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Introduction: T physics

0.511 MeV/c?| | 105.7 MeV/c?|§ 1.777 GeV /cA

-1 il -1
Vze 1/2}«l 1/2T

eptons

electron muon tau

T lepton: heaviest lepton in the Standard Model (SM)

« Leptonic and Hadronic decays: > 200 decay channels!

- Sensitive to new physics @
’TN e,u,d,s

Search for forbidden decays of tau ERTIT

- Lepton Flavor Violation: t - ¢y, t —» £¢£,7 — £V°
« Observation > Clear signs of new physics

Precision measurements of the tau properties

« Lepton Flavor Universality

« Deviation from the SM - Indirect signs of new physics
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Belle, Belle Il experiments

ete” - 7t~ at Belle (ll)

Belle experiment (1999 - 2010)
« 8GeVe and 3.5 GeV et

« Recorded ~1000 fb-! data $
Be”e | experiment (20-I 8 a ) o(ee » bb)~1.1nb,c(ee » 17)~0.9 nb
- 7GeVe and 4 GeV et T factory (v,.~4.0x108 Belle I
_ « Enables high precision studies
* Recorded 424 fb! data « Searches for rare processes

Belle (ll) detectors

« Good efficiency of neutral particles (7, n)

EM Calorimeter
Csl(Tl), waveform sampling electron

KL and muon detector
istit late Counter (barrel outer layers)
MPPC

« Good reconstruction of missing energy

electrons (7 GeV) 3

« Specific low-multi triggers at Belle Il

2 layers Si Pixels (DEPFET)
4 layers Si double

¥/

positrons (4 GeV)

« EQg. single track trigger
Central Drift Chamber

ize, long lever arm
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How to reconstruct r at Belle (ll)

hadrons

Not fully reconstruct 7 in the SM due to neutrinos

- ldentify t-pair events using thrust axis, 7y,

ny, 1S defined so that V4, is maximized

-CM -
_ ilpiT gl
th — >CM
2 D™ |

all the reconstructed particles

n
Tag th,L

(Known decays)

/
r-pair event is divided into two hemispheres 7, ~ CMframe

- Signal-side: Target t decay, Eg. T - ¢y, £¢¢,£V° in LFV search
- Tag-side: 1-prong or 3-prong 7 decay in the SM

This method is used in Belle (ll) T analysis to identify an t event.
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BELLE Belle 1II

D
LFV decay: t* - £1°
Charged Lepton Flavor Violation

« Forbidden in the SM but possible in several new physics scenarios

- 1 - £V sensitive to leptoquark model
Exotic decay > High signal detection efficiency is crucial!

%elle anhalysis (V° = p°, ¢, w,K*? %elle Il analysis (v° = ¢) h
« Use full data (980 fb-1) « Use 190 fb'! data
- Consider 3-prong decay in 74| |+ Untagged reconstruction
« Event selection by BDT « Event selection by BDT
0 _ > KtK~
evv, v, v | Ttag  Tsig " v No requirement :Ttag. TSI%/¢
3y, nnnv | . TN p on the tag side T~ ?
Signal detection efficiency ~ 2 x Belle

\ JHEPOG6(2023)118 AN arXiv:2305.04759 )

Improved the sensitivities by untagged reconstruction and BDT
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https://link.springer.com/article/10.1007/JHEP06(2023)118
https://link.springer.com/article/10.1007/JHEP06(2023)118

I

Belle: Analysis approach [¥=

BELLE
CM frame V?°

Signal-side: Reconstruct ¢ and vV
« V% p% ¢, K (K™) _

e or

Tsig

e et
Tag-side: Require 1, 3-prong t ,
Vla‘. %V‘L'
Background (eg. T — 3nv, ee - qq) suppression: BDT!
« Prepare BDT classifier for each #V° mode
« Training: 11 input variables for fw, 9 input variables for others
04l = t-ep® Signal region oaf o t-pe®  Signal region
SRy | | °7% SR
0.2 ’ L 0.2 . . e
> : B e
S ool .o TgpPl T
< o 9 ' A _02;:.:” S
AE = (E;)o —+/s/2) k. = @ S e
—04f LT e -0.4 ":3'.::‘;;;: ..... R

1.6‘5 1..I70 1.I75 1.I80 1.I85 1.90 1.65 -1.70 1.75 1.80 1.85 1.90
2023/8/21 Mepo (GeV/CZ) MIJ«PO (GEV/CZ)



Belle: tt — ¢1V° results B

C e . 0
No significant excess in all #V® modes World leading results

Mode € (%) Nga Osyst (%) Nobs  Bobs (X10_8)

BELLE

75 = uFp® 778 0.9540.20(stat.) 40.15(syst.) 4.6 0 < 1.7
7t s efp? 849  0.8040.27(stat.) £0.04(syst.) 4.4 1 < 2.2
™+ s ute 559  0.47+0.15(stat.) £0.05(syst.) 4.8 0 <23 %
™+ ety 6.45 0.3840.21(stat.) £0.00(syst.) 4.5 0 < 2.0 *
7 = pFw  3.27  0.3240.23(stat.) £0.19(syst.) 4.8 0 < 3.9 *
™+ = efw 541 0.74£0.43(stat.) £0.06(syst.) 4.5 0 <24 *
75 = pFK 452 0.8440.25(stat.) £0.31(syst.) 4.3 0 <29 *
7 5 K0 6.94 0.54+0.21(stat.) +£0.16(syst.) 4.1 0 < 1.9 *
75 = pF K0 458  0.5840.17(stat.) £0.12(syst.) 4.3 1 < 4.3 *
7+ 5 K0 745  0.2540.11(stat.) £0.02(syst.) 4.1 0 < 1.7 *

Set ULs at 90% CL by counting approach
B(t—-eV?) < (1.7 -2.4)x1078
B(t- puV®% < (1.7 -4.3)x1078
The ULs are improved by ~30% from the previous results
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Belle Il: Analysis approach B

Untagged approach

Belle II

Ttag Tsig
° e y,

 Reconstruct t, - £¢ Realli  Ragion — )
ep Iz
e SR: M, and AE. = ECM —/s/? N SR 0.2370:5% stat 0.3670:39 stat
‘¢ t ( t¢ \/_/ ) Nobs SR 2.0125 stat 0.0138 stat
% 1.0 Belle Il (Preliminary) *  MC background ~ —— RSB % 0.6 | Belle Il (Preliminary) «  MC background ~ =—— RSB
g f Data: [Ldt = 190 fb™! ¢ Data — SR .C_D. ~t Data: [Ldt = 190 b~} * Data — Sk
ml\ 0.8:— MC: [Ldt = 2ab™! Lﬂl\ | MC:fﬁdt:2ab71
a T > ed a o4t T->up -
0.5 L
° 0.2f
0.2F . . . I e
0.0F -.. . '- L A 3 . ) 0.0—_ .8 e . -:-.. --: B B p- .
= = s iy I T RELE
Bl AR . —0.2f S
—05F e .
—04
_0-8_..I....I....I....I...‘ --I----I---.I....I....I....I....I....I....I..
1.6 1.7 1.8 1. 9 2.0 1.675 1.700 1.725 1.750 1.775 1.800 1.825 1.850 1.875
; [GeV/c?] [GeV /c?]
« Background events are evaluated from data in the SIdeband
« Perform Poisson counting experiment approach in SR
2023/8/21 8



Belle II: T - ¢*¢ results e

Set ULs at 90% CL g, (r — ¢¢) = :

X 20 Xéps

Belle II

% 1.00 : « 1.00

8 E Belle Il (Preliminary) —— CLj obs 8 ] Belle Il (Preliminary) = CL; 0bs
M 3 _ - : = -1
[ Ldt = 190 fb~! -==- CLgexp [ Ldt = 190 fb -==- CLgexp
L +90 CLs,exp K +20 CLs,exp
0.75 E 0.75
L ] B tlo CL e i B 110 CLgcyp
— a=10%
0.50 050
0.25F 0.25F
0.00 X 1077 0.00 . . Ay . ><]_077
0 2 4 0 2 4
Upper limit on B(7 — eg) Upper limit on B(1 — o)

Obs. By.(t = ep) = 23x1078  Obs. By (t = u¢p) = 9.7x1078
Exp. Byp(t = ep) = 15x1078  EXp. By.(t = u¢) = 9.9x1078

BUL(T - e¢) = 2.0X1O_8 at Be”e BUL(T - ,Ll¢) == 2.3)(10_8 at Be”e

Successful first application of untagged approach
in T analysis at Belle |l
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tf - ¢tq search at Belle || o=

Phys.Rev.Lett.130,181803

Belle II

« Search for t -» £ + a (invisible)
« eg. Axion-like particle (ALP)

Light ALP: JHEP 09 (2021) 173

= = 1011§ RS ! [ T I [ R AL B
« Upper Limit from ARGUS | Gl ]
%;10105 MEGII-fwd (F=100) e E
« 476 pb! data (1995) O ie=m==e————a—— s :
£ .
w £ \\
UL at 95% CL o - |
< 10 3 ©5) \ Projected
B(Ti _ eia)/B(Ti _ eil/ﬂ) < (0.6 —3.4) x 1072, é : C(‘)’Zﬁng cooling ;;!I‘ | Belle-Il 50 ab™!
_ _9 O n 2
B(rt = pFa)/B(rt = pFvp) < (0.3 —3.6) x 1072, > 107 — 8 \ .
= F
2
0.0 <my < 1.6 GeV E 10°F | <
@ s SN1987A,, | l P
105 el e T BPERAUTTY B PUTTY N 000
102 103 10* 10° 108 107 108 10°
m, [eV]

Belle (ll) can set more stringent limits on the invisible boson

2023/8/21 10


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.181803

Belle II

« Split event in two hemispheres based on the thrust axis

¥ - £*a: Analysis approach

« Signal side: 1 lepton track (¢ = e, u)
- Tag side: 3-pion (r -» 3mv decay)

« Veto neutrals to suppress hadronic bkg

« Exploit the shape differences

« Signals: T — fa two-body decays

03

Frrrrrrrprrrp T T T L L

- Backgrounds: t - #vv three-body decays; | oo . [Jewoummm

. . % g T ea (mu=0 MeV) g

- ps, Ep In tau rest frame: monochromatic s imesooney)
) ) ) 300; Signals 1/ s e (m =1000 MeV) -

How to obtain tau direction? e e t500 )

200

« Require T — a,(— 3m)v in tag side 101 £
9 é)Ttag =~ 537-[ ms = 1.78 GeV 50; H =
mal - 1'26 GeV 00: 0.2 ‘ ‘0.‘4‘ ‘ ‘0.6‘ ‘ ‘0.8‘ ‘ ‘1 - ‘1.‘2‘ ‘ ‘1?4‘ ‘ ‘1.‘6‘ ‘ ‘1:.8

Truth p_in t(truth)-rest frame [GeV/c]
2023/8/21 11



Energy in T pseudo-rest frame
Discriminating variable: normalized lepton energy Q‘B

Belle II
k
E 14

Events/0.017

Ty = —=— Lepton energy in the T rest frame
T 2
m.,c? /2
« Bump hunt above broad distribution from t - fvv
T — ea Search T — ua search
140001 Belle Il \ —+— Data . Belle II —+— Data
: ) "a" e Total uncertainty 140001 p DN Total uncertainty
12000 det =62.81b '.' ". vy : de’[ =62.8fb .d'. o TV
: . Other 12000f N * Other
10000f X t—ea, M. = 1.6 GeV/c? ™~ : o K -y, M, = 1.6 GeV/c®
: \ —>ea, M, = 1.2 GeV/c? © 10000[ \ t—ua, M, = 1.2 GeV/ic®
8000} .-. S TTTE t—=>ea, M =0 GeV/c? C\D L .'. ------ T—po, M =0 GeV/c?
: . P 8000 -
6000 c
G>J 6000 -
4000¢ " 4000
2000F 20005—
% od
Xy

No significant excess over the background predictions..

2023/8/21 12



¥ > £*a: Upper limits

Perform the maximum likelihood fit
« Use x, distributions as signal/bkg PDF (MC simulation)

Set upper limits on branching fractions

Dominant syst. unc.: Lepton ID efficiency

op x10° x1073
/;P ook Belle Il —— Observed UL . Expected UL = 1 std. dev. ’;-v o5 L Belle Il —— Observed UL . Expected UL = 1 std. dev.
° 18F det =62.8 b’ --- Expected UL Expected UL = 2 std. dev. = det =62.81fb" -- - Expected UL Expected UL = 2 std. dev.
‘o 16F ‘i 20 |
Pl + “I't > ua search
E qof & 45f
@ @
6 —_~
o 8 -i 10k
T 6 1
‘v 4F .
w of T - ea searc -
%% 0.5 0.7 1 1.2 1.4 1.6 0(') SE— 0'5 : 0'7 — ; : 1'2 : 1'4 : 6
5 ) . } . )
Ma [GeV/C ] Mq [GeV/Cz]

2 — 14 times more stringent limits than ARGUS

2023/8/21 13



Heavy neutrino search in T decay

Submitted to PRL (arXiv:2212.10095) (D

Neutrino mass, m, # 0 > Need a mechanism to establish it [ <l
¢ =G

« One approach is to include right-handed neutrino

: Majorana neutrino (long-lived) v,y -

=6 U Tsig g

Signal-side: Require it (£ = e, )

™ > ntvy, (v, » nteT) V;

€ o Ttag
« v, » nt¢T rand ¢ with a common vertex v Data
_ _ vV Signal Region
Tag-side: Require 1, 3-prong t O T
R
Background: ee — qq, 17, ££, cetft B N
= N LT I s
- Suppress the bkgs by M(nnt), AE cuts. S’ =+ - o

AE = (ESM, —5/2) E'760

%24 S 174 0% : :D — .
V 172, ;DD e, = B
Peak search in m,, distribution LTL o e 7

O a o
o

1685 0. 1 wero®i 1. .. B o, 5 03209980,
0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2
2023/8/21 AE (GeV) 14


https://arxiv.org/abs/2212.10095

D

Result: v, - nf >

- i i : ) i BELLE
No narrow (signal-like) peak in M(v;, —» ) distribution

Data, Background only fit Set ULs at 95% CL on |U|?
5,
i Va:ZUaiViy a=e,UT,....,t=1234, ..
4- v, = me mode i
NAS y — ee background T B e B R B
2 2F l o
& 1 0L
E o M ““““““ H i “~ Exclude K region
§147 10 &
S12- v, - mu mode 020
> 100
o 10
87 \ 10 4? \ \ \ \ \ \ \ \
2 Ks — mm background 0 02 04 06 08 1 12 14 16 ‘12.8
E GeV/
2 M(v,) evie
00 0204 06 08 1 12 14 1.6 18

M(v,) (GeV/c?)

ULs on the mixing of heavy neutral leptons to
the active neutrinos are set for 0.2 < M(v;) < 1.6 GeV/c?

2023/8/21 15



Belle Il: m, measurement

Phys.Rev.D108,032006

m,. one of the fundamental parameters of the SM

« Precise measurement is important for tests of LFU (7 vs e/u)
Belle Il: Use Pseudomass endpoint (M,,,;,) method

- Use kinematics edge of M,,;,, distribution in 7 - 3nv decays

'\’Ttag TSlg'é; } Mimin \/m3”+2(\/—/2 E3n)(Ezp — |P3zl) <my
‘_,-

vf * v Fit to the endpoint with empirical function
x10°
160F Belle I - Smeared edge due to detector resolution/ISR
_ 1402— IL dt =190 fb™!
%’ 120;— '\ Data . o 2 — Tonnnv
uE) 100 F [ vt backgrounds ~ .° 10.0= e
T gl MB@ : ' . Generator
5 | Iiothers 7.5+ < evel
g OF D A
T 40:_ » 5.0= etector § ISR
F 55 resolution :
20
: o et e 0.0-
06 08 1 12 14

1 ] 1 [ 1 1 1
1.700 1.725 1.750 1.775 1.800 1.825 1.850

2023/8/21 M. [GeV/c?] Mo [GeV] 16


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.032006

Corrections factors L

Belle II

Mmin — \/mgn + 2(\/§ _ EBn)(EBn T |ﬁ3n|)

Beam energy calibration and momentum correction are crucial
« Beam energy is corrected using B-meson hadronic decays
« Momentum scale : extract scale factors for K/m using p** - D°(» K~ n*)n*

. $ due to imperfect B, mismodeling in material ©> bias mass extraction

10.59 35
[ Belle Il —\s - Bellell —I— Before momentum correction
[ 3
I IL dt=190 fb™ Total uncert. o5 i J.L dt =190 fb —I— After momentum correction
10.585 |- . - 25F
< 5 "'2EB NQ F D" > Ka'n' —_—
[O) > 2
) 2 g
. - Z 15F
\> 10.58 by 1 nomina ) -
5 v £a  1F ——
3 b 1E
o _ . 05F .
S 10575 e - I I i I
&) - o o - 0 1 1 1 1
S S 3
« N -0.5 |- z
[ 8 5 g
1057—l_|_ (@) L. 3 _1_|||||||||||||||||||||||||||||||||||||||
PYRSE T SN S T S TN T TN T T SN S T Y ST TN [N ST T S NN ST SO |><10 _1 _0.8 _0.6 _0.4 _0.2 0 0.2 0.4 0.6 0.8 1
0 100 200 300 400 500

cos0
2023/8/21 Chronologically ordered events K



m, measurement: Result

Perform an unbinned maximum likelihood fit

x10°
Moin — Py 16| Belle Il '+ Data — Fit
F(Mmin) = 1 — P3-arctan 2 1aE IL dt = 190 fb™ {.1Background
— P 3 ) )
Fit function 12} m, = 1777.09 £ 0.08 + 0.11 MeV/c

+ P4(Mmin - Pl) + P5(Mmin - P1)2 .

m, = 1777.09 £ 0.08 = 0.11 MeV/c?

—_
o
L

Events / (1.5 MeV/c?)

Uncertainty

Source (MeV/c?)
Knowledge of the colliding beams: n:_j

Beam-energy correction 0.07 . : ) : ) .

Boost vector <0.01 1.7 172 174 176 178 18 182 1.84
Reconstruction of charged particles: M. [GeV/cz]

Charged-particle momentum correction 0.06

Detector misalignment 0.03 PDG Average (2022)

- . 1776.86 +0.12
Systematic i mo
Estimator bias 0.03 BES (1993218 1025 -
uncertainties - Choice of the fit funciion 0.02 177696 021 017

Mass dependence of the bias <0.01 BELLE (2007) s
Imperfections of the simulation: 1776.61+0.13+0.35

Detector material density 0.03 KEDR (2007) ——

Modeling of ISR, FSR and 7 decay 0.02 1776.81 lz5 +0.15

Neutral particle reconstruction efficiency <0.01 BaBar (2009)

Momentum resolution <0.01 1776.68 +0.12 + 0.41

Tracking efficiency correction <0.01 BES Iil (2014)

Trigger efficiency <0.01 1776.91+0.12 1079 —

Background processes <0.01

Belle Il (2023)
Total 0.11 1777.09 +0.08 + 0.11 /_
1 1 1 I 1 1 1 1 1 1 1 I 1 1 1
2023/8/21 1776 1776.5 1777 18

World’s most precise measurement ™ ., mevier



Conclusions and outlook

Belle (ll) has an excellent sensitivity for = physics
« LFV decays, t = fa,¢V° : most stringent BF limit

« World’s most precise measurement of t mass

Statistical uncertainty is still dominant for t decay searches, eg. LFV
« Now, 424 fb-! at Belle II.

« Expect more results on larger statistics > Stay tuned!
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Recent tau physics result

Summary of Journal/Conference papers in 2022-2023
« Belle: b papers [Link]
« Belle Il: 3 papers [Link]

Short Title Luminosity Journal
Leptophilic search, ee — 77¢1, 626 fb~! | Submitted to PRL arXiv:2207.07476
Search for LFV, 7 — (Vj 980 fb—1 JHEP06(2023)118
Belle Heavy neutrino search in tau decays 980 fb~! | Submitted to PRL arXiv:2212.10095
Michel parameter measurement in 7 — pvv| 980 fb—! Phys.Rev.Lett.131,021801
Search for TEDM 833 fb~! JHEP04 (2022) 110
T-lepton mass measurement 190 fb—1 Phys.Rev.D108, 032006
Belle I1 Search for LFV, 7 — fa 62.8 fb~! Phys.Rev.Lett.130,181803
Search for LFV, 7 — (¢ 190 fb~! |Conference Paper (arXiv:2305.04759)
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https://belle.kek.jp/bdocs/b_journal.html
https://confluence.desy.de/display/BI/Journal+Publications

Belle Il experiment

Flavor physics experiment to search for new physics

« Asymmetric ete~ collider mainly at +/s = 10.58 GeV
« Produce B, D, 1, etc..

« Goal: 50 ab'! data in ~10 years
- 50 x Belle data: Nz ~ 50%x10°

e+ 4 GeV 3.6 A

:
PP
New beam pipe SuperKEKB

® 1 &bellows

ete” > Y(4S) - BB
B meson<

e~ ~7 GeV

Add / modify RF systems

for higher beam current .
e Reconstruct particles by Belle Il detector

New positron target /

"4 Belle Il operation started in 2019

2022/9/13 ™ 22



Summary of LFV in tau decay

arXiv.2203.14919

90% C.L. upper limits on LFV t decays

- IP° 18 Ve Il Ihh BNV -
[ ]
10°= o* . IE
E ° ...... .. .. ® ° E
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- ® ...... ® ° ® —
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— Yya v v v 'V'
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107_—" ’ A Yy A e
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https://arxiv.org/pdf/2203.14919.pdf

Thrust

e V;n is the magnitude of thrust in the event. The thrust axis, n,, is defined so that
the value Vi,

5, M - gy 43
S5 43
(2

Vih = »

is maximized. Here, @CM is the three-momentum of each particle in the CM frame.

o
-
'S

Events/0.01
°
o

o
-

0.08

0.06

0.04

0.02F

2023/6/30 . 24
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T - £V0: Belle

I+
+I

VO meson reco Decay particles atn— KYK~ atm— o K

My o | 0.445 - 1.08 | 1.00-1.04 | 07-09 | 07-11

o Myo, M2, PS™ T, P'8, EReM | cos 65

tag miss—tag
BDT: LightGBM library e (categorical variables) 7., decay mode, collision energy

e (additional for the fw modes) Pjiog, EIWOW,

Source Tsyst (%0)
Integrated luminosity 14
ee — 77(7y) cross section [48] 0.3
B(¢p — KTK~) and B(w — ntn—70) 1.2 and 0.7
Trigger efficiency 0.2-0.9
Tracking efficiency 0.35 X Nirack
SyStemath u ncerta I ntleS EII\ZCUOIT iden‘tiﬁcaﬁtion efﬁ‘ciency 1.7 X Nelectron
uon identification efficiency 1.8 X Niuon
K* and 7% identification efficiency | 1.6 (p°), 1.8 (¢) and 1.1 (K*Y and K*°)
70 efficiency 2.2 X N o
Electron veto for hadrons 0.4-1.2
MC statistics 0.3-0.5
Track energy resolution 0.3-1.3
Photon energy resolution 0.0-04

2023/8/21 25



T - £V0: Belle Il

Signal: T —» £¢(— KK) Bkg: ee —» qgq,t — 3nv

.« 1.014 < mgx < 1.024 GeV/c
- — "S- — 00 S
® Betle ¥ Sreudasen - 0 E 2 Bele I Sirustion - =
.v- l ((.-4 » - —h“ - :: ._" “’, -9 r .’.:, _-(H r:
" o4 + 17U &
d . . O = ad . —
0y 4 -l 12050 o 075+ -
< -~ = < 1 =
D50 10090 2 05+ =
- 1 "
0.2% N ‘.:-_-_ 025 . '_‘:--
'e 1o ;.’
000 4 o 3 01 - (&}
= ‘ L
(.25 %2 - 025 ;) -
0 o . St o
00 - PO 0% "
= e - unm
0.7% f U \:‘
- L8 T T :
1.5 = 15 16 17 18 1% 20 2.1 B
‘. el r) 4 Gl
o M, 1GeV /¥ -

BDT: XGBoost library Jrp— - Niods

ep po

. Event-shape ki e g™
. . . €
 Kinematic properties of 74, ¢

Trigger efficiency 0.4% 0.9%
- Variables related to the ROE Newy Momentum scale e

Signal variable mismodeling 15.2% 8.5%
L Luminosity 0.6%

Orr Tau-pair cross section 0.3%
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Heavy neutrino
Right handed neutrino (eg. Heavy Neutral Lepton, HNL)

« No strong interaction (it is lepton)
« No weak interaction (it is right-handed)
« No electromagnetic interaction (it is neutral)

- The only way to interact is to mix with left-handed neutrino:
0

-,
>

AO

Vo = ZUM-I/Z-, a=eUT,..,1.=1,234,..
i

a: flavor eigenstates, i: mass eigenstates

May also contribute to explanation of baryogenesis and DM (vMSM)
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#neutrinos In this method

Particle with a mass m and width I' has a momentum p, the
probability that it travels distance ¢ or greater is

P(l)=exp(—m7”)7 > dp() :—ex( mp”)dz

Estimate ct~|U|?m(vy,) >
The number of neutrinos detected in the Belle detector is

n(vp) :ﬂ/S(m,l)dP(l)

r r
— 2N, B(r = ) B, = 7t) ™ / exp (- mTl)g<m, 1)l

— U, 2|U|? 2N,, f1(m) fo(m) %/exp ( _ mTN)e(m,l)dl,

|U.|?, |U;|?coupling come from B(z - nvy,), B(vy, » m€)T
To factor out the |U,|* dependence, we define functions f; ,(m) as
U|?f1(m) = B(tr - mvy) and |Ug|*f,(m) = T'(vy, > ) = TB(x > mvy)
Relative mixing coefficients are different b.t.w normal and inverted hierarchy
= |Ug|?/1UI? (@ = e,u, T) > x, = 0.06,x, = 0.48,x, = 0.46 from oscillation data
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T Mmass measurement

Two possible methods to measure the mass
« Pair-production cross section scan used by BESII
« Analyze the ee - 1t cross-section near the tr production threshold

« Pseudomass method at Belle, BaBar

« Exploit the kinematics of the three pions in T - 3nv decays

PDG Average (2022)
1776.86 £ 0.12
BES (1996) | .
1776.96 15 932 s
BELLE (2007) oy
1776.61+0.13 + 0.35 i
KEDR (2007) B
1776.81 32 +0.15 3
BaBar (2009) N
1776.68 +£0.12 + 0.41 :
BES IIl (2014) gl
1776.91+0.12 02 =
Lllill - | I ngllJLJl

1774 1775 1776 Va7 1778



T mass: Psudomass method

Reconstruct g, —» 3nv and 7,, - fvv
° m% — (p37r + pv)z — m%n + m12/ + 2E3T[(ET _ ESn) — 2|ﬁ3n||ﬁvlcosa
. = m3; + 2(vs/2 — E3p) (Eag — |Parlcosa)

Nthrust

Mmin = \/mgn + 2(\/5/2 - E37T)(E37T - |ﬁ3n|) < me

Fit to the end point with an empirical function

« Smeared edge due to detector resolution/ISR

¢
Vy v,
2.0= 1 :
T-=nnmnv ,l ll 12.5 — TITIT TV
| I a
©15- L I}g 10.0 - iE
= ; = : Generator
= .
.
> 4 T8 > 7.5~ :
g 10 AR S /4 : level
5 R 2 s0-|  Detector \ ISR
©0.5- i | © . :
&N 2.5- resolution :
I |
0.0 . 0.0=
1 1 1 [] i i i : : ; ;
05 1.0 1.5 2.0 1.700 1.725 1.750 1.775 1.800 1.825 1.850
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