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Lepton flavour conservation

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

lobal S —
Gl (1) x U(L)p, x U(L)z, x U(L)z, @\\‘—;{7@
= The observation of neutrino oscillations as a first sign of LFV beyond the SM! @
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Lepton flavour conservation

Conservation of the individual lepton-flavour and the total lepton numbers within the SM (m, = 0)
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= The observation of neutrino oscillations as a first sign of LFV beyond the SM! @

What about the charged leptons?
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Lepton flavour conservation

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

Q-0
/
R@/

lobal
Gg«](\)/[a = U(].)B X U(]-)Le X U(]‘)Lu X U(l)LT
= The observation of neutrino oscillations as a first sign of LFV beyond the SM!

What about the charged leptons?

v
= The charged LFV processes can occur through oscillations in loops W o
= Unmeasurable small rates (10->4-10-4°) for all the LFV p and t decays T —— X 98
VT Vl,l
3a .
Bl = £27) = o~ > U U,
i=2,3
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Lepton flavour conservation

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

Q-0
Y,
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lobal
Gg«](\)/[a = U(].)B X U(]-)Le X U(]‘)Lu X U(l)LT
= The observation of neutrino oscillations as a first sign of LFV beyond the SM!

What about the charged leptons?

= The charged LFV processes can occur through oscillations in loops

= Unmeasurable small rates (10->4-10-4°) for all the LFV p and t decays T
3a .
Bl = £27) = o~ > U U,
i=2,3

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

= Charged LFV enhanced in many NP models (10-10 - 10-7)
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Lepton flavour conservation

Conservation of the individual lepton-flavour and the total lepton numbers within the SM (m, = 0)
lobal i
Gl _ (1) x U(L)z, x U(1)z, x U(L)z, @b\\‘\—://«@
= The observation of neutrino oscillations as a first sign of LFV beyond the SM! @

What about the charged leptons?
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No success in searches so far!
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Lepton number conservation

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

lobal S —
Gl (1) x U(L)p, x U(L)z, x U(L)z, @\\‘—;{7@
= The observation of neutrino oscillations as a first sign of LFV beyond the SM! @
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Lepton number conservation

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

lobal S —
Gl (1) x U(L)p, x U(L)z, x U(L)z, @\\‘—;{7@
= The observation of neutrino oscillations as a first sign of LFV beyond the SM! @

Are neutrinos Dirac (IALI = 0) or Majorana (IALI = 2) particles?
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Lepton number conservation

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

Gglobal U(].)B X U(]-)Le X U(]‘)Lu X U<1)LT @\7@
= The observation of neutrino oscillations as a first sign of LFV beyond the SM! \@/

Are neutrinos Dirac (IALI = 0) or Majorana (IALI = 2) particles?

2
o

= Heavily suppressed LNV t-decay rates within the vSM

6162
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Lepton number conservation

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

Gglobal U(].)B X U(]-)Le X U(]‘)Lu X U<1)LT @W@
= The observation of neutrino oscillations as a first sign of LFV beyond the SM! \@/

Are neutrinos Dirac (IALI = 0) or Majorana (IALI = 2) particles?

2
o

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

= Heavily suppressed LNV t-decay rates within the vSM

6162

3+n 2

> | .

m'=4
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Lepton number conservation

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

lobal S —
Gl (1) x U(L)p, x U(L)z, x U(L)z, @b\\‘\_}//«%
= The observation of neutrino oscillations as a first sign of LFV beyond the SM! @

Are neutrinos Dirac (IALI = 0) or Majorana (IALI = 2) particles?
= Heavily suppressed LNV t-decay rates within the vSM

2
Z UelmUe2r@ ,

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

2162

3+n 2

> | .

m'=4

Observation of LNV will hint at light NP scale!

l+

T

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

= Significant enhancement of the t decay rates
- G.L.Castro, N. Quntero (2013) -
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Lepton number conservation

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

G =U()p x U()p, x U, x U1y,

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

Are neutrinos Dirac (IALI = 0) or Majorana (IALI = 2) particles?
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No answer yet!
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Lepton universality

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

Identical decays involving electrons, muon or taus
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Lepton universality

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

Identical decays involving electrons, muon or taus

= differences due to lepton masses
= easy to account for in predictions

= for example:
_ BR(B — D*rv)
~ BR(B — D*{v)

R(D") with £ =e, p
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Lepton universality

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

Identical decays involving electrons, muon or taus

= differences due to lepton masses
= easy to account for in predictions

= for example:
_ BR(B — D*rv)

R(D") = BR(B — D*{v)

with £ = e, i

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

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

Identical decays involving electrons, muon or taus

= differences due to lepton masses

"g 0.5F e B;Bar', PRLIO;,10'1802'(2OII2) ' Al 5 ' , (') ! tl S '_‘
1 1 1 [~ =—— Belle, PRD92,072014(2015) X~ = 1.0 contours 7]
= easy to account for in predictions & . LHCb, PRL115,111803(2015) M Predict .
0.45 = = Belle, PRD94,072007(2016) = redictions 7
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BR(B — D*rv ) 0.4 — ) Average R(D*)=0.252(3) S. Fajfer et al. (2012) —
R(D*) = ( ) with £ = e, i . .
BR(B — D*{lv) - .
0.35 '-— ....... _40: __
Discovery of lepton flavour non-universality is o3 l N0 _:
a key signature of NP! o o e
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Hint for NP with ~d¢
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The role of T leptons in the quest

NP may favour the third generation!?

Ami Rostomyan 5 30th Rencontres de Blois, Blois, France



The role of T leptons in the quest

NP may favour the third generation!?

The only lepton that decays into hadrons

L=eoru states with no lepton

¢ h flavour number

signal side % h

e ~ o e
P €
T s
/ tags1de\
nZs
\ 4

= a large variety of LFV and LNV semi-leptonic
decays (7 — Lh(h)), in addition to radiative
(t — L) and leptonic decays (7 — ££L0)

= 1 — pand t — e: test of the lepton flavour
structure
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The role of T leptons in the quest

NP may favour the third generation!?

The only lepton that decays into hadrons B mesons decay into e, n, T leptons
L=eoru states with no lepton .° E
et < e
t n  flavour number _>4_
signal side % h L
T 7' _
et ) € = modes used to test the lepton flavour universality

/T ;

TREE o

. UV
\ B — v W+H-I+‘.?"
B tag s1de *

v

= a large variety of LFV and LNV semi-leptonic

decays (7 — Lh(h)), in addition to radiative B — bt
(t — £y) and leptonic decays (7 — ££0) By, — U

= 1T — wand T — e: test of the lepton flavour roopl B—K 7
structure
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The role of T leptons in the quest

NP may favour the third generation!?

The only lepton that decays into hadrons

L=ceoru states with no lepton

¢ h flavour number

signal side % h

~ o 7_ _

+ e
)
/ 7
l '7—

v

tag s1de )

= a large variety of LFV and LNV semi-leptonic
decays (7 — Lh(h)), in addition to radiative
(t — £y) and leptonic decays (7 — ££0)

= t — wand T — e: test of the lepton flavour
structure

B mesons decay into e, n, T leptons

P\ g

= modes used to test the lepton flavour universality

TREE| p_, 4 o~ W/H* gV
B — D*/v u A

B — ¢
B, — ¢

LOOP B — K(*)Ef

Test the SM in a variety of ways
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Neutrinos on the tag or signal side

Not possible to fully reconstruct the full event

sl §:

_’ : Yes)
Leptonic -
. 352% 05 1 © Yes) .

a T . 1 2

R N Y A i
: L U L) w.h.*‘.k.l.—'

3.44 9.;6 10:00 10102 10134 10l37 10:54. I 10I.58 10162

Mass (GeV/cz) BB threshold

e+e- annihilation data is ideal for missing energy channels
= the kinematics of the initial state is precisely known

= the neutrino energy can be determined precisely
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The progress of T LFV and LNV searches

... mostly occurred at the B-factories

= immense amount of e*e~ annihilation data (BaBar — 531 fb-!, Belle — 1000 fb-!)

= large cross section of pairwise 7-lepton production (X-section = 0.9 nb for e*e~ — 7+t~ at 10.58 GeV

10°

107

108
10710

X-section = 1.1 nb for ete— — BB at 10.58 GeV)

IV° Il

I.hh

EE :’::Oqu_.._g%_!!y¥%§83 00230 3 BEXY BEMKRR xﬁlﬁxxzx
miwiwimimioiq,iq,i ﬂJimmiiioﬁﬁggxxggowwwib"ib*i

vz 's 0 1@1@3_@1@1(]) ililf. ggzx

m CLEO
v BaBar
A Belle
¢ LHCb
* ATLAS

The upper limits reached for T decays approached the regions sensitive to NP.
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Belle II @ SuperKEKB

New facility to search for physics beyond the SM by studying B, D and t decays

Super KEKB — major upgrade of the KEKB
= an asymmetric electron-positron collider
= collisions near and at Y (nS)

= smaller interaction point

= increased currents

First beams and commissioning in 2016

Belle II detector — upgraded Belle detector

= improved tracking efficiency, particle
identification

= smarter software and more precise
algorithms

= rolled in April 2017
= First recorded events in April 2018

Ami Rostomyan

Tsukuba, Japan

SuperKEKB:

K.-Muon
Detector

solenoid
@1.5T

, -
l =
|%Deteptors gy ' Barrel and Forward
= Particle ID Detector

—
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First collisions: first peaks

Mass peaks for charged tracks and photons

)

O I _

S _ 1 3
%1000_— ++ det=~5 pb' R 2(!0 T T ﬂ* T T T
a i 3 - -
> i t ; Belle Il 2018 ]| S 1.5 _ Belle Il o +“+ det=~5 pb”"
2 800 ) Preliminary - 8 [ 2018 (Preliminary) v i
5 ;oo 1 - ! { |, E >015GeV |
: b ' S 10f b '
600 > 1.0F ' -
;++++++++++++++++++ $ ++++++++++++++++++E o - — Data ; +* .
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2001 - b st S 1
:|||||||||: O-O-I"'I"'I"'I"'I"'I-
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Data accumulation is on going
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Plans for Belle 11

Phase 1 Phase 2 Phase 3 50x Belle
w/o QCS/Belle Il BEAST I, no VXD Physics run w/ VXD (1 00x BaB ar)
Phase 2: first collisions 60 5 5 3 5 /
= no PXD detector 50} ' 5 ? f 3 ?

40f-

= instead BEAST II (radiation
monitoring system)

= understand backgrounds

= establish nano-beam scheme
and reach KEKB luminosity

Phase 3: first physics with full

detector

= luminosity milestones: 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025
Calendar Year

30F-
20F

Integrated Luminosity
[ab-']

10F

Peak Luminosity
[1035 cm-2s-1]

0
8
6f
af
)
0

- lab ! after 1 year
- 5ab1- mid of 2020
- 50ab"! by 2025

More details are given in Isabelle Ripp-Baudot’s presentation
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Suppression of beam background

The beam backgrounds are expected to be 10-20 higher
= small number of daughter particles from T LFV decay '

= 1 LFV searches more complicated compared to Belle

= feasibility studies using MC samples in more contaminated environment

Energy-based cuts to reduce the background .
AR RN RN AR A L LA AR RN R B ARARA 7]
E N s BGx0 E 1 2000 - I BGXO ]
L —— BGx0 with goodGamma i C 7
1 05 ? —- :E: with goodGamma E 1 0000 i - BGX1 -
f ECL cluster timing 8000} g
10“? E J5E T 6000; E
: ] E —BGx0 3 4000F selected N
| 4 10tF —BGx1 |- F .
H [ I N N BT N N T R i selected selected ] i
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 09 1.0 10°: —> . E s b b b b b b Lo L
Energy of gamma [GeV] 0 E E 80 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.(
2L o Pt of charged tracks in CMS [GeV/c]
10°E E
ob gy, 3
L S N TR I
-100 -50 0 50 100

ECL cluster hit timing [ns]

Background-free search (even with high beam BG)
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Previous searches at Belle _

Two independent variables:

_ nCM CM _ 2 2
AE =ESM - pSM My =\ B2, — P2,
= For signal — AE close to 0 and M, close to T mass Main background sources:
=T — uvv
Phys. Lett., B666, 16-22 (2008)
=T —>evv + v
0.1/ . . ‘ =TV
amm ] = ete” — ee(Uw) Y
4 T
~ ] ,//- // - = ete~ — continuum
% e o ,4 : /’.
r . ° 7 . o o .
O -0 LRI Background suppression:
R ST, °L! .
i . S . event topolo
< 0.2 ° . ) o, ° o p gy .
i : . = back-to-back production: thrust value close to 1
030 = missing momentum towards the tag hemispheret
= relation between the missing momentum and missing mass
e Ty s total visible energy
M, (GeV/c?) -
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... and at Belle 11

Two independent variables:

beam

_ nCM CM —
AE = E'u,fy —F M,Uf)’ o \/EIQVY o P/%’)’

= For signal — AE close to 0 and My, close to T mass

Phys. Lett., B666, 1622 (2008)

Ho.s_l T T T T 1T T T 1T T T T T T _]

> TUE E

g 0.4 —BGx0 =

o1 _ = E|—BGx1 .

/,/—] 90-3:_ _.:

. h — " -

0or /'/ ! O 0.2 . . o 3

~ | , el - w T

A P < 0.1 LlliliimmmEEESIIiiiiii

O -0.1] Jowm : 0.0k atiainiiAAEAPRRRRERSIIIIIII S

~ | S coe EirririiriiiiioagoBEEEEEEeERatiill. .

S T . < e L R R R R R R

< o R -t FoiLiiiriiiiizosEEEEasasas E

* - R R T E

: C0.3Fiiiiiiiiiiiisiiiiiiiiioiiiiiic) =

0.3 CoLlIIITInITonInIoInoIiInIIoiiie 3

’ e R e e N E

:.' . _05::|-l:-I:;-I-;:l::l:::I:::l::l::-l.::l::I:;-II| |-|:
04t 1 L L L > 1.65 1.70 1.75 1.80 1.85

1.65 1.7 1.75 1.8 1.85

M, (GeV/c?) Invariant mass of 1 [GeV]
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Perspectives at Belle 11

LFV and LNV t decays

= One of factors pushing up the sensitivity of probes is the increase of the luminosity

2 v P A i Inh AR ]
| |
51 —
§ 10 E a = - EEEgm ... .- u - E
o = ] E = ] .
o - u .ll-..- " am N
i 10°%g = nm = = CLEO
— = v 3
— - . . * vy v, v . : v BaBar
o 107" vo'Y v M vy v A' v Yoy v A Belle
(%) E A X ALy v 3
= F v Y Loaay vt : Iy b v A Aat AAAAAVV ] ¢ LHCb
- A A
£ AT N LY ‘XXAXIAA A Lt * ATLAS
_ -8 A
= 107 F =
o = 3
a - 3 Belle II
> B _
— 10_9?_—;/
®) C ]
0 - ]
o~ 10-10 L I e ) s I I B B
8 ==, :rfgog“”x@—c’w—c’o."of’*g*g KRS 28 vo's's0'=, l:xg B t:zxxoz"”!"’m: e v <K<K

+ + +
Cl)iq)j_CD 10)1 mﬁ(bi G)id)im o'z % oo 3‘3‘3_"&) l;‘l:’ gl:!x!!:@xmq):_w+i+m+il§ ‘B v

‘o'so's0 iﬂ)iq_) 3_@3_0)3_0) 3‘l':il;’ ggxz

= 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 searches at Belle 11 will push the current bounds further by more than one order of magnitude
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Perspectives at Belle 11

Semi-tauonic B decays (example) Br(B » D®tv)

R(D™) =
(2%) Br(B - DOW) (¢ or )
~ 05
a B Belle Il Projection
o B —— Belle Combination
— —— Babar
0.45—  LHCb
B — World Combination
- «  SM prediction: PRD92 054410 (2015), PRD85 094025 (2012)
04—
0.35— K
0.3
0.25— i
: 1 o contours
0.2 _I 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1

025 03 035 04 045 05 055 06
R(D)

= Current experimental results limited by statistics = LHCb experiment continues in parallel

= lab! (KEKB) — 50ab-! (SuperKEKB)

Bellell can confirm/deny this anomaly
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Outlook

SuperKEKB is completing the commissioning phase and first collisions achieved
Phase 2 data taking has been started

First data is available already

The data with the full detector installed will start in early 2019
Belle II will probe the New Physics in many channels with neutrinos in the final state
Belle IT will be the major player in T physics in the near future

Very exciting times are ahead!
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