the centre of mass 

➡ the equation has a minimum when   

Eτ = Ebeam = s /2

cos θν,3π = 1

This is called pseudomass

The distribution has a kinematic edge around the τ mass


➡ a sharp threshold behaviour in the region close to the 
nominal value of the τ mass

➡ first used by ARGUS in 1992, later by Opal, BELLE, 
BaBar and now by BELLE II 

mmin = m2
3π + 2(Ebeam − E3π)(E3π − p3π) ≤ mτ

2

2
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The τ lepton mass

9
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2 0.75 MeV/c± = 1777.28 τm

High signal purity

➡ the remaining continuum 

backgrounds are flat

➡ don’t impact the shape of the 

distribution

Mass extraction using ML fit

➡ P1 is an estimator for the τ mass

➡ with multi/additive components to 

describe the tails

Systematics

➡ Compatible precision with 

previous B factory results

➡ dominated by uncertainty on 

the track momentum scale
➡ expected to improve

arXiv:2008.04665 

https://arxiv.org/abs/2008.04665
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The τ leptons mass 

10

Goal: achieve best precision among pseudomass measurements

➡ best result from BES III from pair production at threshold energy 

➡ best measurement from pseudomass technique by Belle

1773 1774 1775 1776 1777 1778 1779 1780 1781

]2 [MeV/cτm

Belle II (2020) 2 0.33 MeV/c± 0.75 ±1777.28 

BaBar (2009) 2 0.41 MeV/c± 0.12 ±1776.68 

Belle (2007) 2 0.35 MeV/c± 0.13 ±1776.61 

ARGUS (1992) 2 1.4 MeV/c± 2.4 ±1776.3 

BES III (2014) 2 0.13 MeV/c± 0.12 ±1776.91 

PDG average 2 0.12 MeV/c±1776.86 

 

➡ expect to match statistical precision of Belle/BABAR  
with ~300 fb-1

➡ future improvements of reconstruction efficiency and 
systematic uncertainty

➡ eventually perform CPV test

current luminosity

(213/fb)
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Previous measurements of τ lifetime in e+e− → τ+τ−

11

3

Previous measurements

World-best measurement
3� = (290.17 ± 0.53stat ± 0.33syst) fs

Previous measurements of 3 lifetime in ;+;= > �+�=

● Z-peak > LEP (DELPHI, L3, ALEPH, OPAL)
● C-peak > CLEO, Babar, Belle

PDG average:
3� = (290.3 ± 0.5) fs

PRL 112, 031801 
(2014)

H = 711 fb=1

Belle II w.r.t. Belle: exploit

➡ the tiny beam spot size at the IP

➡ the 3x1 event topology to increase the 

statistical precision of the measurement
3

Previous measurements

World-best measurement
3� = (290.17 ± 0.53stat ± 0.33syst) fs

Previous measurements of 3 lifetime in ;+;= > �+�=

● Z-peak > LEP (DELPHI, L3, ALEPH, OPAL)
● C-peak > CLEO, Babar, Belle

PDG average:
3� = (290.3 ± 0.5) fs

PRL 112, 031801 
(2014)

H = 711 fb=1

3

Previous measurements

World-best measurement
3� = (290.17 ± 0.53stat ± 0.33syst) fs

Previous measurements of 3 lifetime in ;+;= > �+�=

● Z-peak > LEP (DELPHI, L3, ALEPH, OPAL)
● C-peak > CLEO, Babar, Belle

PDG average:
3� = (290.3 ± 0.5) fs

PRL 112, 031801 
(2014)

H = 711 fb=1

Z-peak → LEP (DELPHI, L3, ALEPH, OPAL) 


Υ-peak → CLEO, Babar, Belle 
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Strategy at Belle II

12

➡ (1) decay vertex → reconstruct vertex for 3-prong 


➡ vertex fitting


➡ (2) estimate τ momentum using τ decay products


➡ increase the statistical precision by using 3x1 topology

τ± → ρ±(π±π0)ντ

3. the invariant mass of the ⇡0 and the charged ⇡ on the 1-prong side should be 0.5GeV <
Minv(1-prong) < 1.3GeV (Fig. 3a)

4. the invariant mass of the three charged pions on the 3-prong side: 0.8GeV <
Minv(3-prong) < 1.6GeV (Fig. 3b)

5. the Kaon-ID should be lower than 0.95 for all the four charged tracks in the event
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(b) Reconstructed ⇡0 momentum.

FIG. 2: Distributions of the total energy of the photons and ⇡0 momentum. The vertical
broken lines indicate the values where cuts are applied.
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FIG. 3: Distributions of the invariant mass on the 1-prong and on the 3-prong side. The
vertical broken lines indicate the selected regions.

After this selection about 640 k events are left, with a 83% signal purity. In order to
estimate the momentum vector of the taus, the discriminant of the solutions (1) is required

5

τ± → π±π∓π±ντ

3. the invariant mass of the ⇡0 and the charged ⇡ on the 1-prong side should be 0.5GeV <
Minv(1-prong) < 1.3GeV (Fig. 3a)

4. the invariant mass of the three charged pions on the 3-prong side: 0.8GeV <
Minv(3-prong) < 1.6GeV (Fig. 3b)

5. the Kaon-ID should be lower than 0.95 for all the four charged tracks in the event
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5

e+e− → τ+ τ−

➡ (3) production vertex that is intersection of momentum direction 
with plane 𝑦 = IPy

5

Measurement strategy

(1) decay vertex > reconstruct vertex for 3-prong �

(2) estimate tau momentum    > use events where both 
� decay with 1 neutrino

(3) production vertex > intersection of     direction 
with plane L = IPy

3-prong

With respect to Belle:
● exploit nanobeam scheme (use beam-spot 

constraint)
● need just one 3-prong � > higher statistics

Strategy at Belle II

hadrons

The proper time is measured using the particle’s


➡ flight distance in the lab frame 

➡ momentum  in the lab frame 

⃗l τ

⃗p

ttrue =
lτ

βγc
= m

lτ
p
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p(t; τ) = 1/τ e−t/τ × ℛ(t)

13

Proper decay time

t = m
lτ
p
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(a) Di↵erence between the reconstructed and
the nominal x coordinate of the primary vertex.
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(b) Di↵erence between the reconstructed and
the nominal z coordinate of the primary vertex.

FIG. 5: Primary vertex coordinates reconstructed event per event minimizing the function
(3). The nominal coordinates used in the reconstruction are here taken as reference.

where the ⌧ mass is fixed to the PDG-2020 value m⌧ = 1776.7MeV. The proper time
distribution for the 3-prong ⌧ is shown in Fig. 6.

1000− 500− 0 500 1000 1500 2000 2500 3000
t  3-prong [fs]

1

10

210

310

410

510

Ev
en

ts
 / 

(4
0 

fs
)

 2020 (Simulation)Belle II )νπππ→(τ)νρ→(τ ττ

 q=u,d,sqq  q=c,bqq

FIG. 6: Distribution of the reconstructed proper time for the 3-prong ⌧ .

4.1. Proper time resolution

For all the ⌧⌧ events successfully associated to MCparticles, the residual proper decay
time of the 3-prong ⌧ can be computed as the di↵erence trec � tgen between reconstructed
and generated proper times. The distribution of trec � tgen gives the proper time resolution
(Fig. 7). A maximum likelihood fit of this distribution is performed using as pdf the linear
combination of three Gaussians. In table II the optimized parameters are listed. The mean

7

TABLE II: Parameters optimized fitting the proper decay time resolution with a linear
combination of three Gaussians. Only the mean of one Gaussian is let free to vary in the

fit.

⌧⌧ MC all

N (4.297± 0.007) 105

µ1[fs] �3.43± 0.13

�1[fs] 54.3± 0.3

"[%] 29.5± 0.9

�2[fs] 102± 1

�[%] 2.2± 0.2

�3[fs] 234± 5

TABLE III: Variation of the fitted µ1 parameter for di↵erent ranges of generated proper
decay time.

tgen[fs] (0, 80) (80, 200) (200, 400) > 400

µ1[fs] �1.03± 0.25 �2.23± 0.24 �3.97± 0.27 �7.21± 0.29

values of two Guassians are fixed to zero (µ2 = µ3 = 0), and for the only mean value free to
vary a negative o↵set µ1 = (�3.43± 0.13) fs is found.
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FIG. 7: Distribution of the reconstructed proper time for the 3-prong ⌧ .

As shown in table III, the value of µ1 depends on the generated proper time. In particular,
the o↵set increases (in absolute value) for higher decay times. This e↵ect is mainly due to
an overestimation of the ⌧ momentum module, as in the kinematic reconstruction of section
2 2.1 the ISR/FSR losses have been neglected.

8

Proper decay time resolution

Δt = trec − tgen

μ[ fs] = − 3.43 ± 0.13
σ[ fs] = − 79.3 ± 0.7

12

Proper time resolution
For all tau pair events matched with MCParticles: 

> compute residual proper time on 3-prong side
Pt=trec– tgen 

Binned ML fit with 3 Gaussians: Compare to Belle resolution

Belle II > X2 narrower than Belle

➡ binned ML fit with 3 Gaussians ➡ the resolution @Belle II is nearly 
x2 narrower than @Belle 

➡ computed from the reconstructed decay 
length   and the estimated momentum  lτ p
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The τ lepton lifetime

14

Fit the proper time distribution with a convolution of an exponential distribution and resolution function

p(t; τ) =
1
τ

e−t/τ × ℛ(t)

13

Lifetime extraction

Resolution: Convolution:
Remove ISR/FSR losses

● Subtract u,d,s and c,b backgrounds
● Fit proper time distribution with convolution of resolution function and exponential distribution: 

1) Same statistical uncertainty of Belle (200 fb=1 vs 711 fb=1)

2) �� presents X3 fs bias:
● ISR/FSR losses > J� overestimation > underestimate proper 

time

● intrinsic in the measurement > rescale final result from MC

generated lifetime
�� = 290.57 fs

Generated lifetime 
➡ ~3 fs bias in the measurement


➡ ISR/FSR losses 


➡ overestimation of  results in underestimation of proper 
time


➡ intrinsic bias of the measurement 

➡ estimate the bias from MC and correct the measurement

τ = 290.57 fs

pτ

τ = 287.2 ± 0.5 fs

With respect to Belle:

➡ competitive statistical precision can already 

be reached with 200/fb
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e-μ-τ universality

15

⌫⌧⌫µ

W�
e�

⌫e

ge
W�

gµ
W�

g⌧

⌧�µ�

Identical lepton interaction rates involving e, μ or τ 

e, μ and τ differ only by

➡ the mass

➡ different and separately conserved lepton numbers 

The coupling of leptons to W bosons is flavour-independent: ge = gμ = gτ

See Petar Rados’ slides for Belle II prospects on LFU

Lepton Flavour Universality

5LFU Tests in Tau Decays at Belle IIP. Rados  

• LFU ⇒ couplings of leptons to W bosons is flavour independent 
                               ge = gµ = g!

ge gµ g!

• Hints of a new fundamental interaction that violates LFU?

• Anomalies in quark sector  
- R(D)-R(D*) (3.1σ)  
- R(K) (3.1σ)  
- P5’ in B→K*µµ (3.4σ)  
- Bs→φll (3.6σ)  
- and more…

• also lepton sector  
- (g-2)µ (4.2σ)  

and also for e (2.5σ)  

• If so, then we could see evidence also in the tau sector

(
gμ

ge )
2

τ

∝
B(τ− → μ−ν̄μντ)
B(τ− → e−ν̄eντ)ge

gµ

( gτ

gμ )
2

h

∝ B(τ → hντ)
B(h → μνμ)

g!

gµ

⇒  test of e-µ universality

⇒  test of !-µ universality

Belle II analysis

8LFU Tests in Tau Decays at Belle IIP. Rados  
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   ννe→τ    ννµ→τOR of lml triggers

• MC sensitivity study for the test of e-µ universality using  
e+e- → !-(→l-v̅v) !+(→3h+(nπ0)v) events @ Belle II

• Use thrust vector to separate events into signal (1-prong) and tag (3-prong) hemispheres

• Particle identification 
- signal lepton: considering both  

likelihood and BDT-based  
lepton ID 

- tag hadrons:  E/p < 0.8

• ECL low-multiplicity (lml) triggers are new at Belle II 
• Most performant for 3x1 topology is lml0: 

- >3 ECL clusters, one with E > 300 MeV and not an ECL Bhabha 
• To boost efficiency, take logical OR of lml0 with 9 other lml triggers  

• For p > 1.5 GeV:  > 95% efficiency in !→ev̅v channel  
                            > 90% efficiency in the !→µv̅v channel

BELLE2-NOTE-PH-2021-033

Search for LFUV with 1x1 topology

12LFU Tests in Tau Decays at Belle IIP. Rados  

• Belle II plans to test e-µ universality not only on 3x1, but also using 1x1 topology.  

• 1x1 has more challenging backgrounds and is more difficult to trigger on, but benefits from 
larger signal sample (inclusive 1-prong BR~85%).

SLAC-PUB-9839• Never studied by Belle/BABAR. Most recent result from CLEO (3.56 fb-1).

• Lepton ID for tag and signal side: 
- considering both  

likelihood and BDT-based  
lepton ID

BELLE2-NOTE-PH-2021-034• At Belle II we are starting with the clean muon tag (!→µv̅v)

• Trigger: 

- eµ channel: 
 

logical OR of ECL lml triggers 
- µµ channel: 

 

CDC track triggers (long & short)

!-(→e-v̅v) !+(→µ+v̅v)  
“eµ channel”

!-(→µ-v̅v) !+(→µ+v̅v)  
“µµ channel”
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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.
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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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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.
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➡ The observation of neutrino oscillations as a first sign of LFV beyond the SM!

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

Conservation of the individual lepton-flavour and the total lepton numbers within the SM (mν = 0)

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�l0� �L = 2 kernel leading to LNV in (a) three-
and (b) four-body tau decays.

duced on their mass-shell (q2 = m2
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 VlNVl0N/�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, Ds, B, Bc) 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+l0+ decays, with l, l0 = e, µ. The measured
upper limits allow to exclude a region in the |VlN |2 vs.
mN 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�l0�M+ and B0 ! D�l+l0+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

Uli⌫i +
n+4X

N=4

VlN⌫N (1)

if n right-handed singlets are considered. Here, Uli are
essentially the entries of the PMNS matrix, and VlN are
the tiny mixings of the active and sterile neutrinos. The
charged current interaction Lagrangian in the flavor ba-
sis becomes:

Lcc =
g

2
p

2
⌫̄l�
µ(1 � �5)l ·W�µ + h.c. (2)

where ⌫l is given above.

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

Are neutrinos Dirac (|∆L| = 0) or Majorana (|∆L| = 2) particles? 
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Charged lepton flavour violation: 
SM-free signals!

Charged-Lepton Flavour Physics

  μR   eR

 q  q

  
0

 μ   e

~ QED 

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⇡

�
|AL|

2 + |AR|
2
�
· B(`1 ! `2⌫⌫) . (1)

For generic new physics at mass scale ⇤ one can parametrise the left and right-handed dipole amplitudes
by AL = AR = 16

p
2⇡2

/GF⇤2, where GF 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 

ANRV358-NS58-12 ARI 18 September 2008 23:47
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Figure 1
Record of selected lepton !avor 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 !avor changing conversion, µ − N e− N . The last of these reactions has already
been signi"cantly constrained using various targets. Indeed, the ratio of conversions to capture,

Table 1 A sample of various charged lepton !avor 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.

318 Marciano · Mori · Roney
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No success in searches so far!

What about the charged leptons?        
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… mostly occurred at the B-factories

Test the SM in a variety of ways


➡ radiative ( )


➡ leptonic decays ( )


➡ a large variety of LFV and LNV semi-leptonic decays


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

τ → ℓγ

τ → ℓℓℓ

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.
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➡ One of the 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

➡ 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…

- The Belle II Physics Book -

arXiv:1808.10567v2
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Perspectives at Belle II 
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… mostly occurred at the B-factories

See Alberto Martini’s slides for Belle II prospects on LFV

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.
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Alberto Martini - !→3µ analysis - Bormio 2019 23

Signal-background rejection: tag side
Signal-background discrimination depends on the tag-side track

Leptonic tag

Signal sideTag side

µ±

!±

µ±

µ∓

LFV

lepton∓ 

!∓

#!

νlepton
IP

In case of leptonic tag the missing energy on the tag side is high (2 neutrinos) 
and leptonID performances come into play

Test the SM in a variety of ways


➡ radiative ( )


➡ leptonic decays ( )


➡ a large variety of LFV and LNV semi-leptonic decays


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

τ → ℓγ

τ → ℓℓℓ

Alberto Martini — LFV !→3µ and #→lϕ — Anomalies and Precision Workshop 2021 23

Expectations: !→lV0($→h+h-)
Experimental upper limits from Belle and BaBar for #→l$:

• Belle: 3.1/8.4 x 10-8 @90% confidence level using

• BaBar: 3.1/19 x 10-8 @90% confidence level using 
∫ Ldt = 845f b−1

∫ Ldt = 451f b−1

Alberto Martini — LFV !→3µ and #→lϕ — Anomalies and Precision Workshop 2021

Ref: https://arxiv.org/pdf/2104.00015.pdf Leptoquark model

#
s

l

LQ

$

b → cτνb → sll

s

l±

!±
$

s
s

LFV



     Ami Rostomyan                                                                                                                                                                                                                              Anomalies and Precision in the Belle II Era                                                                                                                                       

Search for LFV  ( )τ → ℓα α → invisible

20

Probe the existence of a new boson α 

The pseudo rest frame (ps)

5/21/2019 EDUARD BURELO, BELLE II, TAU MEETING 2

• 𝐸𝜏 ≈
𝐸𝑐𝑚
2

• Direction of the W given by the opposite to the 3S direction

𝜏 → 𝑙  𝜈𝑙𝜈𝜏
𝜏 → 𝑙𝛼

𝑃3𝜋

-𝑃3𝜋
𝜏 𝜏

𝑙

𝛼

𝜃
𝜃𝑝𝑠

➡ previous studied at Mark III (9.4 pb-1) and ARGUS (476 pb-1)

➡ search for a two body decay spectrum 

➡ signal will manifest itself as a peak in the τ rest frame

⌧sig
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➡ cannot access the τ rest frame directly due to the missing neutrino

➡ approximate with the following assumptions:

ARGUS method: ̂p τ ≈ − ̂p 3π

Eτ = s /2
Thrust method: ̂p τ ≈ ̂T
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UL is provided for the ratio Br(τ → eα)/Br(τ → eνν)

Search for LFV  ( )τ → ℓα α → invisible

Status of the analysis:

➡ background suppression already quite effective 

➡ UL estimation using the frequentist profile-likehood method 

using asymptotic approach
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Figure 1. Summary of the present bounds and future projections for an ALP with generic couplings
to leptons, i.e., we set C``0 = 1 for all the couplings in Eq. (2.1). For the isotropic case we set
C

V

µe
= 0 and C

A

µe
= 1 (the opposite choice leads to the same results). In the V ± A case we set

C
V

µe
= ±C

A

µe
= 1. The gray shaded regions are excluded by the astrophysical bounds from star

cooling due to Cee and by SN1987A due to Cee and and Cµµ, see Sec. 6.1. We present these bounds
for the isotropic case. The blue shaded region corresponds to a prompt/displaced ALP. The green
solid line is the exclusion due to the bound on µ

+
! e

+
a by Jodidio et al., assuming an isotropic

ALP [9]. The green dotted (dashed) line is our recast of this bound for the V � A (V + A)
case. The sensitivity in the V � A case is worse since then the signal is suppressed in the forward
direction as much as the background. The blue solid (dotted, dashed) lines are the bounds from
the TWIST experiment on isotropic (V � A, V + A) ALP [10]. The dark orange thin solid line
is the MEGII-fwd projection for an isotropic ALP with no magnetic focusing while for the orange
thin solid line we assumed that focusing increases the luminosity in the forward direction by a
factor of 100, cf. Sec. 3.2 for details. The dark red thin solid line is the Mu3e projection from [42],
for the isotropic ALP. The sensitivity for the other chiral structures is expected to be similar since
there is no background suppression in this setup. The purple solid line is the bound from the
⌧ ! ea search by the ARGUS collaboration [43], and does not dependent on the chirality of the
ALP couplings. The purple thin line is the projected reach at Belle-II, see Sec. 5 for details. The
bound on µ

+
! e

+
� from Crystal Box is subdominant, see Sec. 4, and is not displayed for clarity.

When kinematically allowed, the couplings in Eq. (2.1) give rise to LFV decays with the

(invisible) ALP in the final state.3 The corresponding total decay width is given by

�(`i ! `j a) =
1

16⇡

m
3
`i

F
2
`i`j

 
1 �

m
2
a

m
2
`i

!2

, (2.3)

3We note in passing, that while we do not study the phenomenology of the LFV neutrino decays,

⌫i ! ⌫ja, the typical decay time for this process is shorter than the age of the Universe for the ALP decay

constants under consideration. This has interesting phenomenological consequences on neutrino cosmology

– 5 –

Various NP scenarios:

➡ LFV Zʹ
➡ strong bound from ARGUS measurement 


➡ light ALP a

➡ exploring regions in parameter space not reachable by 

other experiments
4

FIG. 3. Slices of mZ0 vs. g0
R parameter space. The left-handed coupling is set to g0

L = g0
R in the left panel and g0

L = g0
R/10 in

the right panel. The green band is the 2�-preferred range by the (g� 2)µ anomaly, while the gray region is disfavored at > 5�
(see Section III). The red region is excluded at 2� by lepton flavor universality in tau decays (see Section IV). The blue region
is excluded at 95% CL by searches for the two-body decay ⌧ ! µZ0 (see Section V). The black dashed curve shows the 95%
CL LHC exclusion from searches for leptonic W decays (see Section VI) and the purple dashed curve shows the 95% CL LEP
exclusion from Z coupling measurements (see Section VII). The orange and blue dotted lines show the expected 3� sensitivity
in searches for the µ±µ±⌧⌥⌧⌥ final state at the high-luminosity LHC and at a future electron-positron collider running at the
Z pole (see Section VIII).

On the experimental side, the most precise measure-
ment of this ratio comes from BaBar [72]. The PDG
average [6] also includes less precise determinations from
CLEO [73] and ARGUS [74]:

R
PDG
µe = 0.979 ± 0.004 . (8)

We observe a slight tension with the SM prediction at
the level of 1.6�. Combining Eqs. (7) and (8) we find

Rµe

RSM
µe

� 1 = 0.0066 ± 0.0041 . (9)

The tree level exchange of the considered flavor violating
Z

0 cannot a↵ect the ⌧ ! e⌫⌧ ⌫̄e decay. However, it does
give additional contributions to the ⌧ ! µ⌫⌧ ⌫̄µ decay and
induces the new tau decay mode ⌧ ! µ⌫µ⌫̄⌧ , as shown in
Fig. 4. The decay ⌧ ! µ⌫µ⌫̄⌧ is absent in the SM, but has
exactly the same experimental signature as ⌧ ! µ⌫⌧ ⌫̄µ.
In the following we will therefore consider the sum of the
two decay modes that we denote with ⌧ ! µ⌫⌫̄. As long
as mZ0 � m⌧ the treatment of the Z

0 e↵ect in terms of

an e↵ective Hamiltonian is valid and we find

HZ0 = �
|g

0
L|

2

m
2
Z0

(µ̄�↵
PL⌧)(⌫̄⌧�

↵
PL⌫µ)

�
g
0
Rg

0⇤
L

m
2
Z0

(µ̄�↵
PR⌧)(⌫̄⌧�↵PL⌫µ)

�
(g0L)2

m
2
Z0

(µ̄�↵
PL⌧)(⌫̄µ�↵PL⌫⌧ )

�
g
0
Rg

0
L

m
2
Z0

(µ̄�↵
PR⌧)(⌫̄µ�↵PL⌫⌧ ) . (10)

The Hamiltonian in Eq. (10) leads to the following cor-
rection to the lepton flavor universality ratio Rµe:

Rµe

RSM
µe

= 1 +
|g

0
L|

2

g
2
2

4m2
W

m
2
Z0

+

✓
|g

0
Lg

0
R|

2

g
4
2

+
|g

0
L|

4

g
4
2

◆
8m4

W

m
4
Z0

.

(11)
Note that our model can only increase the ratio Rµe com-
pared to the SM prediction. Thus, the result in Eq. (9)
gives strong constraints on the Z

0 parameter space. If
we neglect the term that contains the right-handed Z

0

coupling, we find the following approximate constraint
at the 2� level

mZ0

|g
0
L|

& 2 TeV . (12)

- L. Calibbi, D. Redigolo, R.. Ziegler, J. Zupan - - W. Altmannshofer, C.Y. Chen, B. Dev, A, Soni - 
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Summary

22

➡ Belle II experiment started 

➡ Achieved world record luminosity 
➡ Accelerator tuning is ongoing; more data will be recorded soon

➡ τ mass and lifetime measurements with the early data are very 

promising and show the potential of Belle II precision 
measurements


➡ LFU and Vus analysis ongoing

➡ τ EDM & MDM analysis progressing

➡ τ → μμμ indicates the potential of LFV searches

➡ …


➡ Belle II will provide the world largest number (5x1010) of 
events


➡ τ precision measurements and NP searches will reach higher 
sensitivity w.r.t. the previous experiments 

L = 3.1 × 1035cm−2s−1

e+e− → τ+τ−

 annihilation data is ideal for precision measurements and NP searches!e+e−
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τ Electric and Magnetic Dipole Moments

24

Outline: 

Lepton Dipole Moments 
Adam West, PIC 2015 

• Introduction 
• MDMs (g-2) 

• Motivation 
• Test of fundamental theories 

• Electron 
• Penning traps 

• Muon 
• Storage ring technique 

• Tau 
• Collider results 

• Neutrinos 
• EDMs 

• Motivation 
• Tests of symmetries/theories 

• Electron 
• Atomic/molecular enhancement 

• Muon 
• Storage ring technique 

• Tau 
• Collider results 

            

Outline: 

Lepton Dipole Moments 
Adam West, PIC 2015 

• Introduction 
• MDMs (g-2) 

• Motivation 
• Test of fundamental theories 

• Electron 
• Penning traps 

• Muon 
• Storage ring technique 

• Tau 
• Collider results 

• Neutrinos 
• EDMs 

• Motivation 
• Tests of symmetries/theories 

• Electron 
• Atomic/molecular enhancement 

• Muon 
• Storage ring technique 

• Tau 
• Collider results 

            

 Unveil or constrain NP effects 

➡  NP contribution expected ∝
m2

ℓ

Λ2➡  NP contribution expected ∝
mℓ

Λ2
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EDM & MDM
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The experimental measurement of MDM of the fast-
decaying τ is very different from that of the stable or 
relatively long-lived e and μ.

➡ SM prediction:

➡ World best measurement from DELPHI 

➡ Every deviation assumed to stem from 

aSM
τ = aQED

τ + aEW
τ + aHLO

τ + aHHO
τ = 117 721(5) × 10−8

−0.0052 < ãτ < 0.013(95 % CL)
aτ

EDM is a fundamental parameter that parameterises 
T- or CP- violation at the γττ vertex.


➡ SM prediction for EDM: 

➡ NP models predict 

➡ World best measurement from Belle


dτ = 10−37ecm
dτ = 10−19ecm

−1.85 × 10−17 < ℛ(d̃τ) < 0.61 × 10−17ecm (95 % CL)

−1.03 × 10−17 < ℑ(d̃τ) < 0.23 × 10−17ecm (95 % CL)

- arXiv:2108.11543 - 

Γμ(q2) = − ieQτ{γμF1(q2) +
σμνqν

2mτ
(iF2(q2) + F3(q2)γ5)}

Interactions between τ and photon  

➡ : Dirac form factor 

➡ : Pauli form factor (MDM) 

➡ : electric dipole moment (EDM) 

F1(q2) F1(0) = 1
F2(q2) F2(0) = aτ

F3(q2) F3(0) = dτ ⋅ 2mτ / eQτ

When NP exists in the loop diagrams of the γ-
τ interaction vertex, τ can possess extra EDM 
and/or MDM.

The F2(s) form factor is gauge invariant, despite being an off-shell amplitude.
This is so due to the specific gauge-cancellation mechanism that operates
only in an abelian theory such as QED: the direct box cancels against the
crossed one, the vector proper vertex against self-energy fermions graphs so
the magnetic moment form factor, proportional to σµνqν , must be separately
gauge-independent.

In our case, for q2 ∼ M2
Υ ∼ (10GeV)2,

F2(M
2
Υ) = (2.65− 2.45 i)× 10−4. (8)

This equation shows that, at this energy, the real and imaginary parts are of
the same order and, due to the scale and flavour dependence, about 1/4 of
the on-shell magnetic moment. This fact gives us the opportunity to see the
behaviour of the form factor with the momentum q2, for a pure abelian theory
as QED, together with its strong dependence on the flavour (mass) of the
fermion. Note that for other lighter fermions (as the electron) the magnetic
moment form factor is vanishing small at the MΥ-energy.

For the extraction of F2, in order to eliminate contamination from the box
diagrams to the measured amplitude, we perform our analysis on top of the
Upsilon resonance, so that kinematics makes the non-resonant box contribu-
tions negligible.

3 e+e− −→ τ+τ− at Super B Factories.

e+

+

e+

e−

γ

F2

γ

e−

τ+

τ−

τ+

τ−

(a)
(b)

F1

Fig. 1. Diagrams: (a) direct γ exchange, (b) F2 in γ exchange.

In this section we first consider the τ -pair production in e+e− collisions through
direct γ exchange (diagrams (a) and (b) in Fig. 1). Next, we will show that
the basic results of this section still hold for resonant Υ production.

The differential cross section for τ pair production, with spin $s+, $s−, is:

dσ($s+,$s−)

dΩτ−
=

dσ0($s+,$s−)

dΩτ−
+

dσS($s+,$s−)

dΩτ−
+

dσSS($s+,$s−)

dΩτ−
(9)

4

- EPJ.C 35:159, 2004 - 
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Test of unitarity

26

Unique opportunity for probing the coupling strength of the weak current 
to the first and second generation of quarks to a very high precision

CKM Matrix

•  The CKM Mechanism source of Charge Parity Violation in SM 
 

•  Unitary 3x3 Matrix, parametrizes rotation between mass and weak interaction 
eigenstates in Standard Model  

 
  
  

 
 

 

 

 

 
 

Probing the CKM mechanism 

5 Emilie Passemar 

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

The CKM Mechanism

The CKM Mechanism source of ChargeParityViolation in SM
• Unitary 3x3 Matrix, parametrizes rotation between mass and weak interaction 

eigenstates in Standard Model

• Fully parametrized by four parameters if unitarity holds: three real parameters 
and one complex phase that if non-zero results in CPV

• Unitarity can be visualized using triangle equations, e.g. 

14

0

@
d0

s0

b0

1

A =

0

@
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

1

A

0

@
d
s
b

1

A

Weak Eigenstates Mass EigenstatesCKM Matrix

VCKMV †
CKM = 1 ! V ⇤

ubVud + V ⇤
cbVcd + V ⇤

tbVtd = 0

Overview 
of τ physics

Swagato 
Banerjee

The |Vus| element of CKM Matrix

10

1 

1 

1 

λ 

λ2 λ 

λ3 

λ3 λ2 

J.C.Hardy & I.S. Towner, PRC 91 (2015) 025501

Particle Data Group 2016

Precision measurement of |Vus| is a test of CKM unitarity

Vij: Mixing between Weak and Mass Eigenstates

• |Vud| = 0.97417 ± 0.00021 (from nuclear β decays) 

• |Vub| = (4.09 ± 0.39) x 10-3 (from B → Xu ℓ ν decays) 

 ⇒  |Vus|CKM = 0.22582 ± 0.00091

Weak Eigenstates Mass Eigenstates 

1.2  Test of QCD and EW interactions 

•  Inclusive τ-decays : full hadron spectra, perturbative tools: OPE… 
          fundamental SM parameters:  
          QCD studies 

 

•  Exclusive τ-decays : specific hadron spectrum, non perturbative tools 
        Study of ffs, resonance parameters (MR, ΓR) 
        Hadronization of QCD currents 

 
 

•  τ-decays: tool to search for New Physics in inclusive and exclusive decays :  
 

   Unitarity test, CPV, LFV, EDMs, etc. 
 

 

Emilie Passemar 

+
SUSY loops, 
Leptoquarks, 
Z’, Charged Higgs, 
Right-Handed 
Currents,…. 

τ

u

,d s

τν

W

( ),ud us ττ ν→

( ), , ...PP PPP ττ ν→

( ) ,  ,  S us sm V mτα

9 

➡ From kaon, pion, baryon and nuclear decays 

Vus

Vud
0+ → 0+

π → πeνe

K → πℓν

n → peνe

Λ → peνe

π → ℓνℓ

K → ℓνℓ

➡ From τ decays

Vus

Vud τ → ππ0ντ

τ → Kπντ

τ → πντ

τ → Kντ

τ → hNSντ

τ → hSντ

Test of unitarity

V2
ud + V2

us + V2
ub = 1

0+ → 0+ K → πℓν ∼ 1.6 ⋅ 10−5

B decays

?

K → μνμ/π → μνμ
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Two methods of  from τ decaysVus

27

Exclusive: compare the BR of  and τ → πν τ → Kν

Vus = 0.2186 ± 0.0021

➡ within 2σ of the value predicted 
by the CKM unitarityB(τ− → K−ντ) =

G2
F f2

K |Vus |2 m3
τ ττ

16π (1 −
m2

K

m2
τ

)
2
SEW

B(τ− → K−ντ)
B(τ− → π−ντ)

=
f2
K |Vus |2

f 2
π |Vud |2

(m2
τ − m2

K)2

(m2
τ − m2

π)2 (1 + δLD)

Vus = 0.2193 ± 0.0032

➡ consistent with CKM unitarityVus = 0.2255 ± 0.0024

➡ within 3.1σ of the value 
predicted by the CKM unitarity

fundamental parameters of SM


(  )αs , |Vus | , ms

1.2  Test of QCD and EW interactions 

•  Inclusive τ-decays : full hadron spectra, perturbative tools: OPE… 
          fundamental SM parameters:  
          QCD studies 

 

•  Exclusive τ-decays : specific hadron spectrum, non perturbative tools 
        Study of ffs, resonance parameters (MR, ΓR) 
        Hadronization of QCD currents 

 
 

•  τ-decays: tool to search for New Physics in inclusive and exclusive decays :  
 

   Unitarity test, CPV, LFV, EDMs, etc. 
 

 

Emilie Passemar 

+
SUSY loops, 
Leptoquarks, 
Z’, Charged Higgs, 
Right-Handed 
Currents,…. 

τ

u

,d s

τν

W

( ),ud us ττ ν→

( ), , ...PP PPP ττ ν→

( ) ,  ,  S us sm V mτα

9 

- BaBar, Phys. Rev. Lett. 105 051602 -  

Inclusive: compare the BR of  and τ → (ūd) ν τ → (ūs) ν

hadrons with S=1

ΔRSU(3) breaking =
RNS

Vud
2 −

Rs

Vus
2

hadrons with S=0
BR w.r.t. BR(τ → eνν )

decay constant electroweak corrections

electroweak correctionsFermi constant
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 from τ decays @Belle IIVus
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New results with improved theoretical input

➡ precise determination of  from kaon and nuclear decays


➡ discrepancy with CKM unitarity at 

Vus

4.8 σ2.1  Introduction: Cabibbo angle anomaly  

 
 
 
 
 

 
 
 
 
 
 
 
 

 

 
      
 
 
 
 

 
 
              
 
 
 

 
 

 
 
 
 

 
 
 
 

 
 

Emilie Passemar 14 

Flavor in the News! 
Several lingering unconfirmed flavor anomalies

• Muon g-2 (~3+ σ)
• Lepton universality in B decays (R(K),R(D),R(D*)~3σ)
• Unitarity of CKM first row(~2-3 σ)

V. Cirigliano

Tensions in 
Vud and Vus

Possible connections 
between LFU and CKM 
unitarity.

Crivellin and  Hoferichter 2020

2

Results from Kaon 
decays and nuclear 
0+ à 0+ beta 
decays  
         

discrepancy  
with CKM  
unitarity at  
    4.8 σ ! 

Can τ physics help? 

➡ currently less precise determination of  


➡ large PID systematic uncertainties @BaBar

➡ inclusive measurement not truly inclusive

Vus
Improved determination of |V

us
| from tau decays

Updated |Vus | from tau decays

|Vud | updates

I PDG 2018 → 2020
|Vud |: new estimates of universal electroweak
radiative corrections to superallowed nuclear
beta decays [Seng et al. 2018, Czarnecki et

al. 2019, Seng et al. 2019]
⇒ tension in CKM first row unitarity

Other updates since EPS-HEP 2019

I FLAG 2016 → FLAG 2019 lattice QCD averages

I HFLAV 2018 report accepted by EPJC Jun 2020

|Vus | from tau status at ICHEP 2020

I |Vus |fi→X
s
! − |Vus |uni = −4:2ff (was −2:9ff)

I other |Vus | from tau more than −2ff apart

Alternative |Vus | (fi → Xs!) determinations

I R.J.Hudspith et al., PLB 781 (2018) 206,
P.Boyle et al., PRL 121/20 (2018) 202003
are consistent with kaon |Vus | values

|Vus | from tau decays, ICHEP 2020

0.22 0.225

|
us

|V

 = 2+1+1, PDG 2020
f

, Nl3K

 0.0007±0.2237 

 = 2+1+1, PDG 2020
f

, Nl2K

 0.0004±0.2245 

CKM unitarity, PDG 2020

 0.0006±0.2278 

νs X→ τ

 0.0019±0.2195 

νπ → τ / ν K→ τ

 0.0015±0.2234 

  [RM123]νπ → τ / ν K→ τ

 0.0015±0.2234 

ν K→ τ

 0.0015±0.2234 

  [RM123]ν K→ τ

 0.0014±0.2237 

A.L. elab

ICHEP 2020

A.L. elab.

ICHEP 2020

I RM123 determinations use Di Carlo 2019 isospin-limit
fK=fı and fK elaborations based on FLAG 2019

Alberto Lusiani, SNS & INFN Pisa – ICHEP 2020, Prague, 28 July - 6 August 2020 4 / 4
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Improved determination of |V
us

| from tau decays

Updated |Vus | from tau decays
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I PDG 2018 → 2020
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radiative corrections to superallowed nuclear
beta decays [Seng et al. 2018, Czarnecki et

al. 2019, Seng et al. 2019]
⇒ tension in CKM first row unitarity
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I FLAG 2016 → FLAG 2019 lattice QCD averages
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|Vus | from tau status at ICHEP 2020
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P.Boyle et al., PRL 121/20 (2018) 202003
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0.22 0.225
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ICHEP 2020
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1.2  Test of QCD and EW interactions 

•  Inclusive τ-decays : full hadron spectra, perturbative tools: OPE… 
          fundamental SM parameters:  
          QCD studies 

 

•  Exclusive τ-decays : specific hadron spectrum, non perturbative tools 
        Study of ffs, resonance parameters (MR, ΓR) 
        Hadronization of QCD currents 

 
 

•  τ-decays: tool to search for New Physics in inclusive and exclusive decays :  
 

   Unitarity test, CPV, LFV, EDMs, etc. 
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+
SUSY loops, 
Leptoquarks, 
Z’, Charged Higgs, 
Right-Handed 
Currents,…. 

τ

u

,d s

τν

W

( ),ud us ττ ν→

( ), , ...PP PPP ττ ν→

( ) ,  ,  S us sm V mτα

9 

SciPost Phys. Proc. 1, 001 (2019)

-2-2

0.22 0.225
|us|V

CKM unitarity, PDG 2018
 0.0009±0.2256 

 s incl., HFLAV Spring 2017→ τ
 0.0021±0.2186 

 s incl., HFLAV + BABAR 2018→ τ
 0.0019±0.2195 

 s incl., HFLAV + BABAR + kaons→ τ
 0.0018±0.2202 

 s incl., Antonelli 2013→ τ
 0.0027±0.2207 

 s incl., Hudspith 2018→ τ
 0.0004± 0.0027 ±0.2231 

 s incl., Boyle 2018a→ τ
 0.0013± 0.0015 ±0.2228 

 s incl., Boyle 2018b→ τ
 0.0013± 0.0011 ±0.2245 

A.L. elab.
Tau 2018

Figure 1: |Vus|⌧s
determinations obtained in this document, from the top: |Vus|uni

,
|Vus|⌧s

with the HFLAV Spring 2017 fit, after adding the BABAR 2018 data, after adding
both the BABAR 2018 and the kaon indirect predictions, from Ref. [6], from Ref. [21],
and two determinations from Ref. [22].

-2-2

●

|Vus|(τ → K τ → π)

|Vus|(τ → s)

|Vud|CKM
unitarity

fit

0.215

0.220

0.225

0.230

0.973 0.974 0.975 0.976
|Vud|

|V
us
|

Figure 2: Results of a |Vud |-|Vus| simultaneous fit. The bands describe the constraints
corresponding to the |Vud |measurement, the |Vus|⌧s

and the |Vus|⌧K/⇡ determinations
that use the ⌧ measurements. The oblique line corresponds to the CKM matrix uni-
tarity constraint. The ellipse corresponds to 1� uncertainty on the |Vud | and |Vus| fit
results.

1.4

SciPost Phys. Proc. 1, 001 (2019) 

3σ tension between from the CKM matrix 
unitarity and . 

|Vus |
τ → s

What can we do @BelleII?

➡ larger data sample will be available

➡ similar to LFU analysis use 3x1 and 1x1 topologies

➡ improve the understanding of the detector (PID, trigger, … )
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A.Lusiani (INFN & SNS, Pisa) Search for Lepton-Flavor-Violating Tau Decays at the B-factories

Neutrino mixing observations also Charged Lepton Flavour is Violated

τ → µγ LFV from neutrino mixing

τ−

ντ νµ

W−
γ

µ−

! however, neutrino-mixing induced LFV rates heavily suppressed and unobservable

according to PRD 16 (1977) 1444:

"
Γ(µ→ eγ)
Γ(µ→ eνν)

=
3α
32π
∆m2
ν12

M2
W

sin2 θ21 cos2 θ21

" for ∆mν32 = 3·10−3 eV and maximal mixing BF(τ→ µγ) ≈ O
(

10−54
)

HQL 2010 Heavy Quarks and Leptons, INFN Laboratori Nazionali di Frascati, 10–15 October, 2010 1

A.Lusiani (INFN & SNS, Pisa) Search for Lepton-Flavor-Violating Tau Decays at the B-factories

LFV expectations from New Physics models

s-lepton mixing (e.g. MSSM)

τ−

ν̃τ ν̃µ

χ̃−
γ

µ−

Higgs mediated LFV (e.g. NUHM SUSY)

τ−

µ

H
µ+/s

µ−/s

Model Reference expected LFV BRs

SUSY Higgs PLB 549 (2002) 159
PLB 566 (2003) 517 10−10 − 10−7

SUSY heavy Majorana neutrinos PRD 66 (2002) 034008 10−10 − 10−9

Nonuniversal Z′ PLB 547 (2002) 252 10−9 − 10−8

SUSY SO(10) NPB 649 (2003) 189
PRD 68 (2003) 033012 10−10 − 10−8

mSUGRA Seesaw EPJ C14 (2002) 319
PRD 66 (2002) 115013 10−9 − 10−7

SM with heavy Dirac neutrinos PRD 62 (2000) 036010
NP B437 (1995) 491 10−6

HQL 2010 Heavy Quarks and Leptons, INFN Laboratori Nazionali di Frascati, 10–15 October, 2010 3

A.Lusiani (INFN & SNS, Pisa) Search for Lepton-Flavor-Violating Tau Decays at the B-factories

LFV expectations from New Physics models
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LFV from ν mixing

Higgs mediated LFV s-lepton mixing

Lepton flavour conservation

30

What about the charged leptons?        k

➡ 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)

Conservation of the individual lepton-flavour and the total lepton numbers within the SM (mν = 0)

Gglobal
SM = U(1)B ⇥ U(1)Le ⇥ U(1)Lµ ⇥ U(1)L⌧

➡ The observation of neutrino oscillations as a first sign of LFV beyond the SM!

B(`1 ! `2�) =
3↵

32⇡

�����
X

i=2,3

U⇤
`1iU`2i

�m2
i1

M2
W

�����

2

,

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



     Ami Rostomyan                                                                                                                                                                                                                              Anomalies and Precision in the Belle II Era                                                                                                                                       

A.Lusiani (INFN & SNS, Pisa) Search for Lepton-Flavor-Violating Tau Decays at the B-factories

Neutrino mixing observations also Charged Lepton Flavour is Violated

τ → µγ LFV from neutrino mixing

τ−

ντ νµ

W−
γ

µ−

! however, neutrino-mixing induced LFV rates heavily suppressed and unobservable

according to PRD 16 (1977) 1444:

"
Γ(µ→ eγ)
Γ(µ→ eνν)

=
3α
32π
∆m2
ν12

M2
W

sin2 θ21 cos2 θ21

" for ∆mν32 = 3·10−3 eV and maximal mixing BF(τ→ µγ) ≈ O
(

10−54
)

HQL 2010 Heavy Quarks and Leptons, INFN Laboratori Nazionali di Frascati, 10–15 October, 2010 1

A.Lusiani (INFN & SNS, Pisa) Search for Lepton-Flavor-Violating Tau Decays at the B-factories

LFV expectations from New Physics models

s-lepton mixing (e.g. MSSM)

τ−

ν̃τ ν̃µ

χ̃−
γ

µ−

Higgs mediated LFV (e.g. NUHM SUSY)

τ−

µ

H
µ+/s

µ−/s

Model Reference expected LFV BRs

SUSY Higgs PLB 549 (2002) 159
PLB 566 (2003) 517 10−10 − 10−7

SUSY heavy Majorana neutrinos PRD 66 (2002) 034008 10−10 − 10−9

Nonuniversal Z′ PLB 547 (2002) 252 10−9 − 10−8

SUSY SO(10) NPB 649 (2003) 189
PRD 68 (2003) 033012 10−10 − 10−8

mSUGRA Seesaw EPJ C14 (2002) 319
PRD 66 (2002) 115013 10−9 − 10−7

SM with heavy Dirac neutrinos PRD 62 (2000) 036010
NP B437 (1995) 491 10−6

HQL 2010 Heavy Quarks and Leptons, INFN Laboratori Nazionali di Frascati, 10–15 October, 2010 3
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LFV from ν mixing

Higgs mediated LFV s-lepton mixing

Lepton flavour conservation
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What about the charged leptons?        k

➡ 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)

Conservation of the individual lepton-flavour and the total lepton numbers within the SM (mν = 0)

Gglobal
SM = U(1)B ⇥ U(1)Le ⇥ U(1)Lµ ⇥ U(1)L⌧

➡ The observation of neutrino oscillations as a first sign of LFV beyond the SM!

B(`1 ! `2�) =
3↵

32⇡

�����
X

i=2,3

U⇤
`1iU`2i

�m2
i1

M2
W

�����

2

,

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

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

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).

 γ - e
γ -

µ
0 π - e
0 π -

µ
η - e
η -

µ
'η - e
'η -

µ
0 S

 K- e
0 S

 K-
µ

0 f- e
0 f-

µ
0ρ - e
0ρ -

µ
 K

*
- e
 K

*
-

µ
K* - e
K* -

µ
φ - e
φ -

µ
ω - e
ω -

µ
-

 e+
 e- e

-
 e+

 e-
µ

-
µ +

µ - e
-

µ +
µ -

µ
-

 e+
µ - e

-
µ +

 e-
µ

-
π + π - e

-
π +

π -
µ

-
 K+ π - e

-
 K+

π -
µ

- π +
 K- e

-
π +

 K-
µ

-
 K+

 K- e
-

 K+
 K-

µ
0 S

 K0 S
 K- e

0 S
 K0 S

 K-
µ

-
π +

 e-
π

-
π +

µ -
π

-
 K+

 e-
π

-
 K+

µ -
π

-
 K+

 e-
K

-
 K+

µ -
K

Λ -
π
Λ - π
Λ -

K
Λ - K

 d
ec

ay
s

τ
90

%
 C

.L
. u

pp
er

 li
m

its
 fo

r L
FV

 

-1010

-910

-810

-710

-610

-510

CLEO
BaBar
Belle
LHCb
Belle II

γl 0lP 0lS 0lV lll lhh hΛ

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

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).

 γ - e
γ -

µ
0 π - e
0 π -

µ
η - e
η -

µ
'η - e
'η -

µ
0 S

 K- e
0 S

 K-
µ

0 f- e
0 f-

µ
0ρ - e
0ρ -

µ
 K

*
- e
 K

*
-

µ
K* - e
K* -

µ
φ - e
φ -

µ
ω - e
ω -

µ
-

 e+
 e- e

-
 e+

 e-
µ

-
µ +

µ - e
-

µ +
µ -

µ
-

 e+
µ - e

-
µ +

 e-
µ

-
π + π - e

-
π +

π -
µ

-
 K+ π - e

-
 K+

π -
µ

- π +
 K- e

-
π +

 K-
µ

-
 K+

 K- e
-

 K+
 K-

µ
0 S

 K0 S
 K- e

0 S
 K0 S

 K-
µ

-
π +

 e-
π

-
π +

µ -
π

-
 K+

 e-
π

-
 K+

µ -
π

-
 K+

 e-
K

-
 K+

µ -
K

Λ -
π
Λ - π
Λ -

K
Λ - K

 d
ec

ay
s

τ
90

%
 C

.L
. u

pp
er

 li
m

its
 fo

r L
FV

 

-1010

-910

-810

-710

-610

-510

CLEO
BaBar
Belle
LHCb
Belle II

γl 0lP 0lS 0lV lll lhh hΛ

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

The upper limits reached for τ decays approached the regions sensitive to NP.

Test the SM in a variety of ways


➡ radiative ( )


➡ leptonic decays ( )


➡ a large variety of LFV and LNV semi-leptonic decays


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

τ → ℓγ

τ → ℓℓℓ

ℓ = e or μ
 = states with no 

lepton flavour number
h±

ℓ
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Effective field theory approach

33

➡ 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) -  


