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Introduction

« Two results using tau decays at Belle
_ . K.Uno et al. arXiv:2103.12994
* Tau LFVit > fy (£ =e,1)  accepted by JHEP

+ Tau LNV/BNV: 1 - p£#’ (£) = e, ;1) DSahooetal

PhysRevD.102.111101

HFLAV Summary Plot 999, oL upper limits on t LFV decays
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https://arxiv.org/abs/2103.12994
https://hflav-eos.web.cern.ch/hflav-eos/tau/end-2018/lfv-limits-plot.html
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.102.111101
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.102.111101

Belle experiment

Operation: 1999 - 2010
. 3.5 GeV et

Collision: 8 GeV e~

« o(ee » bb)~1.1nb,o(ee - t1)~0.9nb - t factory!
« Possible to use all Y(nS) resonance data (n = 1..5)

« Possible to use off resonance data (~100 fb-1)

- |In total, 9.1x10°% N, (Ref. BaBar: 4.8x108 N,,)

Belle Detector

. . Aerogel Cherenkov cnt.
SC solenoid = - "’i\;;;_\ \ n=1.015~1.030
15T N, N >k

CsI(T])
16X,

TOF counter A\

u /'K; detection

3/4 lyr. DSSD 14/15 lyr. RPC+Fe

Integrated luminosity of B factories
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Link

On resonance :

Y(5S): 121 fb*
Y(4S): 711 b*

Y(3S): 3t

Y(2S): 25"

Y(1S): 6 b !

Off reson./sca
~100 fb!

~550 fb™!
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On resonance:

Y(4S): 433 b!

Y(3S): 30 fb?

Y(2S): 14 fb*

Off resonance:

~54 fb!


https://belle.kek.jp/bdocs/lumi_belle.png

Search for tau LFV decays
T Ly



Motivation: T - £y (£ = e, u)
Charged Lepton Flavor Violation (CLFV)

« Small probability via neutrino oscillations:B( - uy) < 0(107%°)
K Eur.Phys.J.C8,3(1999)

((p or e)

« 1 — {y: Sizeable probability in several models

Model Reference

SM + v Oscillations  EPJ C8 (1999) 513
SM + heavy Maj vg  PRD 66 (2002) 034008

New physics (eg. SUSY) N

Non universal Z’ PLB 547 (2002) 252
SUSY SO(10) PRD 68 (2003) 033012
mSUGRA + seesaw ~ PRD 66 (2002) 115013
SUSY Higgs PLB 566 (2003) 217

Observation of CLFV - clear signature of new physics

T — £y Sensitive to several models! :



https://link.springer.com/article/10.1007%2Fs100529901088

Past searches for r - ¢y

Luminosity 535 fb-! 516 fb!
N, 4.8x108 4.8x108
B(t - uy) 4.5%x1078 4.4%1078
B(t - ey) 12%x1078 3.3x1078
Reference PLB (2008)666 PRL (2010)021802

We updated the results of a search for © —» ¢y
 Increased N,,: 4.8x10% ©9.1x108 (535 fb'1->988 fb!)

* |Introduced new observables and improved selection
« Calibrated photon energy resolution using ee - uuy


https://www.sciencedirect.com/science/article/pii/S0370269308007673
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.104.021802

Photon energy resolution calibration

Revised the photon-energy resolution calibration

« Use radiative muon event (ee = uuy)

« Cover a broad energy range

Goal

« Measure the energy resolution in data -

« Calibrate it in simulation to agree with that in data

F L ‘ T L ‘ T L ‘ T L ‘ L N B
o0ss- Belle

o/ Ey

Evaluation

: . 1 With calibration
0o4f | Ldt =562 fb 1 Without calibration]

« Subtract Eieco from E, for data and simulation™

Erecoil = Ebeam — Ey— — Eu+ ;.ozi* "

- E, measured In the calorimeter

Energy range: 1 GeV - 6 GeV New:! L RN

« Calibrated resolution agrees with that in data ’



Signal side’ y

Analysis approach

Signal-side: Np =1and N, =1

Tag-side: 1prong t (Eg. ¢vv,nv, pv)
Signal region definition

Vs \

. _ CM )2 CM\2  Ebeam™ 5
My = \/(Ebeam) - (p{’y ’ 2 B - Data
elle Ot — wy
CM CM T
) AE/\/Ez(Eﬁ/ _Ebeam)/\/g %0.0211ifI:ZZZ:ZEZTiZ.Z.f
- Signal region. S
Background component oot fIiiiIiii(SR) -
« 7 fvv + ISR y or beam bkg 7 SEERERRY:
+ ee - pu/ee + ISRy or beam bkg o IEEEIEE
Signal extraction
- Mbcm¢ .....

+ Perform UEML fit to the SR o s

_ _ o~ M, . [GeV/c?]
Unbinned Extended Maximum Likelihood X use M, instead of Minv8



Event Selection 1

Several observables are used: eg. Total energy, missing angle

Signal: 7 - f;y/

Signal-side

e

Eg. Total energy in CM frame (E{N /4/s)

Background: ee — ¢fy

Events /0.03

« 7 {y: N, >0in tag-side, ee - ¢¢y: N, =

-
o]
O

-
o
o

T

14 ; |:| TT é
ol B uuy E

><‘|03
T [EARENRERRERRER EAERNEERSNRERREERREREERE:

- Belle MC S|mulat|on -

—— Total background

two-photon

o o o

— oy

* Signal: t - uy

40—

NN R |
00 0.2

0

- Signal distribution depends on tag-side decays (t — ¢vv, v, pv)

NEW!

Optimized selection per channel: ¢, , p channel

% All selection criteria are optimized to maximize search sensitivity

9



Event Selection 2

New observable

gr(tag) track(tag) —

2 ér(tag) track(tag) —

i pr(tag)

(pr(tag) ptrack(tag))

|deal signal events,

|pT(tag) | |ptrack(tag) |

pT(Slg) — _(p{(’: + py ) E

= cosf t(tag),track(tag)

NEW!

150—
100—

50

O < g < 1.0 @ two-photon

Background§

ol Belle 3
C ILdt =988 b { Data .
250/ —— Total background ]
: [ :
200 3 npy N

B(t—uy)=2.0x1 0°

A_L‘_‘_l_ll;‘—‘;'

Signal(r - py)

3 4 5
éCM
t(tag),track(tag)

Good separation between signal and background




RGSUlt Luminosity: 988 fb-! : 9.1x108N_,

Signal eff. = 3.7% Ny =58+ 04  Signaleff.=2.9% Npg =51104

e Data e Data

Belle DT ] Belle []r - ey
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Observed event He Observed event 5
_0'031.7 BN Y - 19 ‘0'031.7' 175 18 185 19

M, [GeV/c?] M, [GeV/c?]
Unbinned Extended ML fit result

—0.3718 p = 5.3%32 s =—0.5%%% b =552
No signiflcant excess over SM background predictions



Upper limits at 90% CL

Upper limit on branching fraction at 90% CL

Blrt — yta) <« 20 _ 495 10-8
(T /’L fY) QENTT 9
590 B
B(rT = eT) < = 5.6 x 1078,
(T e ) 2N

Bx10~8 BaBar Belle Belle
at 90% CL N,, = 4.8x108 N,, = 4.8x108 N,, =9.1x108
Exp Obs Exp Obs Exp
B(t - py) 8.2 4.4 8.0 4.5 49 4.2
B(z - ey) 0.8 3.3 12 12 6.5 5.6

« Expected limits: factor 1.5 - 1.7 improved

« Observed limits,r —» uy: Most stringent limit to the date
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Search for tau LNV/BNV
decays 1 - pt?f



Motivation

Matter-antimatter asymmetry in nature

« Need Baryon number violation (BNV) Sakharov’s condition

« BNV in charged lepton decays - lepton number violation

Belle: B(7— — Ar~) < 0.72 x 10~
Belle: B(t~ — Ar~) < 1.4 x 10~

CLEO:
CLEO:
CLEO:
CLEO:
CLEO:

LHCb:
LHCb:

Past search in BNV/LNV .

B(r— — py) <3.5x107° Phys.
B(r— — pr%) < 1.5 x 107° Phys.
B(r— — p2m%) < 3.3 x107° Phys.
B(r— — pn) < 8.9 x 107° Phys.
B(r— — pr%n) < 2.7 x 107° Phys.
B(r— = pu~p~)<44x 107 Phys.

B(r— = putp~) <3.3x1077  Phys.

Rev.
Rev.
Rev.
Rev.
Rev.

Lett
Lett

Phys.Lett.B 632, 51-57 (2006)
Phys.Lett.B 632, 51-57 (2006)

D 59, 091303(R) (1999)
D 59, 091303(R) (1999)
D 59, 091303(R) (1999)
D 59, 091303(R) (1999)
D 59, 091303(R) (1999)

. B 724 (2013)
. B 724 (2013)

(LNV)

We search for six decays 1~ - pete™,pe e, petu,pe u",

pu-u~ and putu~ using 921 fb-! at Belle
* This search uses Y(4S5),Y(5S5) and off-resonance data

14



Analysis approach
Signal-side: Reconstruct p, ¢, ¢’

e* (3.5 GeV)

Tag-side: 1prong t decays
Signal region (SR) definition

2 — 2

Mrecz\/(Ep{’{”) _(ppffl) §0.2 SIgnaIT _)pee T
ot SR

AE_( M’ Ebeam T ob a0

Background component
—o.z455éééééé?é?SifdeBand____

© trSMdecay,ee > Pfee veett

SideBand region definition o«

. . Moeo(GEV)
« AE — M, region outside the red box

- Used it to calculate expected Ny, in the SR 15



Event Selection
Several observables are used

Entries/(0.025 GeV)

Maximum p; of charged tracks
Event shape variable: Thrust

e* (3.5 GeV)

1-prong decay

CM E - Two-photon
~ ME Bhabha
Cosetag,miss and Hmiss S ossf- =
. U‘ij °'3§ =
y conversion veto
o vt | >
- Photon conversion in the detector §3
material consti major bk 93 I
ate_ 3 (_:O_ SJ:C tut_es_ a_ +aJ_O b_ g+ N s = .
for t~ > pe~e™,pe"e ", pe U, pu" U TR e e s
§ Data < = s Data max
10° é =TB£habha E 105 é ‘I?Thabha p’[' [G eV]
=F .. | Swi =
100 I ke e S 10 b s e
T g, |80 EL e, Assume electron
01gi0igrel0 0 0 00 010, gl . c 102 oadi MMO“MW.. b .
oy, 1| M E B s, = | Mass hypothesis
= . bt K i‘ll""".%""" T
1 — —J".r 1rﬂ n 1'; 1 I“qqﬁ f;u
107 jﬂdﬁL;ﬁ AL 10! .[LLI‘EI_I]JII L_“.".".IL__‘_.

0 01 02 03 04 05 06 07 08 09 0 02 04 06 08 1 12 14

M,, [GeV] M, [GeV]
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Result | i osity: 021 o @ax10on,)

T— pe‘e Ngg = 0.50 £ 0.35 LT pee Ngg = 0.23 £ 0.07 LT petu Ngg = 0.22 + 0.06
~ s © S
(0] — (O] — () —
S o4 Nobs =1 S 04 Nobs =1 S 04 Nobs =0
L L L
< < <
0 0 0
-0.1 -0.1 -0.1
-0.2 -0.2 -0.2
-0.3 -0.3 -0.3
o © d
_0'4...I...I...I...I...I...Q...I. _0.4...I...I...I...I...I...I...I. -04 PRRFES EPEEFUEE IS PSS SES NS S
1.7 172 174 176 178 18 182 1.84 1.7 172 174 176 178 18 182 1.84 1.7 172 174 176 178 18 182 184
Mrec(GeV) Mrec(GeV) MreC(GeV)
o T— peu* Ngg = 0.40 + 0.28 o T— PUL W Ngg = 1.30 + 0.46 o T— puut Ngg = 1.14 + 0.43
— 0. — 0. 9 — 0.
S ° S N - 1 S o o
[0} —_ L [0) = ° ()
S o1 NObS =0 o S o1 o obs S
T} T L] w
< < <
0
° [
-0.1
[ ]
0.2 02 F® ¢ o g0 o : o <
[ ] ° P
-0.3 0.3 ° iy o * osfee ® o NObS =0
Y [ ] [ ] ) L ° [ ] °
° o % ° ° °
B W/ PP BRI BRI PR RPN BRI PR _0.4...|...|...|...|‘..|..3|...|. o4 @ e el
1.7 172 174 176 178 18 182 1.84 1.7 172 174 176 178 18 182 1.84 17 172 174 176 178 18 1.82 1.84
Mec(GeV) Mec(GeV) Meec(GeV)

No significant excess over SM background predictions
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Upper limits

Upper limit on branching fraction at 90% CL

ATUL _ChaEnf _ e (%) Nbkg Nobs NslfgL B(Xl()—s)
B(r~ — pu ) < 2]\;@; 7 T  —pe'e 78 050£035 1 39 <30
7€ T~ —pe e 80 023007 1 4.1 < 3.0
T~ = petpuT 6.5 022+£006 0 2.2 <20
T~ —=pe ut 69 040+028 0 2.1 < 1.8
N, = 8.4%108 T pupT 46 130£046 1 31 < 4.0
T~ —=pu pt 5.0 1144043 0 15 <18

LHCb: B(7— — ppu~p~) < 4.4 x 10~
LHCb: B(t— — putpu~) <3.3x 10~
e 7" o> puu,t-puut: One order improve
« Other four channels: First measurement

18



90% CL ULs reported in this talk

90% CL upper limits on Tt LFV decays
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Expected sensitivity at Belle Il

= CLEO
v BaBar
1 + Belle
LHCb
e Belle ll

Expected

>->"i=°g¢fs=s=° R0 M‘GGBB ooz zoaREY Y g:xfx""x"’mzxx v <l<<I<
+ o+ + + + Fr o4

=g 1&:.0:‘_ 20's o'g 0= 10:’-mm:x:z:.o&ﬁkgxzxf°ww=-o&'&f:.gg"x
m:.m:o:.w:m:,mz_@:_mih’h' B'R '\

90% C.L. upper limits for LFV 1 decays

Belle Il data taking: 50 ab-!
- Search sensitivity: < 0(107°) > Stay tuned!
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Summary

Tau LFV:t - ¢y (£ =, 1)
« Use full data and improve analysis technique

« No significant excess over the predicted background
B(t - uy) < 4.2x1078 > Most stringent limit
B(t - ey) < 5.6x1078 at 90% CL

Tau BNV/LNV: t = p££' (¢() = e, )
e Bz T o> puu) <4.0x1078 B(t” »puut) <1.8x1078
- Upper limit at LHCb: ~1077 = One order improve

e T~ > pete ,pe”e”,petu",pe"ut: First measurement

21
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Previous analysis and Mbc

, Signal S|de y

Beam constrained mass: M. = \/( ) (pu )

. Vs
X Scale [pfM| = & —pfM™)

Previous analysis
2 2 \
Miny = J (E — (pw) \
: V \
AE = EﬁM Ebeam Tagside 7 \
r « Data
01(3) . SR @ 003 Pelle Prel!rrzlr;a:ry: St
o M IR
AE~0-GeV < 002 S A =
0:_ _____________________ EEEE: .......
2 e . e S - E R R
Q-1 :g(E'E'E.\::::::::::
S—’ r 1 o, ok o DE ....... B
Lﬂ I . :‘ * :E\EIII:IEII/ -
< [ .: * [ .-.:|:||:| Dgzu......*
_0'2; f -0.01 [ 'ZZZEE’SSZZ::::::?
'0'3} E —002»%
-0.4L PLB‘ (2008‘)666‘ vammf 0,03, g g
165 1.7 1.75 1.8 1.85

M, [GeV/c?]
1nV (GCV/C 2) > 23


https://www.sciencedirect.com/science/article/pii/S0370269308007673

Background estimation
Make background PDFs depending on M,., AE/+/s.

« 11, uuy background events: Determine PDFs using MC simulation

« eey. Determine PDF using the data by applying the elD in tag-side

M., AE/+/s: almost independent from one another

« Background PDF = F(M,.)XG(AE /+/s)

The total background PDFs:
CoFyr + C1Gypy OF CoFyp + C3Geq,

Events / 0.004

2> (; by flttlng the data ( in sideband region )

< 35T R SR EEEsEaEssEEsasw
o
= Belle
g o { data E
2
& .

o5l uuy function s

. f Ldt = 988 fb:|>

— Fit function

rrei-ly

i i Tr |
7805 —004 7003 —002 7001 0 001 002 003 004 005

AE/Ns

Events / 0.004

! { data
: --- eey function
- — Fit function

PRSRR EP

aalecilagaalepiifaagy Al
.05 -0.04 -0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04 0.05

AE/Ns

Ratio
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15F

05E

85
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C Belle ]

100

MC S|mulat|on

{ t (MC simulation)

Fit

func: Landau + Exp B

St .

T e .
e

L P I
£03 4)02 4)01 0

ol e by g Ty 0y
0.01 0.02 0.03 0.04 0.05

-o

-o—

_0_'*'-1-_1_ =

LI G o

T

bty 1y o+
T

T

06T 002 003 004 005

05 004 003 002 001 0

AE/\s
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Likelihood fit

2D unbinned maximum likelihood fit

e s+b) N

,C - N' 11 SSZ' -+ i) -

« s: number of signal from fit

* b: number of background from fit
« S;: Signal PDF > use signal MC simulation
« B;: Background PDF

Belle MC simulation

Belle MC simulatio
Background

25



How to get upper limits

« Signal event: Poisson(s), Background event: Poisson(b)
- Generate eg. 10000 toys based on each PDF

« b: Expected background event

« s is varied until finding sy, Where P(sioy > Sobs) 1S 90% > s

« In order to get expected limit, we assume s, = 0

Events/1.0

o ere
wl. S =40
500
400
300f-

200

100[-

40 -30 -20

{ P(s¢0y > 0) > 90%

26



Observed upper limit

« 2D likelihood fit is performed to the data

* Sops = —0.257178 for v - uy

* Spps = —0.497237 for t - ey

« Observed sqy and upper limit is
* S99 = 2.8, Br(t = uy) < 4.2x1078for v - uy
* S99 = 3.0,Br(r > ey) < 5.6x1078 for 7 - ey

o I L L B [ o L L I I L B
2 0 Belle — N S | Belle MC simulation =
& [ Pr(s >0)=90.12 : = - S 1000~ - : = 4
g | Pre,>0) | Sobs : 0.25 & T Prgs,,>0)=9046 | Sobs 7
1000 i — F :
T Uy | ] 800 T—ey 7
8007 i N L
600 —
600 — i
L 400 —
400 —
00k n 2007 —
Ll L ! Lo L
40 -30 20 20 940 -30 20 20

-0.49



