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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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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: 711 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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SuperKEKB – major upgrade of the KEKB

➡ an asymmetric electron-positron collider 


7.0 GeV (e-) / 4.0 GeV (e+) 

➡ smaller interaction point

➡ increased currents


First collisions in 2018
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)

Unprecedented design luminosity of ~ 6×1035 cm-2s-1
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Belle II - next generation B-factory
Not just B-factory but also τ factory!
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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]

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 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!

Performance

➡ upgraded trigger system

➡ improved impact-parameter resolution

➡ excellent tracking efficiency

➡ smarter software

➡ more precise algorithms 

Collected ~ 200 fb-1 of data

Luminosity records

➡ June 2020: 

➡ June 2021: 

L = 2.4 × 1034cm−2s−1

L = 3.1 × 1034cm−2s−1
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The τ lepton
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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
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B(h! µ⌫̄µ)

2mhm2
µ⌧h

(1 + �h)m3
⌧⌧⌧

0
BBBBB@

1 � m2
µ/m2

h

1 � m2
h/m

2
⌧

1
CCCCCA

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]

A. Lusiani et al: arXiv:1804.08436 

In principle one could address 

➡ CPT conservation

➡ lepton universality

➡ CKM unitarity

➡ new sources of CP violation

➡ lepton flavour and number violation

➡ …


The problem is the precision!

SciPost Phys. Proc. 1, 001 (2019)
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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.
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http://www.quarked.org/askmarks/answer4.html
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The mass 

7

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 

 

➡ match statistical precision of Belle/BaBaR with ~300 fb-1

➡ future improvements of reconstruction efficiency and 
systematic uncertainty

current luminosity

(213/fb)

See  poster of N. Rad

        slides of M. Villanueva

arXiv:2008.04665
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The lifetime 

8

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

➡ the resolution @Belle II is nearly x2 
narrower than @Belle 

World best measurement from Belle using 711 fb-1 of data and 3x3 topology

See  poster of S. Moneta

        slides of M. Villanueva

p(t; τ) =
1
τ

e−t/τ × ℛ(t)

Competitive statistical precision can 
already be reached with 200 fb-1 

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

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

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

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

ττ = (290.17 ± 0.53stat ± 0.33sys)fs
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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 

9

11 July 2017 Ulrik Egede 9/31

Semileptonic decays

In the SM, the decay                   proceed through a tree level decay

R (D∗)=
BF (B→D∗ τ ν)

BF (B→D∗μ ν)
 =

SM
 0.252±0.003

B
0→D∗−

l
+ ν
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l
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11 July 2017 Ulrik Egede 9/31

Semileptonic decays

In the SM, the decay                   proceed through a tree level decay

R (D∗)=
BF (B→D∗ τ ν)

BF (B→D∗μ ν)
 =

SM
 0.252±0.003

B
0→D∗−

l
+ ν

H±/ H–

e-μ-τ universality

9

⌫⌧⌫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

Are these hints of a new fundamental interaction that violates LFU? 

Anomalies in quark sector

➡ R(D)-R(D*) plane (~3.1σ)


➡ R(K) (3.1σ), also P5’ in B→K*µµ (~3.4σ)


➡ and more…

Significant tensions in lepton sector

➡ anomalous magnetic moment of µ (4.2σ) and e (~2.5σ)

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>
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Any hint in the tau sector?

10

Test of e–μ universality Test of τ–μ universality

(
gμ

ge )
2

τ

∝
B(τ− → μ−ν̄μντ)
B(τ− → e−ν̄eντ) ( gτ

gμ )
2

h

∝
B(τ → hντ)
B(h → μνμ)

➡ in agreement with SM 

(
gμ

ge )
τ

= 1.0036 ± 0.0020

Most precise measurement from BaBar

( gτ

gμ )
h

= 0.9850 ± 0.0054

➡ 2.8 σ below the SM expectation

6

data, along with the background MC contributions.
For the τ− → e−νeντ channel, 884426 events are se-

lected with an efficiency and purity of (0.589 ± 0.010)%
and (99.69±0.06)%, respectively. The number of selected
events, efficiency, purity and systematic uncertainties on
Ri of the τ− → µ−νµντ , τ− → π−ντ , and τ− → K−ντ
selections are presented in Table I. These uncertain-
ties include contributions from the particle identification,
the sensitivity to detector response including the impact
of changing the MC momentum scale and DCH resolu-
tion, modelling of hadronic and electromagnetic showers
in the EMC, the EMC energy scale, and angular mea-
surements made by these detectors within their mod-
elling uncertainties, the backgrounds, initial- and final-
state radiation, radiation in τ decays, rate and shape of
τ− → π−π−π+ντ decays, the trigger, and Lσe+e−→τ+τ− .
The systematic uncertainty on Rµ is dominated by uncer-
tainties in particle identification. The Rπ and RK mea-
surements have additional dominant contributions from
the detector modelling and associated backgrounds, due
to stronger cuts on the EMC energy necessary to reduce
non-τ backgrounds. Presence of the ∼20% backgrounds
in these channels render them more sensitive to the mod-
elling of the tag-side decays. The dominant background
uncertainty in the Rπ measurement arises from the elec-
tron contamination in the π sample investigated by mea-
suring the number of events that fail the E/p electron
veto requirement in data and MC. In the RK event sam-
ple, the uncertainty arising from τ decay branching frac-
tions of background modes is 0.58%, which is dominated
by the uncertainty of the τ− → K0

LK
−ντ fraction. There

is also a 0.49% uncertainty assigned for qq̄ backgrounds,
which are studied using events with an invariant mass of
the tracks in the tag hemisphere above the τ -mass and
cross-checked in regions of thrust and cos(θCM

miss) enriched
with these backgrounds.

TABLE I: Number of selected events, purity, total efficiency,
component of the efficiency from particle identification, and
systematic uncertainties (in %) on Ri for each decay mode.

µ π K

N
D 731102 369091 25123

Purity 97.3% 78.7% 76.6%
Total Efficiency 0.485% 0.324% 0.330%
Particle ID Efficiency 74.5% 74.6% 84.6%
Systematic uncertainties:
Particle ID 0.32 0.51 0.94
Detector response 0.08 0.64 0.54
Backgrounds 0.08 0.44 0.85
Trigger 0.10 0.10 0.10
π−π−π+ modelling 0.01 0.07 0.27
Radiation 0.04 0.10 0.04
B(τ− → π−π−π+ντ ) 0.05 0.15 0.40
Lσe+e−→τ+τ− 0.02 0.39 0.20
Total [%] 0.36 1.0 1.5

The measured branching ratios and fractions are:

Rµ = (0.9796± 0.0016± 0.0036)

Rπ = (0.5945± 0.0014± 0.0061)

RK = (0.03882± 0.00032± 0.00057)

Rh = Rπ +RK = (0.6333± 0.0014± 0.0061)

B(τ− → µ−νµντ ) = (17.46± 0.03± 0.08)%

B(τ− → π−ντ ) = (10.59± 0.03± 0.11)%

B(τ− → K−ντ ) = (0.692± 0.006± 0.010)%

where h = π or K and we use B(τ− → e−νeντ ) =
(17.82 ± 0.05)% [3]. The off-diagonal elements of the
correlation matrix for the measured ratios (branching
fractions) are ρµπ =0.25 (0.34), ρµK =0.12 (0.20), and
ρπK =0.33 (0.36). The µ and π measurements are con-
sistent with and of comparable precision as the world av-
erages [3] whereas the K measurement is consistent with
but twice as precise as the world average [3].
Tests of µ− e universality can be expressed as

(

gµ
ge

)2

τ

=
B(τ− → µ−νµντ )

B(τ− → e−νeντ )

f(m2
e/m

2
τ )

f(m2
µ/m2

τ )
,

where f(x) = 1 − 8x + 8x3 − x4 − 12x2 log x, assuming
that the neutrino masses are negligible [21]. This gives
(

gµ
ge

)

τ
= 1.0036± 0.0020, yielding a new world average

of 1.0018± 0.0014, which is consistent with the SM and
the value of 1.0021± 0.0015 from pion decays [3, 22].
Tau-muon universality is tested with

(

gτ
gµ

)2

h

=
B(τ → hντ )

B(h → µνµ)

2mhm2
µτh

(1 + δh)m3
τ ττ

(

1−m2
µ/m

2
h

1−m2
h/m

2
τ

)2

,

where the radiative corrections are δπ = (0.16 ± 0.14)%
and δK = (0.90± 0.22)% [23]. Using the world averaged
mass and lifetime values and meson decay rates [3], we

determine
(

gτ
gµ

)

π(K)
= 0.9856± 0.0057 (0.9827± 0.0086)

and
(

gτ
gµ

)

h
= 0.9850± 0.0054 when combining these re-

sults; this is 2.8σ below the SM expectation and within
2σ of the world average.
We use the kaon decay constant fK = 157±2MeV [11],

and our value of

B(τ− → K−ντ ) =
G2

F f
2
K |Vus|2m3

τττ
16πh̄

(

1−
m2

K

m2
τ

)2

SEW ,

where SEW = 1.0201± 0.0003 [24], to determine |Vus| =
0.2193 ± 0.0032. This measurement is within 2σ of the
value of 0.2255±0.0010 predicted by CKM unitarity and
is also consistent with the value of |Vus| = 0.2165±0.0027
derived from the inclusive sum of strange τ decays [9].
Both of our measured |Vus| values depend on absolute

strange decay rates. Our value of RK/π = (0.06531 ±
0.00056±0.00093), however, provides a |Vus| value driven

➡ The BR measurements dominated by systematic uncertainty

➡ μ: PID due limited size of data and MC samples

➡ h: additional contribution to systematics detector modelling 

and associated BGs

Phys.Rev.Lett.105:051602 (2010) 
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Prospects @ Belle II 
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Use 3x1 and 1x1 (not used @BaBar)

 8

A possible test of LFU in tau decays

At Babar ( Phys. Rev. Lett. 105  051602,
ArXiv: 0912.0242 (2010)), details here

with 500 fb-1, R
µ
=0.976 ± 0.0016

stat
 ± 0.0036

sys
  

And (g
µ
/g

e
)

τ
= 1.0036 ± 0.0020

8

It is in principle very simple: compare the rates of τ→µνν vs τ→eνν

μ-

νμ

1-prong

We plan to use both 3-prong (LFU+BF) and 1-prong (LFU) tag side

➡ Belle II can already exceed BaBar and CLEO on statistical precision for BR ratio.

➡ The goal: achieve better systematic precision


➡ lepton ID uncertainties should scale well with luminosity & higher MC statistics
➡ trigger uncertainty already at few % level 

 8

A possible test of LFU in tau decays

At Babar ( Phys. Rev. Lett. 105  051602,
ArXiv: 0912.0242 (2010)), details here

with 500 fb-1, R
µ
=0.976 ± 0.0016

stat
 ± 0.0036

sys
  

And (g
µ
/g

e
)

τ
= 1.0036 ± 0.0020

8

It is in principle very simple: compare the rates of τ→µνν vs τ→eνν

μ-

νμ

1-prong

We plan to use both 3-prong (LFU+BF) and 1-prong (LFU) tag side

➡ ~4x higher efficiency with better purity compared to BaBar ➡ better (very close) performance for eμ (μμ) compared to CLEO 

See slides of A. Martini

BELLE2-NOTE-PL-2021-009
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FIG. 9: The trigger e�ciency measured in MC for the 1x1 topology in the µµ channel as a function

of the polar angle of the track with lowest pT . The trigger requirement is the logical OR of two

track CDC bits. Statistical errors are shown.

FIG. 10: E�ciency vs purity for the 1x1 ⌧ topology. The NN approach behaves better than

fastBDT and the new BDT LID perform better than likelihood LID. Overall, results show that

Belle II is capable to almost match CLEO performances in the eµ case.

6

FIG. 11: E�ciency vs purity for the 1x1 ⌧ topology for the µµ case. The NN approach behaves

better than fastBDT and the new BDT LID perform better than likelihood LID. Overall, results

show that Belle II is capable to almost match CLEO performances in the µµ case.
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Test of unitarity
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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. 
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0
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d0
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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 Flavour 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
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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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 from τ decays @Belle IIVus
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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. 
 

 

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 

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, … )5. K-EFFICIENCY AND ⇡-MIS-ID RATE IN MOMENTUM/POLAR ANGLE

BINS

0.5 1 1.5 2 2.5 3 3.5 4 4.5
Momentum [GeV/c]
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/

 

K ID efficiency (data)
K ID efficiency (MC)

 mis-ID rate (data)π
 mis-ID rate (MC)π

-1Ldt = 71.2 fb∫
 preliminaryBelle II

FIG. 4: Kaon e�ciency and pion mis-ID rate for the PID criterion RK/⇡ > 0.5 using the
decay D⇤+ ! D0[K�⇡+]⇡+ in the bins of laboratory frame momentum of the tracks.

6

D*+ → D0[K−π+]π+
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τ electric and magnetic dipole moments
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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 
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• 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 

➡ induced at one-loop level in SM  


➡ NP contribution expected ∝
m2

ℓ

Λ2

➡ induced at multi-loop level and therefore 
highly suppressed in SM 


➡ NP contribution expected ∝
mℓ

Λ2

The lifetime is very short to measure its interaction with an electromagnetic field 

EDM MDM
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EDM & MDM

17

MDM of the fast-decaying τ

➡ 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 probes CP-violating new physics


➡ 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 - 

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 - 

Γμ(q2) = F1(q2)γμ + F2(q2)
iσμνqν

2mτ
+ F3(q2)

σμνqνγ5

2mτ

In EFT interactions between τ and photon  

➡ : Dirac form factor 

➡ : Pauli form factor 

➡ : 

F1(q2) F1(0) = 1

F2(q2) F2(0) = aτ

F3(q2) F3(0) = dτ ⋅ 2mτ / eQτ

In the case of q2 6= 0, the from factor will also change within the Standard Model (SM).
Further descriptions can found in sec. . The anomalous dipole moments describe the devi-
ation from the SM prediction. With the description of the form factors given in eq. 2, the
matrix element for the �-exchange is given by

�iM�
↵�,⇢� = [v̄⇢e(p+)ie�

µu�
e (p�)]⇥

�igµ⌫
q2

⇥
⇥
ū�
⌧ (k�)ie�

⌫v↵⌧ (k+)
⇤

(5a)

= [v̄⇢e(p+)ie�
µu�

e (p�)]⇥
�igµ⌫
q2

⇥
⇥
ū�
⌧ (k�)ieF1

�
q2
�
�⌫v↵⌧ (k+)

⇤
(5b)

+ [v̄⇢e(p+)ie�
µu�

e (p�)]⇥
�igµ⌫
q2

⇥


ū�
⌧ (k�)ieF2

�
q2
� 1

2m⌧
i�⌫�q�v

↵
⌧ (k+)

�
(5c)

+ [v̄⇢e(p+)ie�
µu�

e (p�)]⇥
�igµ⌫
q2

⇥


ū�
⌧ (k�)ieF3

�
q2
� 1

2m⌧
�⌫�q��5v

↵
⌧ (k+)

�
(5d)

M↵�,⇢� = M�
↵�,⇢� +MZ

↵�,⇢� (5e)

The indices ↵, �, ⇢, � labels the spin orientation of the individual particles. The contribution
shown in eq. 5b represents the SM part and will be labeled withM0. The contributions shown
in eq. 5c and in eq. 5d contain the anomalous dipole moments and will be labeled withMMDM

and MEDM, respectively. For the full matrix element description, the contribution from Z-
exchange MZ

↵�,⇢� has to be added. This contributions is not shown here explicitly since it
is the SM contribution without any further corrections. The Spin Density Matrix (SDM) is
now be given by

�↵↵0,��0 = 1
2

X

⇢�=±1
2

M↵�,⇢�M
⇤
↵0�0,⇢� (6)

In the case of polarized beams, the sum over the initial spin configuration ⇢� could be avoided
since the individual beam polarizations would correspond to the respective spin configura-
tion. For an unpolarized beam, the respective spin configurations has to be summed.
For the scope of this study, only events at the Y (4S)-resonance will be taken into account.
Therefore all form factor will be measured at q2 = 10.58 GeV. For easier distinguishing, the
actual measured factors are given by

fg := F2 (s) fd := F3 (s)
p
s = Y (4S) = 10.58 GeV (7)

2.1. Higher Order Corrections

Calculations done by N. Kaiser Technische Universität München
we do not take credit for this work

The ⌧ pair production SDM can be split up into several contributions of order up to
↵3[11]:

�prod =
↵2

p
s� 4

16m2
⌧s

5/2

n
�tree + ��vert + �vacpol + �⌧�vert + �box + �tree �soft

o
, (8)

4

F2 / F3

fg := F2(s)

fd := F3(s)
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τ pair production

�⇤

e+

e+,0

(�ISR)

e+,⇤

e�
e�,0

(�ISR)

e�,⇤

⌧+,⇤⌧+,0

(�FSR)
⌧+

⌧�,⇤
⌧�,0

(�FSR)
⌧�

FIG. 2: Schematic of the impact of ISR and FSR on the initial and final state kinematic in ⌧ -pair
production

⌧�

⌫⌧
W�

e�

⌫̄e

⌧�

⌫⌧
W�

µ�

⌫̄µ

⌧�

⌫⌧

⇡�

⌧�

⌫⌧

⇢�

⇡�

⇡0

�

�

FIG. 3: The four individual 1-prong ⌧ -decays are shown for the ⌧�. The ⌧+-side can be derived
analogously.

which will be labeled with ’e’, ’µ’, ’⇡’ and ’⇢’, respectively. The decay matrix D has to be
convoluted with the SDM given in eq. 6 in order to obtain the full cross section description.
For the scope of this study, it is assumed that no physics beyond the standard model apears
within the ⌧ -decay. In the following, the decay matrices for the individual decay-modes will
be discussed.

⌧ -Decay: e⌫⌫ and µ⌫⌫

Beginning with the leptonic decay mode ’l’(’e’, ’µ’), its current is given by

j↵,µl (pl, pl0) = v̄↵
0

l0 (pl0)
ie

sin (✓w)
p
2
�µ1� �5

2
u↵
l (pl) ↵ 2

�
�

1
2 ,

1
2

 
↵0

⌘ �↵ (27)

With ↵ being the helicity of the lepton. The neutrino has to be opposite since there are only
left-handed neutrinos (right-handed anti-neutrinos) within the Standard Model. With the
leptonic current, the S-matrix element can be determined for the transition of ⌧� (k�) !

l� (p�) + ⌫̄l (p⌫) + ⌫⌧ (k⌫)

�iM l
↵� (k�, k⌫ , p�, p⌫) = j�,µl (k�, k⌫)⇥

�igµ⌫
q2 �m2

W

⇥ j↵,⌫l (p⌫ , pl) (28)

Using charge conjugation, the transition for ⌧+ can be obtained. Due to the kinematic
constrain k� = k⌫ + p⌫ + p�, one momentum can be expressed by the remaining momenta.

8

Matrix element Decay modes
EFT Extension for · -Pair Production [1]

in close cooperation with Otto Nachtmann and Markus Diehl

e+(p+)

e≠(p≠)
“

·+(k+)

·≠(k≠)
�

q = k+ + k≠; q2
Ø 4m2

· e > 0; ‡µ‹ = i

2
[“µ, “‹ ]

È·≠ (k≠) , ·+ (k+) , out|Jµ
em|0Í = ≠eū (k≠) �µv (k+)

�µ = F1
!

q2"
“µ

¸ ˚˙ ˝
radiative

corrections

+ F2
!

q2" 1
2m·

i‡µ‹q‹

¸ ˚˙ ˝
MDM

+ F3
!

q2" 1
2m·

‡µ‹q‹“5
¸ ˚˙ ˝

EDM

≠iM = [v̄e(p+)ie“µue(p≠)] ◊
≠igµ‹

q2 ◊ [ū· (k≠)ie�‹v· (k+)]

= [v̄e(p+)ie“µue(p≠)] ◊
≠igµ‹

q2 ◊

#
ū· (k≠)ieF1

!
q2"

“‹v· (k+)
$

(:= M0)

+ [v̄e(p+)ie“µue(p≠)] ◊
≠igµ‹

q2 ◊

Ë
ū· (k≠)ieF2

!
q2" 1

2m·
i‡‹–q–v· (k+)

È !
:= MMDM

!
gÕ

·

""

+ [v̄e(p+)ie“µue(p≠)] ◊
≠igµ‹

q2 ◊

Ë
ū· (k≠)ieF3

!
q2" 1

2m·
‡‹–q–“5v· (k+)

È
(:= MEDM (d· ))
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dσ
dΩ

∝ ∑
αα′￼ββ′￼ = ± 1/2

χαα′￼ββ′￼ [e−e+ → τ−τ+] × Dββ′￼ [τ− → a + X] × Dαα′￼ [τ+ → b + Y ]

SDM  decayτ−  decayτ+

−i Mγ
αβ,ρσ = [v̄ρ

e(p+)ieγμuσ
e (p−)] ×

−igμν

q2
× [ūβ

τ(k−)ieΓνvα
τ (k+)]

no NP contributionχαα′￼ββ′￼ = χSM
αα′￼ββ′￼

+ χEDM
αα′￼ββ′￼

fd + χMDM
αα′￼ββ′￼

fg

Extraction of anomalous EDM and MDM

➡ using the optimal observables


➡ provide the best statistical precision

Prospects @Belle II

(with better tracking, PID, trigger simulation, etc…)


➡ EDM: significant improvements expected


➡ MDM: similar sensitivity as for EDM expected


➡ attention of the theorists is need for interpretation

𝒪( f SM
k ) = (∂σSM

∂Ω )
−1

⋅
∂ ∂σ

∂Ω

∂fk
fk=f SM

k

fk ∈ {ℜ( fg), ℑ( fg), ℜ( fd), ℑ( fd)}
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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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Probe the existence of a new boson α in τ → 𝓁 α ⌧sig
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<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>

⌫⌧
<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>

W�

⌫̄e

µ�

⌫̄µ

e�

⌫̄⌧
<latexit sha1_base64="a+BD9CrmvPfZ11Mfy0UkgVxpBxE=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68VjBfkATymS7aZduNnF3Uyihv8OLB0W8+mO8+W/ctjlo64OBx3szzMwLU8G1cd1vZ219Y3Nru7RT3t3bPzisHB23dJIpypo0EYnqhKiZ4JI1DTeCdVLFMA4Fa4eju5nfHjOleSIfzSRlQYwDySNO0Vgp8ENUxJdZzzeY9SpVt+bOQVaJV5AqFGj0Kl9+P6FZzKShArXuem5qghyV4VSwadnPNEuRjnDAupZKjJkO8vnRU3JulT6JEmVLGjJXf0/kGGs9iUPbGaMZ6mVvJv7ndTMT3QQ5l2lmmKSLRVEmiEnILAHS54pRIyaWIFXc3kroEBVSY3Mq2xC85ZdXSeuy5rk17+GqWr8t4ijBKZzBBXhwDXW4hwY0gcITPMMrvDlj58V5dz4WrWtOMXMCf+B8/gCL9JHx</latexit><latexit sha1_base64="a+BD9CrmvPfZ11Mfy0UkgVxpBxE=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68VjBfkATymS7aZduNnF3Uyihv8OLB0W8+mO8+W/ctjlo64OBx3szzMwLU8G1cd1vZ219Y3Nru7RT3t3bPzisHB23dJIpypo0EYnqhKiZ4JI1DTeCdVLFMA4Fa4eju5nfHjOleSIfzSRlQYwDySNO0Vgp8ENUxJdZzzeY9SpVt+bOQVaJV5AqFGj0Kl9+P6FZzKShArXuem5qghyV4VSwadnPNEuRjnDAupZKjJkO8vnRU3JulT6JEmVLGjJXf0/kGGs9iUPbGaMZ6mVvJv7ndTMT3QQ5l2lmmKSLRVEmiEnILAHS54pRIyaWIFXc3kroEBVSY3Mq2xC85ZdXSeuy5rk17+GqWr8t4ijBKZzBBXhwDXW4hwY0gcITPMMrvDlj58V5dz4WrWtOMXMCf+B8/gCL9JHx</latexit><latexit sha1_base64="a+BD9CrmvPfZ11Mfy0UkgVxpBxE=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68VjBfkATymS7aZduNnF3Uyihv8OLB0W8+mO8+W/ctjlo64OBx3szzMwLU8G1cd1vZ219Y3Nru7RT3t3bPzisHB23dJIpypo0EYnqhKiZ4JI1DTeCdVLFMA4Fa4eju5nfHjOleSIfzSRlQYwDySNO0Vgp8ENUxJdZzzeY9SpVt+bOQVaJV5AqFGj0Kl9+P6FZzKShArXuem5qghyV4VSwadnPNEuRjnDAupZKjJkO8vnRU3JulT6JEmVLGjJXf0/kGGs9iUPbGaMZ6mVvJv7ndTMT3QQ5l2lmmKSLRVEmiEnILAHS54pRIyaWIFXc3kroEBVSY3Mq2xC85ZdXSeuy5rk17+GqWr8t4ijBKZzBBXhwDXW4hwY0gcITPMMrvDlj58V5dz4WrWtOMXMCf+B8/gCL9JHx</latexit><latexit sha1_base64="a+BD9CrmvPfZ11Mfy0UkgVxpBxE=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68VjBfkATymS7aZduNnF3Uyihv8OLB0W8+mO8+W/ctjlo64OBx3szzMwLU8G1cd1vZ219Y3Nru7RT3t3bPzisHB23dJIpypo0EYnqhKiZ4JI1DTeCdVLFMA4Fa4eju5nfHjOleSIfzSRlQYwDySNO0Vgp8ENUxJdZzzeY9SpVt+bOQVaJV5AqFGj0Kl9+P6FZzKShArXuem5qghyV4VSwadnPNEuRjnDAupZKjJkO8vnRU3JulT6JEmVLGjJXf0/kGGs9iUPbGaMZ6mVvJv7ndTMT3QQ5l2lmmKSLRVEmiEnILAHS54pRIyaWIFXc3kroEBVSY3Mq2xC85ZdXSeuy5rk17+GqWr8t4ijBKZzBBXhwDXW4hwY0gcITPMMrvDlj58V5dz4WrWtOMXMCf+B8/gCL9JHx</latexit>

⌧tag
<latexit sha1_base64="RMm5raAS/qNw6Yya13wjGg8drII=">AAAB9XicjVC7SgNBFL0bX3F9RS1tBoNgFXZttBGDNpYRzAOyMcxOZpMhM7vLzF0lLAE/w8ZCEVs/w97Ov3GSWKgoeODC4Zx7uYcTplIY9Lx3pzA3v7C4VFx2V1bX1jdKm1sNk2Sa8TpLZKJbITVcipjXUaDkrVRzqkLJm+HwbOI3r7k2IokvcZTyjqL9WESCUbTSVYA06+aBVgRpf9wtlf2KNwX5m5RPXt3jWwCodUtvQS9hmeIxMkmNafteip2cahRM8rEbZIanlA1pn7ctjanippNPU4/JnlV6JEq0nRjJVP16kVNlzEiFdlNRHJif3kT8zWtnGB11chGnGfKYzR5FmSSYkEkFpCc0ZyhHllCmhc1K2IBqytAW5f6vhMZBxfcq/oVXrp7CDEXYgV3YBx8OoQrnUIM6MNBwBw/w6Nw4986T8zxbLTifN9vwDc7LBxw5lGY=</latexit><latexit sha1_base64="DgSFKWBwLNT1oxrRRxRfcFpdOOI=">AAAB9XicjVC7SgNBFJ31GddX1NJmMAhWYddGGzFoYxnBPCAbw93JbDJkdnaZuauEJf9hY+EDWz/D3kb8GyeJhYqCBy4czrmXezhhKoVBz3t3Zmbn5hcWC0vu8srq2npxY7NukkwzXmOJTHQzBMOlULyGAiVvpppDHEreCAenY79xxbURibrAYcrbMfSUiAQDtNJlgJB18kDHFKE36hRLftmbgP5NSscv7lH68OZWO8XXoJuwLOYKmQRjWr6XYjsHjYJJPnKDzPAU2AB6vGWpgpibdj5JPaK7VunSKNF2FNKJ+vUih9iYYRzazRiwb356Y/E3r5VhdNjOhUoz5IpNH0WZpJjQcQW0KzRnKIeWANPCZqWsDxoY2qLc/5VQ3y/7Xtk/90qVEzJFgWyTHbJHfHJAKuSMVEmNMKLJDbkj9861c+s8Ok/T1Rnn82aLfIPz/AENyJXa</latexit><latexit sha1_base64="DgSFKWBwLNT1oxrRRxRfcFpdOOI=">AAAB9XicjVC7SgNBFJ31GddX1NJmMAhWYddGGzFoYxnBPCAbw93JbDJkdnaZuauEJf9hY+EDWz/D3kb8GyeJhYqCBy4czrmXezhhKoVBz3t3Zmbn5hcWC0vu8srq2npxY7NukkwzXmOJTHQzBMOlULyGAiVvpppDHEreCAenY79xxbURibrAYcrbMfSUiAQDtNJlgJB18kDHFKE36hRLftmbgP5NSscv7lH68OZWO8XXoJuwLOYKmQRjWr6XYjsHjYJJPnKDzPAU2AB6vGWpgpibdj5JPaK7VunSKNF2FNKJ+vUih9iYYRzazRiwb356Y/E3r5VhdNjOhUoz5IpNH0WZpJjQcQW0KzRnKIeWANPCZqWsDxoY2qLc/5VQ3y/7Xtk/90qVEzJFgWyTHbJHfHJAKuSMVEmNMKLJDbkj9861c+s8Ok/T1Rnn82aLfIPz/AENyJXa</latexit><latexit sha1_base64="OHg8lUQRtjoa4kmwIEXzR3QafqM=">AAAB9XicjVDLSgNBEJz1GeMr6tHLYBA8hV0vegx68RjBPCC7ht7JbDJkZnaZ6VXCkv/w4kERr/6LN//GyeOgomBBQ1HVTRcVZ1JY9P0Pb2l5ZXVtvbRR3tza3tmt7O23bJobxpsslanpxGC5FJo3UaDkncxwULHk7Xh0OfXbd9xYkeobHGc8UjDQIhEM0Em3IULeK0KjKMJg0qtUg5o/A/2bVMkCjV7lPeynLFdcI5NgbTfwM4wKMCiY5JNymFueARvBgHcd1aC4jYpZ6gk9dkqfJqlxo5HO1K8XBShrxyp2mwpwaH96U/E3r5tjch4VQmc5cs3mj5JcUkzptALaF4YzlGNHgBnhslI2BAMMXVHl/5XQOq0Ffi249qv1i0UdJXJIjsgJCcgZqZMr0iBNwoghD+SJPHv33qP34r3OV5e8xc0B+Qbv7ROs8pKZ</latexit>

π+

π+

π−
µ�e�

↵
<latexit sha1_base64="3cuH/msNH5GL8ZP1kaOEpuPH6OM=">AAAB73icbVA9TwJBEJ3DL8Qv1NJmI5hYkTsaLYk2lpjIRwIXMrfswYa9vXN3z4Rc+BM2Fhpj69+x89+4wBUKvmSSl/dmMjMvSATXxnW/ncLG5tb2TnG3tLd/cHhUPj5p6zhVlLVoLGLVDVAzwSVrGW4E6yaKYRQI1gkmt3O/88SU5rF8MNOE+RGOJA85RWOlbrWPIhljdVCuuDV3AbJOvJxUIEdzUP7qD2OaRkwaKlDrnucmxs9QGU4Fm5X6qWYJ0gmOWM9SiRHTfra4d0YurDIkYaxsSUMW6u+JDCOtp1FgOyM0Y73qzcX/vF5qwms/4zJJDZN0uShMBTExmT9PhlwxasTUEqSK21sJHaNCamxEJRuCt/ryOmnXa55b8+7rlcZNHkcRzuAcLsGDK2jAHTShBRQEPMMrvDmPzovz7nwsWwtOPnMKf+B8/gBFTI9y</latexit><latexit sha1_base64="3cuH/msNH5GL8ZP1kaOEpuPH6OM=">AAAB73icbVA9TwJBEJ3DL8Qv1NJmI5hYkTsaLYk2lpjIRwIXMrfswYa9vXN3z4Rc+BM2Fhpj69+x89+4wBUKvmSSl/dmMjMvSATXxnW/ncLG5tb2TnG3tLd/cHhUPj5p6zhVlLVoLGLVDVAzwSVrGW4E6yaKYRQI1gkmt3O/88SU5rF8MNOE+RGOJA85RWOlbrWPIhljdVCuuDV3AbJOvJxUIEdzUP7qD2OaRkwaKlDrnucmxs9QGU4Fm5X6qWYJ0gmOWM9SiRHTfra4d0YurDIkYaxsSUMW6u+JDCOtp1FgOyM0Y73qzcX/vF5qwms/4zJJDZN0uShMBTExmT9PhlwxasTUEqSK21sJHaNCamxEJRuCt/ryOmnXa55b8+7rlcZNHkcRzuAcLsGDK2jAHTShBRQEPMMrvDmPzovz7nwsWwtOPnMKf+B8/gBFTI9y</latexit><latexit sha1_base64="3cuH/msNH5GL8ZP1kaOEpuPH6OM=">AAAB73icbVA9TwJBEJ3DL8Qv1NJmI5hYkTsaLYk2lpjIRwIXMrfswYa9vXN3z4Rc+BM2Fhpj69+x89+4wBUKvmSSl/dmMjMvSATXxnW/ncLG5tb2TnG3tLd/cHhUPj5p6zhVlLVoLGLVDVAzwSVrGW4E6yaKYRQI1gkmt3O/88SU5rF8MNOE+RGOJA85RWOlbrWPIhljdVCuuDV3AbJOvJxUIEdzUP7qD2OaRkwaKlDrnucmxs9QGU4Fm5X6qWYJ0gmOWM9SiRHTfra4d0YurDIkYaxsSUMW6u+JDCOtp1FgOyM0Y73qzcX/vF5qwms/4zJJDZN0uShMBTExmT9PhlwxasTUEqSK21sJHaNCamxEJRuCt/ryOmnXa55b8+7rlcZNHkcRzuAcLsGDK2jAHTShBRQEPMMrvDmPzovz7nwsWwtOPnMKf+B8/gBFTI9y</latexit><latexit sha1_base64="3cuH/msNH5GL8ZP1kaOEpuPH6OM=">AAAB73icbVA9TwJBEJ3DL8Qv1NJmI5hYkTsaLYk2lpjIRwIXMrfswYa9vXN3z4Rc+BM2Fhpj69+x89+4wBUKvmSSl/dmMjMvSATXxnW/ncLG5tb2TnG3tLd/cHhUPj5p6zhVlLVoLGLVDVAzwSVrGW4E6yaKYRQI1gkmt3O/88SU5rF8MNOE+RGOJA85RWOlbrWPIhljdVCuuDV3AbJOvJxUIEdzUP7qD2OaRkwaKlDrnucmxs9QGU4Fm5X6qWYJ0gmOWM9SiRHTfra4d0YurDIkYaxsSUMW6u+JDCOtp1FgOyM0Y73qzcX/vF5qwms/4zJJDZN0uShMBTExmT9PhlwxasTUEqSK21sJHaNCamxEJRuCt/ryOmnXa55b8+7rlcZNHkcRzuAcLsGDK2jAHTShBRQEPMMrvDmPzovz7nwsWwtOPnMKf+B8/gBFTI9y</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>
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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 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�
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⌫N

l+

M�
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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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… 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.

51

CLEO

BaBar

Belle

LHCb

ATLAS

Belle II 

➡ 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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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

τ → μμμ

22

μID - the most powerful discriminating variable 


Momentum dependent optimisation of the muID requirement


➡  GeV

➡ μ do not reach the μ detector (KLM) 


➡  GeV

➡ μ reach KLM but not many layers are crossed


➡  GeV

➡ μ reach KLM and many layers are crossed 

Pμ < 0.7

0.7 < Pμ < 1

Pμ > 1 1.7 1.72 1.74 1.76 1.78 1.8 1.82 1.84
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Belle II 2020 (preliminary) Signal-background discrimination using kinematics of the event 

Other requirement used @Belle but not @Belle II: 


➡ μ veto on tag track


➡ Pμ > 0.6 GeV

Higher efficiency is foreseen @Belle II than @Belle or @BaBar 

Two independent variables:


➡ For signal → ΔE close to 0 and Mμμμ close to τ mass 
ΔE = ECMS

μμμ − ECMS
beam

Mτ = E2
μμμ − P2

μμμ
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Belle II experiment started 

➡ Achieved world record luminosity 
➡ Will provide the world largest number (5x1010) of events

➡ Precision measurements  


➡ promising results on τ mass, lifetime and LFU with the early data

➡ NP searches  


➡ τ → μμμ shows the potential of LFV searches @ Belle II 

➡ Many more analysis in progress

L = 3.1 × 1034cm−2s−1

e+e− → τ+τ−

 annihilation data is ideal for precision measurements and NP searches in τ physics!e+e−

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


