Lepton flavour and lepton number

violation prospects at Belle 11

SUSY2019
May 20-24th, 2019
Corpus Christi, Texas,

(for the Belle II collaboration)

D
o

HELMHOLTZ e e Belle IT



Lepton flavour conservation

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

Gt — [7(1) x U(1)z, x U(L)z, x U(1)z, Q-0

Y,
\Q/

= The observation of neutrino oscillations as a first sign of LFV beyond the SM!
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= 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
= Immeasurable small rates (10-54-10-49) for all the LFV p and t decays T A H
VT Vl,l
Bty — loy) = Z U; Usyi
1=2,3
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= 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
= Immeasurable small rates (10-54-10-49) for all the LFV p and t decays T e K- 98
VT Vl,l
Bty — loy) = Z U; Usyi
1=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

Within the SM (my = 0), conservation of the individual lepton-flavour and the total lepton numbers
lobal e
Gt — [7(1) x U(1)z, x U(L)z, x U(1)z, W@
= 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

Gt — [7(1) x U(1)z, x U(L)z, x U(1)z, Q-0

Y,
\Q/

= 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
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= 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

Gt — [7(1) x U(1)z, x U(L)z, x U(1)z, Q-0
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= 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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= Heavily suppressed LNV t-decay rates within the vSM

6162
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Are neutrinos Dirac (IALI = 0) or Majorana (IALI = 2) particles?
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= Immeasurable 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
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Lepton number conservation

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

lobal g
Gt — [7(1) x U(1)z, x U(L)z, x U(1)z, 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?
= Heavily suppressed LNV t-decay rates within the vSM

2
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= Immeasurable decay rates with high NP scale, for example in models with heavy right-handed neutrinos

Elég

3+n 2

3 |

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
lobal
G%&a = U(l)B X U(]—)Le X U(l)LM X U(l)LT

= 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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The role of T leptons in the quest

NP may favour the third generation!?

The only lepton that decays into hadrons

L=eoru
& h
signal side h states with no lepton
flavour number
T _
et ~. €
>«
T

Test the SM in a variety of ways

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

= 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 Neutrinos on the tag side
L=eoru
{ h
signal side h states with no lepton
flavour number
et RN N T e
»
7- ) ) N ~ ~
/ - tag side
Uy
v
Test the SM in a variety of ways e+e- data is ideal for missing energy
= a large variety of LFV and LNV semi- channels
leptonic decays (v — LA(h)), in addition to = the kinematics of the initial state is precisely
radiative (t — £y) and leptonic decays (7 — known
eee : :
) = the neutrino energy can be determined
= 1 — pand T — e: test of the lepton flavour precisely
structure
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The progress of T physics

First generation of B-factories
(tb-1)

1200 T T T T ]

|—K:EKB _ipEp." at the KEKEB collider
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Rich physics program:

= The B-factories provided a variety of very
interesting results in the last two decades.
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>1ab!
On resonance :
Y(5S): 121 b !
Y (4S): 711 b
Y(3S): 3!
Y(2S): 25 b
Y(1S): 6 fb !
Off reson./scan:
~100 fb !

513.7 £ 1.8 fb!
On resonance:
Y(4S): 424 b1, 471 M

g(ete—Yds)) =1.05 nb
o(ete-—=ttr) =092 nb
= clean environment
 low background, high resolution

= hermetic detectors with
 excellent PID capability

Y(3S): 28 ib!, 122M . . .
YS): 1416, 99M * efficient reconstruction of 7, 1, ...
Off resonance:
48 fb!
(fb-1)
800 Lifetime and
CP-Violation 5T test@
600 LFV limits
Mass and ?
CPT test
400 CP-Violation
LFV limits
Limits in Mass and
T = uy sce CPT test
o searches
oy
Electric Limits in
dipole limit T = Uy
T > 00
0
2000 2002 2004 2006 2008 2010 2012 2014 2016
5
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The progress of T LFV and LNV searches

... mostly occurred at the first generation B-factories

= immense amount of e+e— annihilation data

= large cross section of pairwise 7-lepton production
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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

. Tsukuba, Japan
Super KEKB — major upgrade of the KEKB
. . . : SuperKEKB:
= an asymmetric electron-positron collider g 50 ab-!
= collisions near and at Y (nS)
= smaller interaction point

= increased currents

First beams and commissioning in 2016

Belle II detector — upgraded Belle detector

K.-Muon
Detector

= improved tracking efficiency, particle ~ =

identification \\
= smarter software and more precise %/
algorithms N\ solenoid
. . \s - L QREAS
= rolled in April 2017 —j&
> Central
. . . Vertex Detettors Ny Drift Barrel and Forward
= First recorded events in April 2018 L/ Chamber|  particle ID Detector
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Plans for Belle 11

Phase 1: first beams

= no detector over interaction
region,

= study the beam properties

Phase 2, w/o VXD Phase 3, Physics Run w/ VXD
10

(=]

Phase 2: first collisions

= no PXD detector

= instead BEAST II (radiation
monitoring system)

= understand backgrounds

= establish nano-beam scheme

I~

uminosity [103% cm-2s-1]
[=)]

Phase 3: first physics with full
detector

=» reached the KEK peak
luminosity

Peak L
N

[l I I I i I | [l I i i i i n

_ﬁ - B N - -
2018 2019 2020 2021 2022 2023 2024 2025 2026

= luminosity milestones:
- lab~! by the end of 2021 Unique environment to study t lepton physics with high

- 50ab! by 2027 precision!
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Belle 11 performance at Phase 2

Collected — 472 pb-! of data — clear mass peaks involving charged tracks and photons
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The T leptons are also observed

Event topology to search for t leptons

oF~— T T T T T T T T
goo [ Belle I1 2018 (Preliminary) —4— Data 3
E “== MC total (stat @ sys)

Events

700 |- _[Ldt: 291 pb™”
600 £
500 F-

400 F
300 |
200 |-
100 |

Data / MC

25 3 3.5

= after trigger and offline selections, good agreement between the data and MC
= clear evidence for ete"—t*1" in the Phase 2 data
= demonstration of the capacity for missing energy analyses with Belle II
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The T leptons mass measurement

1 Tsig ) Ttag Ve 'Vﬂ
... cannot be measured directly Ny S 75 @
Se
. . . . ‘l ':/7\
= the flight direction is unknown 527 B

First m, measurement at Belle II with a pseudomass technique developed by the ARGUS:

Mmin - \/M??n + 2(Ebeam - E37r)(E3Jr o P377.')
= approximate the flight direction of the 35t system to be the t one

= pseudomass distribution is expected to exhibit a sharp threshold behaviour in the region close to
the nominal value of the T mass

70— — T

o F ' - - - - 1o T T
g ST Befte 11 2018 (Preliminary) —}— Data E F Belle Il E L Belle (2007) |
& : 1 2 eor 2018 (Preliminary) 7 y
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500 - f Ldt=291pb” b, e 1 2 5 E
. T 1 = + Data BES 1il (2007)
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w00l E M i ARGUS (1992) B i
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¢ T T 2 - y A
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= g00d agreement with previous measurements m, = 1776.4 = 4.8 (stat) MeV
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Phase 3 data taking started

03/29/2019 20:23 - 03/30/2019 20:23 JST

Peak Luninosity 100 [10%%/cm?/s] HER Ipeqk: 2103 [m4] By*: 4,00 [mm] my: 789 bunches Physics Run
Integrated Luminosity 0. [/pb] LER Ipenk: 2604 [mA] py*: 4,00 [mm] ny: 789 bunche: Physics Run
LI T N T R NN "
NN 2o g 500 F10°
, \ x \,[.v}’._—;we g
W Yy B e | B [10°
o2 Ph AN L
& 005 Huoo |
é" | 0 108
§ ’\ A ; mw’ 'r"r ’ ,\ ’\ s - ro?
VAN 7] 4 NN
i 4 &
1 “’I ,ii p 7&'59 £ 1107
I 109 ) P
- W e = data taking started again in March 2019
Wg i i U.‘;\%a.es §§
E ERREN L = already collected 1 fbl
g = = comparable with Phase 2
,}E,- 2B ; r o ST — | |
21""°  oMe" 3 6" gh 12" 150 18" = Goals:
3/29/2019 3/30

Continuous Injection = ~10 fb'l by July 2019
(~60% integrated luminosity increase)

= ~100 fb~' by December 2019
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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
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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

- The Belle Il Physics Book -
arXiv:1808.10567v2

Energy-based cuts to reduce the background

§1||||||BGXO|||§ IIIII T ERERRaae
: ——— BGx0 with goodGamma | | 12000_ — BGx0 -

Y ARt BGx1 : ]
1055_ —— BGx1 with goodGamma | 3 10000: — BGx1 .
i 8000] -
4l | B ]
10§ - 6000 -
E E 4000 E selected _:

3l i - :
0.0 09 03 03 04 05 08 0T 08 65 9.0 A TR .
80 01 02 03 04 05 06 07 08 09 1.(

Energy of gamma [GeV
gy otg [GeV] Pt of charged tracks in CMS [GeV/c]

Background-free search (even with high beam BG)
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Two independent variables:

_ CM
AE = EJ)

_ pCM

beam

Previous searches at Belle and Belle 11

My = \/E,L%’Y - Pﬁv

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

Phys. Lett., B666, 1622 (2008)
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M. (GeV/cz)
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A E of 1 [GeV]

- The Belle Il Physics Book -
arXiv:1808.10567v2
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Perspectives at Belle 11

LFV and LNV t decays

= One of the factors pushing up the sensitivity of probes is the increase of the luminosity
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= Equally important is the increase of the signal detection efficiency

m CLEO
v BaBar
A Belle
¢ LHCb
* ATLAS

Belle ll

\

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

= Very exciting times are ahead!
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... and the t leptons

Event topology and kinematics to observe t leptons

= relatively mild deviation of the T decay = undetected neutrinos in T events
particles from the primary trajectory @ 1400
o - Belle Il Simulation 1
_'(LJ1800:—““\““\““\““\““““\““\““I‘—: Lﬁ1200j ]
§ 1600 [ Belle Il Simulation 1 000 b —w ]
w 1400 [ - [ —— ut+dd+ss
C I ] r ——cC _
1200 * —::Jiﬁ+da+s§ * 800 r ——eey
1000 - :ggy E 600 | — other
800 7 —— other = 400 *
600 = i
400 | E 200 -
200 | é 0L 1
o b | T E 0 2 4 6 8 10 12
06 065 07 075 08 085 09 095 1 Visible energy in CMS [GeV]
Thrust value
Thrust axis (7)) is maximising the event shape variable visible energy = > " Ej,
h
—)h . T
thrust value = P
~ lpnl

soft particles

thrust
axis

hemisphere-a hemisphere-b
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Few B mesons were also seen

Event topology to see B mesons Hadronic decay modes

No —IIII|II|I|IIII|I|I||IIIIIIIII|III||IIII|IIII—
%50_— B->D(Kx.K3x, KA KKK 3 __
. . . s L ai>o(‘|<x. K3z)p
= Beam collisions just above BB threshold I bR
Saof |Elian ]
= B pairs produced at rest in the CMS e
= Recording B pairs with ~99% efficiency o -
r elle
o r Preliminary
;\ FrrrT T T [T I I T T T[T T TT T T TITT[ITTTT[TTTTI[TTTTH BB L det=250pb—1
§6000} _
5 F data
E N MC total
£ 5000 MC BB
N MC qq
o MC 827521 522 5.23 524 525 526 527 528 529

4000,

M, (GeV/c?)

Bellell 2018

Preliminary

J-L dt=15pb"

Semileptonic decay modes

_,_\\\\l\\\\l\\\\l\\\l‘\\\l‘\\\l‘\

— BY - D*fe
1000 qq :TTT‘TTT{TTT{TTT{TTT{TTT[TTT‘TTT:
7 =
el b LS ) T Pt C R 1
%01 02 03 04 05 06 07 08 09 6l | L dt =250 pb” -
L = ccbar
. r Bellell 2018 mBB
Spherical R, Jet-like 5* preliminary = ot B E
4;
H,
Ry = — sl
HO momentum Legendre angle between [
of partlcles polynomial two particles 2k
* ¥ £
Ipz | ng b ;
g (cosb;;) o

70 8 6 4 2 0 2 4 6
COSGBY
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Previous searches at Belle _

Two independent variables:

_ CM CM _ 2 2
AE = EM - ECM 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
01f . . . =T — v
/,/'g | - _
P LY ete- — ee(uw) Y
o L 2o = ete- — continuum
% C e . A /'/.
r . ® Y . o . °
e} -0.1; S CERRN Background suppression:
ﬁ ozi > \": : . SO . = event topology
’ ) = back-to-back production: thrust value close to 1
030 = missing momentum towards the tag hemispheret
. ) = relation between the missing momentum and missing mass
s s T s = total visible energy
M, (GeV/c?) - ..
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Effective field theory approach

No compelling evidence for new particles mediating LFV processes
= Strong experimental constraints on the scale A for new degrees of freedom
= Parameterise the LFV t decays via the effective field theory (EFT)

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

(5) (6)
L =Lgpy + Z 0(5) Z A2 0(6) + ..

= Each NP model generates a specific pattern of operators

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

T3y Ty Toprtr T uKK T um T—)un(')
4-lepton "*Oéfv / _ _ _ — —
dipole 7" Op v v v v — —
Oy +— - — v (I=1) v (I=0,1) — —
Od+— - — v (I=0) v (I=0,1) - —
leipton- b 0aa _ _ 4 v/ _ _

S (e) P _ - - v (I=1) v (1=0)

‘ Op+— — - - — v (I=1) v (I=0)
*Ocg B B B B B v

- Celis, Cirigliano, Passemar (2014) -

— lepton-quark

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