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(2) How we reconstruct 1-pair events

(3) Performance studies with taus

(4) First results and prospects for Tau Physics at Belle |l
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SuperKEKB Accelerator

* New facility to search for new physics by studying B, D and 1 decays
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« Electron-positron collisions at Vs = 10.6 GeV

Super-KEKB

" New beam pipe SuperKE KB

& bellows

Add / modify RF systems

E (GeV) y (mm) B* (cm) ¢ IA) L (cm?s) for higher beam current
LER/HER LER/HER LER/HER (mrad) LER/HER
KEKB 3.5/8.0 5.9/5.9 120/120 a1 1.6/1.2 2.1.10* Low emittance positrons
. .
SuperKEKB 4.0r7.0 €0.27/030 ) 3.2/25 415 |C 3.6/2.6 )| 80 x 10% to inject ESogfron 2 coros
= Damping ri
factor 20 factor 2-3 —amplng — ’\\ New positron target /

capture section

S

Low emittance gun

@KE K LoYv gmittance electrons
Tsukuba, Japan *"™

» Unprecedented design luminosity of ~6x103% cm-2s-"

» First beams/commissioning in 2016. Broke the
world lumi record in June 2020! (2.4 x 1034 cm-2s-1)
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Belle |l Detector

KL and muon detector

Resistive Plate Counter (barrel outer layers) H. H
Scintillator + WLSF + MPPC * Rolled in: April 2017

(end-caps, inner 2 barrel layers)

» Detector upgrade to mitigate
increased beam background

EM Calorimeter
Csl(TI), waveform sampling electronics

Belle Il

Particle Identification
Time-of-Propagation counter (barrel)
Prox. focusing Aerogel RICH (forward)

electrons (7 GeV)

Vertex Detector
2 layers Si Pixels (DEPFET) +
4 layers Si double sided strip DSSD

y
A

Central Drift Chamber

Smaller cell size, long lever arm

positrons (4 GeV)

» Solid angle coverage > 90%

Belle Il TDR: arXiv:1011.0352 = high hermeticity for Emiss measurements
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First collisions @ Belle |l

 First collisions recorded by Belle Il
on 26t April 2018

* During Phase 2 (April-July 2018)
recorded ~0.5 fb-1 of data

» Data taking was performed with
all subsystems, excluding the full
vertex detector

Since then, the vertex detector including
one pixel layer has been installed

« Phase 3 ongoing since March 2019

» Overall good performance of the detector
subsystems
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» So far we have collected ~74 fb-1 during Phase 3, with the 2020c data taking period starting this month.

Luminosity status and goals

« Aiming for 50 ab-1 over the next ~10 years (50 x Belle dataset)

Total integrated Weekly luminosity [fb~!]

DESY.

Belle Il Online luminosity Exp: 7-8-10-12 - All runs

1. IﬂRecorded dt =74.10[fb™1]

Integrated luminosity
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Belle || as a r-factory

« B-factories are also r-factories! Lint (fb-1)

- o(ete—Y(4s)) =1.05nb 500 N
CPT test
- o(ete—r1)=0.92nb CP-Violation ——
‘ 600 LFV limits
k
oY ) 2 Aot ¥
EAVAVAVAVARS VS \ 400 -, AT e CP-Violation
' T Inls//;r;/ sce CPT test
searches
Limits in
200 i
Electric Limits in
dipole limit T Uy
- Last generation B-factories provided a variety 0 indddd
of very interesting 7 physics results in the last
two decades 2000 2002 2004 2006 2008 2010 2012 2014 2016

» Over its lifetime Belle 1l will collect by far the worlds a unique environment to study 1 physics with
largest sample of 1-pair events (~4.6x1010) = high precision!
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T-pair reconstruction

« Tau leptons will decay before reaching the active regions leptonic decay hadronic decay
of the Belle Il detector T vivi+ | T — v¢ + hadrons y

Ve/u

* |dentified via decay products:
- 1-prong: 35.2% leptonic, 49.5% hadronic
- 3-prong: 15.2% hadronic

» Wide variety of low multiplicity signatures involving
e, u, 1%, M0 and neutrinos (missing energy)

others

leptonic
mode
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T-pair reconstruction

» We exploit the unique topology and kinematic of T-pair events to suppress the main gq and backgrounds
_'(L)1800_—""|""|""|""|""| """" LI s
5] - Belle Il Simulati E . . g . . .
2 1e00 - Belle f Simulation > 1 = Relatively mild deviation of T decay particles from the primary trajectory
1400 £ E soft particles
1200 — — U+dd+sS — ? ) T
1000 g E thrust value = Z i
goo [~ other : | Pnl — —
- 1 5“& //4/:4.?_'
600 = - - - —_— thrust
F ] PR . ——— —— axis
400 | . thrust axis (T) is maximising the = _— \ =
200 - event shape variable '
R —— ; %m A hemisphere-a hemisphere-b
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Thrust value

1] 1400 r-—— 1.~~~ 1 1 T T
[ - . . i
L% 1200 [ Belle Il Simulation < ]
000 F —w _ 1 = Undetected neutrinos in T events
[ —— ub+dd+ss :
800 |~ N
ey ]
- —— other B il
600 | : visible energy = ZEh
400 - h
200 |- //EEL__ e*e- data allows for precise
] S—— o] 1 determination of the missing energy

R 4 6 8 10 12
Visible energy in CMS [GeV]
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DESY

Clear evidence of 1-pair production in the early Belle |l data

Clean sample with high statistics

T-pair events provide an ideal testbed of the Belle Il performance!

P. Rados
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L1 Trigger System

 Good L1+HLT performance is critical to achieving tau physics goals! Physics process Cross section (nb) _ Rate (Hz)
| Selle Il +T_(4S) — 1?3 12 960
- Total physics rate at SuperKEKB AT ete” — continuum 28 2200
design luminosity is ~20 kHz phuo 0.8 640
rtr— 0.8 640
Bhabha (0}, > 17°) 44 350 @
« Beam background increases vy (O1a, > 17°) 24 19 @
this rate significantly! 2~ processes © ~ 80 ~ 15000
Total ~ 130 ~ 20000

L1 trigger must reduce physics + bkg
rate to a maximum of 30 kHz

chDC H TSF —— 2D Tracker (—— 3D Tracker (| .
o Requirements — Neuro Tracker g’ %
- high efficiency for high and low multiplicity physics g .% E 1 trigger
- trigger latency ~5us, timing precision <10 ns ECL  |—4xa Trigger Cell| Cluster Finding | > g L5 ;§ >
- two event separation > 200 ns Energy Sum | o 3 é’
e 3
TOP [— Hit —— Pattern Matching | » ° 8
« Two primary components: CDC and ECL triggers N
- CDC 2D (r-¢ space) track finding KLM | — Hit — Cluster Finding——{  Tracker
- ECL total energy and cluster finding, Bhabha veto ~5us after beam crossing

DESY. P. Rados Tau Physics at Belle I, 13/10/2020



L1 trigger efficiency

DESY.

Trigger efficiency for

BELLE2-NOTE-PL-2020-015

1x3 prong

» Main trigger types for tau and other low-

Belle Il (Preliminary) ~ [Lot=881" he3x tu-dr $xdn multiplicity physics
T N L L - CDC number of 2D full tracks
" v - CDC number of 2D short tracks
T o r v """"""" v """"""" o o T T - ECL total energy threshold
0.8 [t . A -------------- s s o - ECL number of isolated clusters
I R A A S S B T S— e - ECL low multiplicity
Loon i - ECL di-muon
0.6 [ ARNEE S AR Lo -
IS S S S SRS S S — Y.
4 « Trigger decision is made independently
0.4 [ I e o o using only CDC or ECL information. Allows
e e e e o e o measurement of L1 efficiency in data.
S Rttt IS S et s B Vo B
IR s S """"""""""""""""""""""" ‘ """"""""""" « Efficiency of a CDC/ECL trigger:
0 i i i i i i i i i ) )
(OR of ECL/CDC bits) AND CDC/ECL bit
225, 33 Sho ECL 24, y . y b Ly Iy ECL .
Vtrs Ul by T lrge, = otg) sty 23 2b o MGh o, = Hu OR of ECL/CDC bits
"acks  "ackg Whks U ep @rgj?rs Clusfers C/"Sl‘er She ray ( / )
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https://docs.belle2.org/record/2037?ln=en

L1 trigger efficiency

DESY.

Trigger efficiency for

BELLE2-NOTE-PL-2020-015

1x3 prong

» Main trigger types for tau and other low-

- — licity bhvsi
' Belle !l (Preliminary)  [Lct=88f"  heu lun fun multiplicity physics
T e L o - CDC number of 2D full tracks
- CDC number of 2D short tracks
R A R e o o o o - ECL total energy threshold
0.8 [t S N e AR - ECL number of isolated clusters
. S S S S S S SR B - ECL low multiplicity
| H A - ECL di-muon
0.6 [ R S R S R
 Trigger decision is made independently
0.4 e T S AT T using only CDC or ECL information. Allows
RRAEE S S R C R S — e Ao A measurement of L1 efficiency in data.
o2 b A S— T T
M : : : . .
[ S A .- """"""""""""""" g Mo - Efficiency of a CDC/ECL trigger:
0 i i i i i i i i i . .
(OR of ECL/CDC bits) AND CDC/ECL bit
224, 231, Sho oy, 24 ., My, Ly ECL .
/i uly It 4. loty, Clugy, ' 23 2h 9 u OR of ECL/CDC bits
Ir. aC/fS Ir. aoks aC/(S qa/ energj/ers C/Usfers C/US fe/.h energj‘il ( / )
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Full and short track triggers

« “full tracks” pass through all axial CDC superlayers and reach the barrel

axial wires stereo wires

o
o

o
~

« Full track triggers have low efficiency in endcaps, putting limitations
on tau and other low multi physics

L1 trigger efficiency
o
D

0.2

—4— =2 full track trigger (A¢p > 90°)

" Belle Il (Prelimina det=3.7fb"
r ( ry) ~——— with short track triggers

. L
.................................................................................................................................. L
» To help compensate, the CDC trigger also searches for “short tracks” that 0 k= - - - s
pass through inner most 5 axial + stereo SLs. Operational since Oct 2019.
- 4 —#— = 3 full track trigger
Belle Il (Preliminary) det =3.71b ) ,
51200__ ] o —#— with short track triggers
C - Short track triggers .
1000 . e ege O - '
N prov|de a s|gn|f|cant qC) 0.8 S B L T * ................
800:— %?r galn in efﬁC'ency for g - W — L # ...... W*ﬁh
- endcaps / IOW pTl 8 0.6 Lw ............................. TT—)1X3 prong ................................. m+++ ........... )
- o ¥
600: 8 PP *++HH+
m_ R D DL B +
- g_ « neural-z triggers mlght — e i
200/ i become active in 2020C 0.2 o BELLE2-NOTE-PL-2020-015
T Backward - T e
ol Levetiit B Tttt = we keep a close eye! o L , , , , , ,
-800 -600 -400 -200 O 200 400 600 800 1000 1200 1400 1:!‘0'2) 20 40 60 80 100 120 140
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ECL triggers

BELLE2-NOTE-PL-2020-015

° Unprescaled total energy trigger haS a Belle Il (Preliminary) det=8.8 fo' 1 GeV total energy trigger Belle Il (Preliminary) det=8.8 fo' 1 GeV total energy trigger
1 GeV threshold. Sum over L1 Cells. R — e A
= 4x4 tower of CsI(Tl) crystals. £ o[t Lo

S B —
5 '
=2 s rr— X1 prong e ~|Tr—=>1x3 prong |

» Performs well for ee—T1T1 events that 2 ooal ot |
have high EM energy deposition S . = E
(e.g. T— evy, 3mrmoy, TTTTOV) e :; e

g I . . . . . . . - . . . . . . .
0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9
ECL total cluster energy [GeV] ECL total cluster energy [GeV]
> __|Bellell (preliminary) f L dt=8.8 fb"
o 1.2F .
— = 3 cluster trigger
« T1—3p is one of the most difficult S it "’f T
. . ~ i M.
LFV signatures to trigger on @ L1. %) o8l -~ fH‘
8 I o..
e . %5 06F s
« ECL low multiplicity triggers are new it [ LEV-like
ToOMmTNV Belle Il - ‘
:\ at Belle Il. 0.4+ . T—31
3 [
3 Most performant for LFV-like events 02f °
S is the >3 ECL isolated cluster trigger N TR
5 4 -3 -2 -1 0 1

AE [GeV]
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Tracking efficiency with taus

» Track-finding efficiency is another key
performance driver for tau physics @Belle I

* Real detector = simulated detector.

Goal: asses systematic uncertainty, based
on the measured discrepancy in the tracking
efficiency between simulation and data

» Tag-and-probe method on ee—T11—1x3 prong
- large T-pair cross section

- low multiplicity but high track density
(boosted T—3T11V)

- wide momentum range: 0.2 < pt <4 GeV

DESY. P. Rados

Method

tag = 3 good quality tracks with > q = %1

probe = look for 4th track that passes loose selections,
and conserves charge (>q =0)

LI —

Count number of events where
the probe track is found (Na4) v
and notfound (N3): "

N3+ N,

e+

€-A

where:

- e istracking
efficiency

.
*
3
3
.
‘e
.

et : v

- Ais geometric
acceptance U

~

Tau Physics at Belle 1l, 13/10/2020




Tracking efficiency with taus

BELLE2-NOTE-PL-2020-014

» Tag tracks: |dz| <3cm, dr<1cm, pt>200MeV, e/p/mPID : —
1o Belle Il (Preliminary) -+-N4 sample -+—Nasample
. . L [Lat=881" i
« Probe track: prand PID dropped « Trigger: hie (e-3m), ImlIO0 (u-3) o f | NCevomeneray tgger
S
Y i
.9 0-8 -_ ..................................................................................................................................................
baCkground suppresion » tag T, ABrrr > 0.2 (005) for e (”) "q:, R i B
q) 0'6 b i
. . (@] +
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and each -I-I- (Cos(e) < _0.5) :l 04 -_ ........................... e_3-|-|- “eIeCtron" Channel ............................
. \ N i [ [EooTT election channet)
» vertex fit (Rave) to tag 1 (x2 > 0.01) eey” veto for electron-OS channel T —
- Prmiss Ooms € [40°, 135°] i
» 1-prong pems/Eveam € [0.2, 0.8] - missing M2 > 20 GeV? ©T 5 S0 0 0 50 100 150
track ¢ [deg]
— - — - ., Belle Il (Preliminary) 4N, sample -} N, sample
12000 - Belle Il Simulation Ot -qgq Iy - eell Belle Il Simulation Ot -qq Iy - eell ! )
[ > i f Ldt=8.81fb =3 cluster low multiplicity trigger
10000 : ; 5‘ 1 -_ ..................................................................................................................................................
: L
[ @ LT N e —— g e om L EEaa
8000 © 0.8 o _+__+_i'-l- ............... ke e vl '.'_z: ................. - R
g 5% S INARASSIRAE TS TC ST VUG« Al s
g o000 | % e
o0 5 *f 7 |p-3m ‘muon” channel |
2000 0.0 _ ..................................................................................................................................................
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pl;:f”g 1 Epoam A6, [rad] track ¢ [deg]
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Events

Data / MC
OO — b —
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= Belle Il (Preliminary)
det:s.afb'1

 After trigger and all offline selections, good agreement between data and MC
+ Clean sample with high statistics
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Tracking efficiency with taus

BELLE2-NOTE-PL-2020-014

+ Data \ MCtotal | 7t
|:| bkg Tt

 Belle Il (Preliminary)

+ Data \ MCtotal | | 7t :
;_f'Ldt:s.sfb'1

|:| bkg Tt

>0 RO
LI UL UL UL UL 1T T 1

eo]le] —_

track P, [GeV/c]

13/10/2020
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Tracking efficiency with taus

. _ i : 02~ - ee-w(e0s) " Belle Il (Prelimi Ldt=8.8 fb" Data +MC
Data-MC discrepancy: Il Bt bo e I elle Il (Preliminary) f t=8.8 #Data +
e linear fit, 0S-e channel ‘ - r
6* 1 * / % 1 meas | -meas 0'165— --------- linear fit, SS-e channel L
- €Data €MC= z(l ~ €Data / €mc ) 2 g::; . Belle Il Simulation
e, 04f
. . 0.08 |
» k-factors from calibration procedure 0.06 |
- combinatorial effects 0.04 o
- impact of bkg suppression cuts R 0 .
0 0.02 0.04 0.06 0.08 0.1 — 4
MC 0 [ s P e g
C 8 :'; _8 Ee I+ .................................................................................................................. e
6 -_ Be”e ” (pre“mmary) . Value stat error Sys error _4 _0'5 .............. :‘ .............. 1 |52| ............. zlsé ............. 3 |5 ............. 445
: ................................................................................................................................................... track pT [GeV/C]
4 o — e et
- BELLE2-NOTE-PL-2020-014 .
. Ooverat = 0-13 £ 0.16 (stat) £ 0.89 (sys) %
SRS BN T N R — —
* LI | m " 4 " u u n
© 99— —""V"—Hmm— — =~ = = ® = wu = 7 .
. . * Includes systematics related to:
ol U - trigger efficiency - background subtraction
S, - charge dependence (dominant) - luminosity
o - calibration procedure
“S5/05e S ©0s S5/ 0sEst0s (S5 05eSs TOs  Dr1o7010 %0106 « Aiming for tracking performance paper in early/mid 2021
2019a 2019b 2019c Combined
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Particle ID with taus

x10°
« ~95% of T—3-prong decays contain 31 = powerful handle on 1rID efficiency 5 >°F Belle 1 (preliminary) == Tt (1x3-prong)
and Tr—e/p misiID rates % L5l [Ldt = 306/ : Z?her
© { Data
bkg,i i » Npia: probe selection —~ 20}
_ Noia = 2. V pid " Tmisid &4 K, p,d} pie- P S . BELLE2-NOTE-PL-2020-014
€data = Niotal — >_; Nbke:i e S D, - m efficiency = pionID > x o st “.
- TT—p misID = muonlID > x % 1ok I
N; . o Y
_ ~'pd . - m—»emislD =electronID>x T |
EMC — N_ | calculated using truth-matched MC - c os5)
total @)
0075 1 2 3 4
1.13 =6 < 1.57 rad, electronID > 0.9 0.82 =6 < 1.16 rad, muonID > 0.9 P [GeV/c]
S 127 _
= | Belle Il (Preliminary), [Ldt= 34.6 fb~! - Belle Il (Preliminary), [Ldt= 34.6 fo~! |
© 10f I . * Ongoing work (from Paul ()
S |t I S IS
S st | i —— » - studying the dependency
27+ 4 Jly-ee-ele) . R on track isolation
v [ ee - eey - £(e) ! ee = uuy - (W) . .
E 06 ee - eeee - £(e) C ee - eeyyt - £(u) - improve systematics
> i 4 - 77T - Mis- . i - -v-  Ks—=mm - mis-ID(rr - u) x3 .
g ol o feme R e e - S | - studies of sub-detector
o 0.4 - - D" DO%Kmm - mis-ID(m— e) x3 I i D" - D°(Km)m - mis-ID(m - u) x3 p
E - [ t0pt@p) -misDm-e)x3] | | = [~ t(1p)t(3p) - mis-ID(7— ) x3] periormance
o 0.2} ¢ D -»DYKmm-mis-IDK-e)x3 | F = 4~ D" - DO(Km)m - mis-ID(K - ) x3
B | | | | s - Aiming for PID performance
09 1 2 3 4 5 6 70 1 2 3 4 5 6 7 paper in early/mid 2021
p [GeV/c] p [GeV/c]
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T° reconstruction with taus

8000 1800

- 10 efficiency corrections can be measured : Belle l (Preliminary)  +Data (3w’ W3 | [r—other | *°[ Belle ll Prelminary)  +Data [r—gnx’y t—3xv | r—other
by taking the double ratio: g T Jrasemen U o  Juaoron’ G mh D2
6000 r
5000 1200 ;—
1000 |
. — NYata(r —37mOu.) . N2 (r—=37u;) 000 00 £
e — e 3000 F
Ul NMC(r—3rmO0u,;) * NMC(r—37u;) o 3
00 [~
1000 200 —
0 L . 0. : — L
=> Covers 'I'I'O momentum from 0.2 _ 4.5 GeV, 0.05 0.1 0.15 0.2 0.25 0.3 (:VSI:Y (Effsoc;) [Ge\(;.]45 0.11 0.115 0.12 0.125 0.13 0.135 0.14 (;\;';1: (No(r);;[Gei);]ES
and is complimentary to the studies of 0 g 1° i
E LX) L
from B decays g ‘E“"'—V"""'“"'MWMW* R L A
05 0.05 0.1 0.15 0.2 0.25 03 035 0.4 0.45 0501_1 0.115 012 0125 0.13 0.135 014 0145 015 0.155
% 10° £ Belle If (Preliminary) +D_alta [t—3nn’v [t—3nv [ t—other . .
I 2 O mho O o . _ « ~2 MeV shift observed in data,
Current nominal 19 reco in Tau Group: :
10" also seen in B decay modes
3 » Ey > 100 MeV  » -0.8660 < cosB < 0.9563 . " .
* . Y = will by mitigated by improved
2 o, i . .
10 o, » clusterNHits > 1.5 » 115 <My <152 MeV y energy calibration
10 N”f**
| i
. = . L = ° Studies in early stages. _ _ .
Photon2 abs(Timing) (Nom) [ns] Ongoing work to reduce fakes in data using y timing cuts, and development
g OF o of BDT based 0 ID.
3 3 gunn"
3 1 - gresnane
° § ™ = = « Aiming for Neutrals performance paper in early/mid 2021
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Tau Physics Program

» Belle Il will provide the world’s largest sample of T-pair events, enabling a rich program of new
physics searches and precision tests of the Standard Model

» tau mass measurement

» search for lepton flavour violating decays: 1t — ly, lll, Ih(h), la, ...
» lepton universality tests
» search for heavy neutral leptons

» CP violation in T—>Kstrv

» and much more!

electric dipole moment (CP/T violation)
Dalitz analysis Y(nS)—T1u decays

T lifetime (3x3 prong) search for second class currents in T—T1TnV
Vi Mass - ...

|Vus| and g+/gi from 17— Ky, 11V
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Tau Mass Measurement

arXiv:2008.04665

« Taum m rement in early Belle Il data (8.8 fb- 3
au mass measureme early Belle Il data (8 ) 2000 E. Betle #f (Preliminary) 4+ - , e
o === (=) T(— e, u, ) o e T
» Using a pseudomass technique on 1—311v decays 8000 - f Ldt=8.8fb’ =+~ eoll (=8, & et - =) (=)
7000 | - - qq(q=u,d,s,c)
> » sharp threshold 2 6000 |TT—1x3 prong| et
M, = \/1\43,r + 2(Ebeam - E37[)(E3]z - P3,,) behaviour in region © 5000
close to my “ 4000
3000 |
600 (3 2000 -
- t Belle Il (Preliminary) 1000 |-
o O f Ldt=8.81fb" 0"
> [ g LT 1
= 00¢ © 1} HH g #yoveveostosecseocassnasanssaetisenssioes it
@ 300 _ m, = 1777.28 = 0.75 MeV/c” 8 05 f o I*I ....... L |.+.+I.f.+l.+.+.l.+.+
E + Data 0.4 0.6 0.8 1 1.2 1.24 1.6 1.8 2 2.2
g 290F x?/dof = 349.680 M_ [GeV/c?]
L F N, =8742 g . . .
100 evis * Mnmin is fitted to an empirical mass function (P41 = m;:) within
o , , , a 1.7-1.85 GeV window:
_ §§—+ ++ by s ¢ + ++ by F(M, P) = (Py+ P,M) - tan'[(M — P,/P,)] + PsM + 1
S A E PSR AR E R AT R
1.7 172 1.74 1.;6 [G1.'</8/ A 18 182 164 m, = 1777.28 £0.75 (stat) £ 0.33 (sys) MeV
min ev/c
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Tau Mass Measurement

arXiv:2008.04665

» Belle Il in good agreement with previous measurements

PDG average £:1776.86 = 0.12 MeV/c?

« Current best result comes from BES lll from pair

production at threshold energy BES Il (2014)£1776.91 + 0.12 + 0.13 MeV/c?

» Best measurement from psuedomass technique
comes from Belle

1776.3 = 2.4 = 1.4 MeV/c?

ARGUS (1992)

Belle (2007) $:1776.61 = 0.13 + 0.35 MeV/c®
. . 5
Systematic uncertainty MeV/c BaBar (2009) $51776.68 = 0.12 = 0.41 MeV/c?
Momentum shift due to the B-field map 0.29
Estimator bias 0.12 Belle Il (2020)£31777.28 + 0.75 = 0.33 MeV/c?
ChOice Of p'd'f' 0'08 I 11 1 | I 1 1 1 | 11 1 | | 1 iii 1 1 1 I 1 1 1 I 11 1 1 | 11 1 | |
. . 1773 1774 1775 1776 1777 1778 1779 1780 1781

Fit window . 0.04 m. [MeV /Cz]
Beam energy shifts 0.03
Mass dependence of bias 0.02 o _
Trigger efficiency <001 » Belle Il currently has similar systematic error as last
Initial parameters < 0.01 generation B-factory results
Background processes = 0.01 » B-field maps will be updated soon, significantly
Tracking efficiency < 0.01 reducing the dominant uncertainty

DESY. P. Rados Tau Physics at Belle I, 13/10/2020
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Tau Mass Prospects

» Goal: achieve at Belle Il the best tau mass precision amongst | F arXiv-2008.04665
the pseudomass techniques _ e Bellell
Al -
0 | *
. : : . TI 1 S - e luminosity projection
Current analysis will reach Belle precision with ~300 fb > 081 075 Mevic @ .76 1) y proj
. . = |
Eeoooo t Belle Il Simulation det:ZSfb" IElﬁrevv ;{—mther —qq Elzggg: Belle Il Simulation det=25 fo! Elﬁ;ew 12:Y—>other —aq c 06
50000 14000 f @] -
Joono | (2B
. ol ® 04f
10000 oo Dh_ [ 4031 MeV/c? @ 50 [fb"]
13 600 F — 13 o £ ool \"].o\.'z‘z MeV/c? @ 100 [fb”]
400 [ 400 (-75 "-.,... ‘011. ':3, !\/IeV/c2 @ 300 [fb|
200 oer T~ T e
0 0:5 1 1j5 2 2j5 3 3.‘5 4 4?5 5 0 015 1 1j5 2 2j5 3 O —— . L] . L] L
3-prong p':ading [GeV] 3-prong pi”bleadi"g [GeV] 1 0 1 02 1 03
’%20000 E Belle Il Simulation det=25fb" [Jt—evv —t—other —qg LumanS|ty [fb-1]

~lly 2y

* Recent studies indicate that with a more optimal 3-prong selection
(E/p cuts — asymmetric pt cuts) we can get a 2-3x higher efficiency
at ~same purity

= Belle Il could become competitive with Belle in the near future!

0 02 04 06 08 1 12 14 16 18 2
3-prong p:'"d [GeV]
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Searches for charged LFV

» LFV has been established for the neutrinos, but what about their charged partners (e, y and 1)?

* In the SM, charged LFV decays via neutrino oscillation Standard Model New Physics %
are highly suppressed and immeasurably small: M\vﬁ\‘
Sm?>\ 2 o
Br(£, = £5p)gy & (—) ~ 107341074 ; “
(7 2V)sm 2 T A S — U
w NP
» Observation of charged LFV would be a clear signature £ ,,if v «
for New Physics! N .
— L 2
- Brenhanced in many NP models (10-10-10-7) 10°F Y v mﬁg, .
107 =
- SUSY, extended Higgs sector, seesaw, leptoquarks, non- o & - 3 o rmasar sete Belle I
universal Z', and many more e, VY. . o
10, n— 3e : " = w
- p—e: stringent bounds exist from MEG o " WV —eN * = o= TN e
L o =y MEG I
- t©—u/e: weaker bounds (Belle, BaBar and CLEO) W0BE A r—3u Sze
10-17 il Muzeﬂc%MET [
oliua by b b b by a b ban o Ly waa 1y

10-19

» As heaviest lepton, NP can have preferential 1 LFV couplings 194019501960 1970 1980 1990 2000 2010 2020 2030

Year
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Prospects for T LFV

* Due to their large mass, T leptons provide a wide variety of LFV (and LNV) decay modes to study:

- radiative: Ty » “golden channels” for discovery: T—=ppy, T—pY
- leptonic: T » complementary: semileptonic modes allow us to test LFV couplings b/w
- semileptonic: o Lﬂh(h) quarks and leptons, and better discriminate b/w NP models

arXiv:1808.10567

% m 0 0 0 . 4

- IP | IV T Ihh Ah - | :
§ 105L i S B Extrapolating from Belle results (50 ab-1):
@ E =" n "EEmnm "am o m, " om = .
TE. e o . Lo e ] Belle Il will push the current

B nE ] -
> 10°E * - : - bounds forward by at least one
- f . YYe v ! ; order of magnitude!
2 1()-7_—A 'Y Y Y - v Yoy "y v _
(%) = gyt Y A i iA y vy V2
= C ¥ A P v v A N A A A A A A [
E :v N AA XAAA ve 8 X XI Yia, Lot A S LN 417 . . .
T 1ok ‘L Tt 1 =cLEO  * This only accounts for 1 luminosity
o 3 E Eaﬁar

o ] * belle . . .
=1 oL . . e . Ve 1 © LHCb « Equally important will be improvements
(_Jj L O U L LI P PR * Bellell in signal detection efficiency

- ° N ° ... ° ° 3 . . .
0\010-10_IIIIIIIIIIIIIITIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII_ bettertrlgger,.traCklng,Verjtexmg, PID’
S IEERSE TR RERL RRO T 23 vo 2o 2 KR KRMRARIKE M i <l 110 reconstruction, more refined

o'z ) o's QIR IRy © & LB B . .
o= 0a? T b 0a? SO b T nb ek Zﬁiﬁfwiziﬁﬂx < analysis techniques, ...
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Search for LFV t—=uuu

 tag side: generic 1-prong decay, signal side: fully reconstructed 1—3u K U

. . . LFV mode H
- Consider two independent variables: M, = \/ 2~ P2, AE = EC)P — EQD
 Signal extraction in M3,-AE plane (or rotated plane to reduce correlation) e e
« Side-bands to study / evaluate background contributions
generic T decay
— 0.3 — 120 L
%  Belle Il 2020 (preliminary) . « Good pID performance is critical to P
(5 0.2 —Simulation: LT 100 achieving the necessary level of v,
LT o - 10000 events ot background suppression (mainly SM 1)
- =l
< : : i 80 o
OF wvpe ™ h « Momentum dependent pID optimisation

-0.1} . 60 - pu<0.7GeV = p does not reach the KLM

—02F - 0.7 <puy<1GeV = reaches KLM but not many layers crossed

o3k .- 40 - pu>1GeV = reaches KLM with many layers

o4l g 20

' : T .:,' . « Can avoid tag y-veto and py > 0.6 GeV requirements used @Belle.
- —— — LI g New low-multi 3-cluster triggers (>95% efficiency for AE~0).
17172174176178 1.8 1.82 1.84 i .
M. [GeV] = higher efficiency foreseen @Belle Il compared to Belle/BaBar!
T
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Search for LFV 1—la

* Search for two body decay 1— e/p + a, where a is unobserved (missing energy)

» LFV process that appears in several NP models (Goldstone boson, LFV Z’, light ALP, ...)
» Previously studied at MARK Il (9.5 pb-1) and ARGUS (476 pb-1)

P 3
T T
§ 12000 Belle 1l
3 Simulation: f Ldt=25.01"
o 10000
Al
S
% 8000 DT—)M T—>TUTV
= BR(eq) _
(0]
5 6000 EM =0, BR(ew)

BR(ew)
.M =14, rev =01

. Background

4000

2000

| L
0O 02 04 06 08 1 12 14 16 18 2

pps-AF{GUS [GeV/C]

DESY. P. Rados

S}

Events/(0.020 [GeV/c])

« Signal will manifest as a peak in
the 1 rest frame, against the SM
T—lvv background

BELLE2-NOTE-PL-2020-018

12000

10000

8000

6000

4000

2000

. Background

B Belle Il .

- o « cannot access T rest frame directly
- Simulation: f L dt=25.0fb" due to neutrino

- [ e, A - approximate with the following

- e, .

— EM =0 BRew) = assumptlons:

- BR(eq)

L —M,=1.4, —=0.1

- =" e » Er=+s/2

» ARGUS method: ]7; ~ = p_3,;

RN R B
0O 02 04 06 08 1 12 14 16 18 2

—

» Thrust method: ﬁ; ~ T

p [GeV/c]

ps-thrust

Tau Physics at Belle 1l, 13/10/2020
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Search for LFV 1—la

» Follows 1-pair 1x3 prong reconstruction criteria described earlier (4 good tracks, thrust-based hemisphere separation)

* Dominant background is SM 1—lvv (irreducible). Since we don’t know M,, we optimise for the SM.

S 16000F  Belte 1t
o C
S 14000 simulation: f Ldt=25.01f"
E 12000} [ ]Jt—evv, tT—=nanv
C eel
W 40000 "-"‘qa(Y)
80001 = Others
60001
40001
2000
IR S| L _
§65 07 075 08 085 09 095 1 105
thrust
F ,
3 - Bellell ] [
S 120005 Simulation: f Lidt=25.0fb" ]
-— L 1 ]
o) 10000~ [ JT—€vv, T—muv 1
G e :
gooo[- - 9a
- [ Others : :
6000| - ! ]
- 1
4000| 1
L ]
2000~ ;
~ 1
I IR R | [
$65 07 075 08 08 09 095 1 1.05

DESY.

thrust

Events/(0.150 [Gev])

Events/(0.150 [Gev])

Belle Il

7000
Simulation: f Ldt=2501b"
6000
[ ]t—evv, tT—=nanv
5000 T ee(y)
Tqg
4000 Others

o 2 4 6 8 10 12 d4
Elivie [GeV]

Belle Il :

Simulation: f Ldt=25010"
1

[ tevv, T—=nanv

I ] e

4 6 8 10 12 14
Eliebe [GeV]

P. Rados

—

Events/(0.030 [GeV/c?]

Events/(0.030 [GeV/c?)

12000~ Belle Il
B . L _ 1
10000 Simulation: f Ldt=250fb
[ ]t—evw, TV
80001~ Cee(y)
]
= Others
6000
4000/~
2000/~
07 L | T L
0 0.5 1 1.5 2 25 3
M [GeV/c?]
12000[~ ] Belle II
B ] L e
- Simulation: f Ldt=250fb
10000F | 4
B 1 ] Tt—=evv, TV
8000 1 ' ee(y)
i 1 1Ot
- = ers
6000l . :
L L] [}
- ] 1
4000 i 1
[ ] ]
B ] [}
2000} 1 1
= ] )
[ ] 1
07“‘ ,&JI“\“‘\“
0 0.5 1 1.5 2 25 3
M [GeV/c?]

Tau Physics at Belle I,

13/10/2020

e Cut-based selection

S SM

/Sy + B

» 0.8 <thrust <0.99

FOM =

» 2.0 < Evis®™™S < 9.9 GeV

» 0.48 < M3r < 1.66 GeV




Search for LFV 1—la

* UL estimation for the ratio Br(t—ea) / Br(r—evv) was shown at ICHEP (no systematics) BELLE2-NOTE-PL-2020-018

* With only 25 fb-1 we can push forward current bounds by ~ _
an order of magnitude! Aiming for a paper in early-mid 2021. Can set strong constraints on NP models, e.qg:

« Current status of the analysis: formz = m;-my

including systematics uncertainties
include T—pa channel

- LFVZ = strong bound already set from ARGUS

- light ALP = exploring regions of parameter space
not reachable by other experiments )

~

- development of BDT, and better 3-prong selection (see earlier) \_
- UL cross-check using Bayesian approach

[Cy;1=1Cp =1

— 1 o

5 it : Mude-oning,—

%’ . 1077F MEGII—fwd (F=100)

e 107 i X.-

1 | r= R

>5 E N

3102 s e

! O 108 RG 4 =

. '—m' E WD cooling 2 Belle-lI

m 3 e r cooling !

§10°FE 107E 3

- = g SN1987Ace =t

=) = Belle Il p eBelle Il, ARGUS method C F ARGUS

= 104 Simulation: | L dt=25.0fb mBelle Il, Thrust method 108

o = g

X C 8

P C i SN1987A,,,

°’10—5| . P RS RN A RS S S S ARSI SR R 1052'"""'|3'"""'|4""""|5'"""'|6"""“7' ""'|8' 9
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 10 10 10 10 10 10 10 10

M, [GeV/c?] m, [eV]
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Tests of Lepton Flavour Universality

» LFU refers to the SM property that the electroweak (gauge) A L
_ . c [~ [ HFLAV average Ay~ =1.0 contours ]
bosons have the same coupling to all lepton generations ® 04f -
| LHCb15 i
. 03sF =
* Anomalies in quark sector - LHCbTS :
- R(D)-R(D*) plane (~3.90) 03 : =
- R(K) and R(K*0) (~2.2-2.50), also Ps’ in B—>K'uu (~3.40) ok e E
- and more... - 1 .
oo . HFLAV B
st s
N R(D*) = 0.258 + 0.005 PO =27% ]
- Tensions also in lepton sector 55 Y
- anomalous magnetic moment of p (~3.80) and e (~2.50) RD)
» Are these hints of a new fundamental interaction that violates LFU? .
« If so, then we should also see hints in the tau sector, where B(t— = u v,v,) . .
the most stringent test of p-e universality comes from the ratio: B(t— — e U.vy,)
i

DESY. P. Rados Tau Physics at Belle I, 13/10/2020




» Most precise measurement from BaBar (467 fb-1):

50000

40000

30000

20000

Events/(0.10 GeV/c)

10000

Data)

(1-N_ /N

DESY.

_BlrT—=u T v,v)

— B(t——e vUev,)

where f(r) = 1 — 8z + 823 — 2% — 1222 logx

Tests of LFU in T decays

Phys.Rev.Lett.105:051602 (2010)

— T—eV,v,

: Eft;)'””

||||||||..|IIIIIIIIIIIIIIIIIIIIIII

i+ ple ,Hunﬂ; r*m.* L*-* tH

+ Data

— T—=uVv
TV, v

By
&‘C'—>J'IZ'J'£°'VT__

| othert

T —

= 0.9796 + 0.0016 (stat) + 0.0036 (sys)

m
NP 731102
Purity 97.3%
Total Efficiency 0.485%

Particle ID Efficiency 74.5%

Systematic uncertainties:

tyt {
ettty - it

Tl

""" 3
CM Momentum (GeV/c)

P. Rados

Particle 1D 0.32
Detector response 0.08
Backgrounds 0.08
Trigger 0.10
7w~ m" modelling 0.01
Radiation 0.04
B(t— =7 ntv,) 005
‘CO’e+e__).,.+.,.— 0.02
Total (%] 0.36

Tau Physics at Belle 1l, 13/10/2020

Can we do better at Belle 11?
= Yes!

More data and higher signal
reconstruction efficiency.

PID uncertainties should
scale well with luminosity
and higher stat MC samples.
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Tests of LFU in T decays

» Ry can put strong constraints on lepton flavour violating Z’ models

DESY.

s

p(T)

Vr(w)

BaBar has already
excluded a significant
region of parameter
space

Sensitivity @Belle 1l will
depend on how well we
can control the
systematics

my, = 100 GeV

1S ),(/m

-
-
-
-
-
-
.
.
.
-
-

VHL-I}
0.1 e
0.03} ! T .
SIS
of T :
0.01F & .o of 3
[ Ry L =i T OV 1
":' i N lQ : °. : n:. (rri]]
0.01 0.03 0.1
8L
P. Rados Tau Physics at Belle I,

13/10/2020

Physics Letters B 762 (2016) 389-398
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Search for Heavy Neutral Leptons

* Neutrino masses can be incorporated into the SM by introducing sterile RH
(Majorana) neutrino(s)

* For example, the viMSM model introduces three RH singlet HNLs. Can solve:

- origin and smallness of vsm mass (with GeV scale N12 and see-saw mechanism)

- dark matter (N1 with mass ~keV)

- BAU: leptogenesis due to Majorana mass term

Bosons (Forces) spin 1

a e 10-2
=
: : : L 107
« HNL interacts with vsm via N vsy mixing. )
Long lifetime due to small Mn and small mixing. 107
1073 Belle
« Tight limits already exist on HNL mixing with ve and v,. 107k Belle I
Weaker limits on |U.n|2, motivating |U.n|2 > |Uen|2, [Upun|? 1077
107
DELPHI: Z. Phys. C 75, 580 (1997)
» By studying 1 decays at Belle Il, we can significantly 107 CHARM: Phys. Lett. B550. 8 (2002)
improve existing limits for My < M- 10710 S '

llll

= No measurement was done at Belle/BaBar! 169 , 10

DESY. P. Rados Tau Physics at Belle I, 13/10/2020
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HNL in T decay kinematics

« Proposed search for HNL in ©— 31TV decays

» Phase space of 31r-system could be superposition of massless neutrinos and HNL

arXiv:1412.4785v2

dltot (77 — vh™ dl'(t— — vh™ dl'(t— — vh™
t t( ) — (1 . |U7'4|2) ( ) B + |U7'4|2 ( ) B
dmthh dmthh my = dmthh My ="My

SN B
0.8F R -
06 | -
0.4/ -
02F -

- T—=va n'n |
O_I 1 1 | l l 1 | l 1 1 | 1 1 1 | 1 1 l | I_
0 0.2 04 0.6 0.8 1
mh/mt
DESY. P. Rados

« Kinematics of T decay will contain info
on whether 31 recoiled against HNL

» General idea:

Measure a crescent-shaped endpoint in .
the E3n-Msr plane N

» Method is insensitive to details of HNL decay, lifetime or whether it is
Majorana/Dirac

» Would require large data statistics and excellent E/M resolution
= Possible at Belle and definitely at Belle Il!

.

Tau Physics at Belle 1l, 13/10/2020



HNL in T decay kinematics

aXiv:1502.06541v3

» Sensitivity estimate based on pseudo-data study

001 b LBED)
* MC sample of ee—tt with T—3T1TV decay(s)
1074 - assuming Belle lumi
Qa_ - smearing to mimic typical Belle resolution
f 107° - both optimistic and conservative
— scenarios wrt systematics
107®
10710 « Belle may be able to place stringent limits
on |U|2 as low as (D(10-7-10-3) for
10 1(2).1 | 0 T 100 MeV =< Mn = 1.2 GeV

My (GeV)

= |In the coming years Belle Il will be able to push these limits even further!
Other players in the game will be SHiP, LBNE and FCC-ee

DESY. P. Rados Tau Physics at Belle I, 13/10/2020




CP violation in t— Kstitv, + nt°

« Due to CP violation in the kaon sector, T—>KsTtv; decays T— Kt v, Phys.Rev D85 (2012) 031102

. . o~ 105 L L B AL L |
in the SM have a nonzero decay-rate asymmetry: § ) D — BaBar (2012)
[(t* - 77K%.) — (e~ — 7 K%,) 3
= —— Data
f I'(et - 2tK%,) + T'(t— - n~K%,) § 10° ] signal
S 10° B « by
» SM prediction: (3.6 £0.1) x 103 2 0
» BaBar measurement: (-3.6 +2.3+1.1) x 10° (2.80) &
w o5 1 1.5 2 2.5 3
« An improved Ar measurement is a priority at Belle Il M,.. (GeV/c?)
T— Kstrty, + 110 T— Kstrty, + 2110
NQ 10‘ T T T l L NQ T T T T T ?
> BaBar (2012) > ]
@ 10° Q
(o] O 102 =
N~ N~ e
S 10° ) :
= (<)
10
3 10 F:
£ g [, ..
w 15 1 1.5 2 25 3 w 155 1 1.5 2 2.5 3
Mass (GeV/c?) Mass (GeV/c?)
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» Belle Il is now well into the Phase 3 data taking period, breaking the peak luminosity world record in June and
collecting ~74 fb-1 of data so far.

» On target to deliver the world’s largest sample of T-pair events in the coming years, enabling a rich program of
both performance and physics results.

« Tau physics goals/highlights:

» Most precise T mass measurement amongst the
pseudomass techniques.

» Searches for LFV 1 decays, with a potential first paper
on T—la coming early/mid 2021.

» Pushing the limits of LFU with the world’s leading
measurement of Ry.

» Search for HNLs through a novel probe of N«<v; mixing

» and much more!

DESY P. Rados
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o
(o]

L1 trigger efficiency
o
()]

Full and short track triggers

ee—11t—1X1 prong

ee—17t—1X3 prong

i . == > 2 full track trigger (Ad > 90°
Belle Il (Preliminary) f Ldt=3.7 fo" ! 'gger (A¢>907)
- ——= with short track triggers

|
S
0.2 [ ++ -----------------------------------------------------------------------------------------------------------------------------
I e e e e e e e e e e

DESY.

—4$— = 3 full track trigger

" Belle Il (Preliminar f Ldt =37 fo!
- ( ) ~— with short track triggers

0 0.2 0.4 0.6 0.8 1

tréck P, [GeV)c]

P. Rados

1.2 1.4 1.6 1.8 2

Tau Physics at Belle I,
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Trigger efficiency for ¢ LFV

=31, LFV-like event e-31, LFV-like event =31, LFV-like event
§1.4_ §1.4_ /;1.4_
®  Belle Il (preliminary) | L dt=8.8 fb™ ®  Belle Il (preliminary) [ Ldt=8.8 fb™ ®  Belle Il (preliminary) | L dt=28.8 fb™
(2 1.2 = 3 cluster trigger 9 1.2 = 3 cluster trigger (2 1.2 = 3 cluster trigger
=) [ tag side track=u =} [ tag side track=e o tag side track=n
% 1 _ 0es® ¢ I % 1 : +’¢".“'.““~.-’w’"‘”¢+ % 1 ! M””?ﬂ‘
i o0 070 %¢s" L) i i o
qC_) 0.8 ++¢¢¢“ we T “’#* il QCJ 0.8 +++++ qC) 0.8 ..'..
S W S t Hit S N
D 0.6] N D 0.6] # D 0.6] ;
i S : o | i
0.4 * 0.4 0.4f
I L L .
02p H 02 MH 021 ' BELLE2-NOTE-PL-2020-015
O-Illl}lII|IIII|IIII|IIII|IIII|IIII|I O-IlllIII|IIII|IIII|IIII|IIII|IIII|II O-IlllIII|IIII|IIII|IIII|IIII|IIII|II
5 -4 -3 -2 -1 0 1 5 4 -3 -2 -1 0 1 5 4 -3 -2 -1 0 1
AE [GeV] AE [GeV] AE [GeV]
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Full track triggers

L1 trigger efficiency

Py L
C 08 | e L USSR IR f- .......................................................................................................................
.2 o M 3 2
;;é) ..'.. ................................................................................................................ o R A i B i
q: 0.8 [T B _““+.-. .......................................................................................................................................
e N L S
k) 4 ¥ t"'*
= 0.4 [y 1 3 4444444444444444444444444444444444444444 ‘ B
AT S €E—TTIXOPronNg | | [

0,2 e OSSR U SRRSO
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DESY.

" Belle Il (Preliminary) f Ldt=881" =2 full track trigger (A¢ > 90%)

" Belle Il (Preliminary) f Ldt=881" =2 full track trigger (A¢ > 90%)

= 3 full track trigger

- Belle Il (Preliminary) f Ldt = 8.8 fb”

- Belle Il (Preliminary) f Ldt=88f" =3 full track trigger

track 6 [deg]

P. Rados

tréck P, [GeV)c]

13/10/2020

Tau Physics at Belle I,

* L1 requirement
- >2 full tracks
- track pair with A$p>90°
- ECL Bhabha veto

= low efficiency in endcaps,
puts limitations on tau + other
low multi physics

* L1 requirement
- >3 full tracks

= less sever drop in endcaps
and at low pr

(due to one track redundancy)



Trigger definitions

e ffo : > 2 full tracks, track pair with A¢ > 90° and not an ECL Bhabha.
o fIf : > 3 full tracks.

e fso : > 1 full tracks, > 1 short tracks, track pair with A¢ > 90° and not an ECL
Bhabha.

e sso : > 2 short tracks, track pair with A¢ > 90° and not an ECL Bhabha.

o ffs : > 2 full tracks and > 1 short tracks.

e fss : > 1 full tracks and > 2 short tracks.

e sss : > 3 short tracks.

e hie : total energy above 1 GeV and not an ECL Bhabha.

e c4 : > 4 isolated clusters with energy above 100 MeV and not an ECL Bhabha.

e eclmumu : cluster pair each with E* < 2 GeV, 165° < ) 6 < 190° and 160° <
Agp < 200°.
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Trigger definitions

e Iml0 : > 3 clusters with at least one having E* > 300 MeV, 1 < 0;p < 17
(corresponding to 18.5° < # < 139.3°, full ECL) and not an ECL Bhabha.

e Imll : exactly 1 cluster with £* > 2 GeV and 4 < 0;p < 14 (32.2° < 0 < 124.6°)

e Iml2 : > 1 cluster with E* > 2 GeV, 0;p = 2, 3, 15, or 16 (18.5° < § < 32.2° or
124.6° < 6 < 139.3°) and not an ECL Bhabha.

e Iml4 : > 1 cluster with E* > 2 GeV, 0;p = 1 or 17 (# < 18.5° or 6 > 139.3°) and
not an ECL Bhabha.

e Iml6 : exactly 1 cluster with E* > 1 GeV, 4 < 0;p < 15 (32.2° < 0 < 128.7°, full
ECL barrel) and no other cluster with £ > 300 MeV anywhere.

e Iml7 : exactly 1 cluster with E* > 1 GeV, 6;p = 2, 3 or 16 (18.5° < 6 < 31.9° or
128.7° < 6 > 139.3°) and no other cluster with £ > 300 MeV anywhere.

e ImlI8 : cluster pair with 170° < A¢ < 190°, both clusters with E* > 250 MeV and
no 2 GeV cluster in the event.

e Iml9 : cluster pair with 170° < A¢ < 190°, one cluster with E* < 250 MeV with
the other having E* > 250 MeV, and no 2 GeV cluster in the event.

e Iml10 : cluster pair with 160° < A¢ < 200°, 160° < > 6 < 200° and no 2 GeV
cluster in the event.

e Imll12 : > 3 clusters with at least one having E* > 500 MeV, 2 < 0;p < 16
(corresponding to 18.5° < § < 139.3°, full ECL) and not an ECL Bhabha.
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« CP violation could also arise from a charged scalar boson exchange. It would be Z

Events/0.0115GeV/c?

DESY.

CP violation in t— Ksev,

detected as a difference in the decay angular distributions:
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« With 50 ab-' of data, Belle Il
is expected to provide a x70
more precise measurement:

|Ace| < (0.5-3.8) x 104

[ —

——

(assuming central value ACP = 0)
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Second class currents in t—nrv

» Hadronic currents classified as first or second class according to their spin, parity and G-parity quantum numbers
- Second Class Current (SCC): JP6é= 07" (a,), 07" (n), 1" (b)), 17" (w) = yettobe observed!

* Inthe SM, v decays proceed -
via SCCs (isospin-violating) with o o, L
tiny BRs < 0(107°) = -
RN pr @

7/
a,a
. LT &
« Searched for at last-gen B factories: ) o B ] R N
o i —
- Belle: Br<7.3x10-+5 . 12 ol Belle Il Simulation 3
- BaBar: Br<9.9 x 10 : i =+ The observation of SCC via
e 0 = . . .
19 % —— BaBar Upper Limit —; TB_)I?TrI\I/ deCay IS a pI’IOI'Ity at
. 150 ! T r 8 8 — 3 coupled channels model 3 clie
é - ;{b) { Hayasaka PQS’l(b CCE T Other models E
= 100} | i S 6f 3 . 4
& Fi | i (Belle): z s 3 « SM predictions can be tested
g SoF—yi; —t =S - for the first time with the first
= of. . g .F T years data taking (1 ab-")
©operofor 0 LI ol T g
cli 111 141 L a4 L1 L1 L L | = ° H
5006 1.0 1.4 1.8 (2)><1o-1 1 2 3 4567810 20 Clear Slgn_al could suggest
M, (GeV/e) Luminosity (@) New Physics!
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HNL Production and Decay

» Neutrino flavour and mass eigenstates need not coincide,

) | Vy= ) Upp a=eut, ..., i=1234 ..
but may be related through a unitary transformation l. ’

« HNL production can occur through mixing with the SM neutrinos = suppressed by factor of Ug2

» They can then decay (after long flight length) by mixing again with SM neutrinos = additional Uq2

Production Decay
a N )
Low mass High mass N — ht, ¢¢'v vy €y
Semileptonic decay Decays of Z and hOU, £tv, 3v
of mesons, t decay W+ bosons
N Vg
= X—
2
Up
DO
mn > Aacp
v, quarks hadronize ’ ;,1_/
ur oy separately (di-jet) » OV
g
P. Rados Tau Physics at Belle 1l, 13/10/2020
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Status of Direct Searches for HNL

« Existing experiments have explored My from 100 MeV up to almost 1 TeV

e Mn> Mz * Mn< Mzw * Mn < Mgk
direct search @LHC (pp—NI#) DELPHI (Z9—VN) beam-dump, NAG2, etc.
ATLAS/CMS (W:—NI%) LHCDb, Belle, soon also Belle |
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Comparison with other experiments

Phys. Rev. D 95, 099903(E) (2017)
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* Results are shown from Belle, CHARM, CHARMII, DELPHI, NuTeV, BEBC and NA3
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Search for HNL vertex with taus

Proposed search for displaced HNL vertex in ee—»tt—1x3 prong

For |U.n|? > |Uen|?, |Uun|?2 @and my < m,, decay occurs via N-—v (Z*—X?)

For this preliminary sensitivity study:
- X1 restricted to 1 or Trr?
- Xz restricted to pp or ee  (hadronic X2 could enter final analysis)

Long lifetime (cT«|U.n|2 mn3) = tiny background but low signal efficiency

10°

S —
—— DELPHI - Belle - = Belle Il (+ other modes) ° Bkg Suppression driven

10" — BaBar -~ Belle Il (50 ab™) by N—ee/uu vertex-based constraints and flight length > 10 cm
M. Nayak et al.

10-2 « Signal yields extracted from fit to reconstructed Mn distribution
107 » Assumption of zero background search
- achievable based on studies with official Belle 1| MC
107 - more comprehensive bkg studies are ongoing
O e o o 10 12 ia s (In this channel alone, Belle or Belle Il could exceed DELPHI IimitsD
mn[GeV]
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Michel Parameters

* In SM, 71 lepton decay is due to the interaction with a charged weak current ALEPH ALEPH
0.752+/-0.019 0.086+/-0.078
Vr DELPHI 0.790+/-0.038 DELPHI 0.06+/-0.11
* Leptonic decays are of particular interest L3 5 76251:0.035 L3 YTy
since absence of strong interaction > OPAL OPAL
allows precise study of EW Lorentz ¢ STBSE S0 D
structure T SLD ¢ 0.72+/-0.09
/ CLEO CLEO
0.747+/-0.012 0.015+/-0.087
ARGUS ARGUS
0.731+/-0.031 0.03+/-0.22
* When spin of 1 lepton is not determined, only four bilinear combinations p 0.7504/-0.011 n 035
of the coupling constants are experimentally accessible:
» P, 1], f and o ALEPH 1.000+/-0.076 ALEPH 0.782+/-0.051
. DELPHI DELPHI
» In SM 3/4’ 0’ 1 and 3/4 0.974+/-0.061 0.699+/-0.028
L3 0.70+/-0.16 L3 0.70+/-0.11
OPAL OPAL
0.98+/-0.24 0.65+/-0.16
« With full dataset (50 ab-1), the stat uncertainty is expected to be ~10+4 SLD 10541035 SLD S alT
CLEO CLEO
1.010+/-0.043 0.745+/-0.028
. Lo . . ARGUS 1.03+/-0.11 ARGUS 0.63+/-0.09
« Systematic uncertainties will be challenging at Belle Il (~10-%)
& 0.988+/-0.029 €0  0.7354-0.020
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