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Introduction: why 7 lepton? T

tau

e 7 lepton is the heaviest lepton in the Standard Model (SM)
with both leptonic and hadronic decay modes

e U ,uU
e Larger mass compared to muon makes 7 lepton more
sensitive to some models of New Physics (NP) W~ Uy Uy, s
Broad range of available measurements : T— — U,

* Precise measurements of properties ® Study of hadronic decays
with possibility of CPT tests: e QCD at 1 GeV

e LFU
e CP violation (CPV)

* Direct search for New Physics

* Mass
* Lifetime
* Electric and Magnetic DM

* Study of pure leptonic decays  Lepton flavor violation (LFV)

e Lepton flavor universality (LFU) e Invisible particles

* Michel parameters
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Belle as a 7 factory

The largest amount of

o ¢Te” colliders outperform hadron Tt~ pairs
machines in 7 physics because the Belle Detector
tt77 initial state is known, and the , ) Aerogel Cherenkoy cnt.
_ SC solenoid ) ) B n=1.015~1.030
detectors are nearly hermetic T — o NI
CsI(TD) — | I eV et

* EXxisting experiments: 16X,

TOF counter 4N =
e BES Il and KEDR (limited in

1eti - ' RS al Drit: Chamber
statistics compared to Belle and t Chambe

" Msmall cell +He/C,H

Belle I) X |
: Si vtx. det. u/ K; detection
* B-factories Belle and BaBar (Belle |l 34 lyr. DSSD 14/15 Tyr. RPC+Fe.

ancestors) are perfect for the 7 Positrons

lepton studies due to unprecedented g

7™ data samples =L —
5 . . . ' © 90 ° P
- *» Belle integrated luminosity of: ¢ %2 :

< =1ab™' provides 912 x 10°

. 777 pairs

PTEP 2012 (2012) 1, 04D001
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https://doi.org/10.1093/ptep/pts072

Belle Il as a 7 factory

e ¢Te” colliders outperform hadron The Future belongs to Belle |l
machines in 7 physics PTEP 2019 (2019) 12, 123C01

e EXisting experiments:

e BES Ill and KEDR (limited in
statistics compared to Belle )

Pixel Detector (PXD)
Silicon Vertex Detector (SVD)

Central Drift Chamber (CDC)
 B-factories Belle and BaBar (Belle Il

ancestors) are perfect for the 7

lepton studies due to unprecedented

t77~ data samples (for the time

being, they surpass the Belle I
Stat|St|CS Of g — 424 fb_l) Positron ring | oIIlSlt

J > ‘ rr\ ——

TOP counter (TOP)
Aerogel RICH counter (ARICH)

Electromagnetic Carolimeter (ECL)

K.,/ Muon Detector (KLM)

<K
" © Rey.Hori /KEK

Belle Il detector

Electron ring P

Belle |l expects integrated Iumino
 sity of & = 50ab™" (full luminosity |
or FL) providing 46 x 107 777~ |
pairs |

[

_= | Electron-Positron
2L | linear accelerator
3

' Significant improvements on the;
\_ trigger for low-multiplicity events

Positron damping ring
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https://academic.oup.com/ptep/article/2019/12/123C01/5685006?login=true

Mass of the 7 lepton

Phys.Rev.D 108 (2023) 032006
e Belellint™ —» 7 ztn v (£ = 190fb™")

e Pseudomass method

M. = \/M32ﬂ +2(/5/2 = EX)EE - p) <m,
Accuracy in \/E andvp Is the key to precision

PDG Average (2022)
1776.86 +0.12

BES (1996)
1776.96 1078 102
BELLE (2007)
1776.61+0.13 + 0.35

KEDR (2007)

0.25
1776.81 02 +0.15

BaBar (2009)
1776.68 £ 0.12 + 0.41

BES Ill (2014)
1776.91+0.12 0

Belle Il (2023)
1777.09 + 0.08 + 0.11

| | | I | | | | | | | | | I | | |

1776 1776.5 1777
m, [MeV/c?]

Belle |l provides World’s most precise result
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Events / (15 MeV/c?)

Precision is nheeded
for LFU and a (m.)

§<103
1601 Belle I .
140 J‘L dt =190 fb™
120
- ¢ Data .
100 [] <t backgrounds  .°
80 [ E:i Cﬂ ’
... Others
60
40 -
20 __ .. [ ]
N = — -t T T T T |..:. 1
06 0.8 1 12 14 16 1.8 2
M., [GeV/c?]
x10°
16 Belle Il { Data — Fit
‘i& 1af- J‘L dt = 190 b i Background
E’ 12F m, = 1777.09 + 0.08 + 0.11 MeV/c?
= 1of
P
c
()
>
LLl
= be
a
1

7 172 174 176 178 18 1.8 184
M, . [GeV/c?]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.032006

Mass of the 7 lepton (2

e Systematics are crucial in this study

10.59

: : - - D~ " Bellell — s
e Beam energy calibration using hadronic BB-pair ;
+ - > . —_—p | IL dt=190fb™ Total uncert.
decays and e"e¢~ — BB cross section 10585 [ - oE;
e Charged-particle momentum correction using > [
DO K~ + | ith hecks | 1058 ppeton e (Snominal
— 7T sampile WIth CrosSsS-CNeCKkKs In 3
+ - +_+ NO -+ -+ o
D™ > K nn",D"—> K n°n rn", and o575l |
+,,— O 0 o =
JIwy — umu S g 8
: 5 3
Uncertainty 10.57 B 1 1 1 1 I 1 1 1 1 El 1 1 : 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 |X103
Source MeV/c?) 0 100 200 300 400 500
Knowledge of the colliding beams: Chronologically ordered events
(”ﬁeam-energy correction 0.07 3
Boost vector <0.01 35
Reconstruction of charged particles: - Bellell —I— Before momentum correction
{ Charged-particle momentum correction 0.06 } 3F § - _
Detector misalignment 0.03 _ os 3 Ldt=1901b —{— After momentum correction
Fit model: NQ - D" > K rn'n' —=—
Estimator bias 0.03 > 2F
Choice of the fit function 0.02 = 15 3
Mass dependence of the bias <0.01 . TF
Imperfections of the simulation: e 1F —_—
Detector material density 0.03 ? :
Modeling of ISR, FSR and 7 decay 0.02 =h 0.5 -
Neutral particle reconstruction efficiency <0.01 S 0 S ; __________________ y = i % _______ % ___
Momentum resolution <0.01 ‘
Tracking efficiency correction <0.01 05 F -
Trigger efficiency <0.01 .
Background processes <0.01 —1_1' —0|8 ' —0|6 _0'4 _0'2 : (') : '0'2' : '0'4' : I0|6I : '0'8' — ]
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Lifetime of the 7 lepton _ ..

* Boost of the 7 lepton in the Laboratory frame is e
_required

"+ The most precise measurement is done by Belle |
USIﬂg g — 711 fb_l |n ‘ o

ete” > 1Tt > (AU i nTL):

Precision is needed

for LFU

, :
[290.17 i 0.53(Stat) i O.33(Sy5t)] X 10_15 S Source A(z) (um)
| ] . ] ] } {SVD alignment 0.090
. o The CPT invariance was tested for the first time: e T FSR deoernt 0030
.“ . 3 . iea;:neléer f an cSceripuon
| <T'z'+> T <T'z'_> |/<TT> < 7‘0 X 10 (90 % CL) I];;ckgiund contribution 88%8
R et i e A oo s Aot Tt i Sl i sl v i o e SR e et rronnago 7-lepton mass 0.009
Total 0.101
* For lifetime, the statistical uncertainty is Phvs.Rev.Lett. 112 (2014) 031801
dominant, and the main systematics S -

source is SVD alignment _
d rPT tt, mo sysics Cael Belle “’
The result can be improved by Belle Il
with more statistics and better vertex
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x2 better time
resolution

(visible at < 0)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.112.031801

Lifetime of the 7 lepton:

Colliding bunches in the horizontal plane SU perKE KB

new approach 4o
KEKB
<€ >
e SuperKEKB uses nanobeam collision scheme: o
constraint to the beam-spot can be done Nucl.Instrum.Meth.A 907 (2018) 188-199
e Second 7 lepton can be reconstructed in one- |
+ 4 . . _ ot Signal
prong decay mode 7= — p'U_: increase in z side
statistics compared to 7+ — 2tz 777D, due to
higher branching fraction _ e
mT
e One neutrino mode is still needed for the 7 lepton e
momentum reconstructon TR RS
e Competitive results can be obtained with current
statistics (check the talk by Stefano Moneta at the Tag
XXVIlI Cracow EPIPHANY Conference on Future of side

particle physics)
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https://indico.cern.ch/event/934666/contributions/4155576/attachments/2192153/3705262/epiphay_2021_tau_lifetime.pdf
https://www.sciencedirect.com/science/article/pii/S0168900218309616?ref=cra_js_challenge&fr=RR-1

E

EDM and MDM

Magnetic Dipole Moments (EDM — d_and MDM — a)

1&{2

Mg

Om —
M3y

9

3

; EDM measurement by Belle (3 = 833 fb ) [1]

Triple momentum and spin correlation
. observables (so called optimal observables)

Mg
2
Mgy

General expression of the 77y vertex includes Electric and

Il (FL) expects |aTNP| <2x107 [4]

B LN =

JHEP 04 (2022) 110
2207.06307 [hep-exX]
Eur.Phys.J.C 35 (2004) 159-170
JHEP 10 (2019) 089

In the SM, the first is forbidden By T-INVANANCE, e e s
and the second is aSM = 117721(5) x 1078

For EDM, matrix element can be written as

MDM measurement by DELPHI [3]
R Two photon approach is used
= M2, + R(d)MZ + S(df)Mé +1d.|I°M2, | g7 —0052<a, <0.013(95%CL) |

Mode Re(d;)(10717ecm) Im(d,)(1071" ecm)

(Og) = ag3(d,) + bg ; \

~1.85-107"7 < R(d,) < 6.1-1078ecm (95%CL) |

BeIIe | (FL) expects |§R d(d)l < 10_18 10_19[ ]

Den/s Bodrov

~1.0310"" < <8 <23 +1071 eom (95 % CL)

e
em
YT
ep
pp
TP
pp

T

—3.2+£25+£3.6 06+04+£1.8
0.7£2.3+4.8 24+05+£22
1.0+£2.2+4.3 24+£0.5+26

—1.2+08=x1.0 —1.1+03=x0.6
0.7£1.0£2.2 —0.5+£0.3+0.8

—0.6+0.7£1.0 04+03=x1.2

—04+0.5+£0.9 —03+03+04

—2.2+4.3+£5.2 —09+09=x1.2
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https://link.springer.com/article/10.1007/JHEP04(2022)110
https://arxiv.org/abs/2207.06307
https://link.springer.com/article/10.1140/epjc/s2004-01852-y
https://link.springer.com/article/10.1007/JHEP10(2019)089

Denis Bodrov

* Precise test of yt—e universality:

S\ _ [p f(m?/m?)
se) \ “fomiimd
Bt~ = pv,v(y))

R, T 210.9726

T B — e D7)

fX)=1-8x+8x>—x*—12x’Inx

Ry

D RSM =0.9726

(o) i

f= . CLEO (1997)

(/p) E 0.9777 £0.0063 £ 0.0087

c ¥ |

= C ;

— O ; BaBar (2010)

% - B 0.9796 + 0.0016 = 0.0036
= 0 |

O S Belle Il Preliminary (2023)
g % 0.9675 =+ 0.0007 = 0.0036
o 9

5_ - + combination

s 0.9735 +£0.0026

N f

O . | . L | . . . ! . . . ! . . . ! .
2 0.96 0.98 1.00 1.02 1.04

F U Talk by Paul Feichtinger at TAU2023

Leptonic decays: L

Belle Il with 77 — p™0_ in tag side
(£ =362fb")

Selection based on rectangular criteria
and neural network (NN) classifier

Leading systematics from Particle

IDentification (PID) (0.32 %) evaluated
using control samples

Sub-leading systematics from trigger

(0.10 %)

CLEO (1997)
1.0026 +0.0055

BaBar (2010)
1.0036 +0.0020

Belle Il Preliminary (2023)
0.9974 +0.0019

combination
1.0005 +0.0013

098 100 102 104 106
19,/ 9el+
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https://indico.cern.ch/event/1303630/contributions/5571692/

Leptonic decays: Michel
parameters

* Michel parameters (MP) describe the Lorentz structure of the charged currents
interaction in the theory of weak interaction and can be used to test the SM

e |f daughter lepton polarization is not measured, only 4 MPs (p, 1, &, and £0) are
accessible

e Michel parameter &£’ describes longitudinal polarization of daughter lepton

Current status of MP measurements NucI Part ths Proc. 287 288 (2017)

‘For MP p n, &, and 55 Belle has already “
. achieved statistical uncertainty of an order !
1077, but systematics is around 107> (main |
contribution is from trigger efficiency) |
At Belle Il (FL), statistical uncertainties will be of

the order 10™*, and the systematic errors will
be the dominant one

MP(SM) = t—eny, | T uuw

p(0.75) 0747 £0.010 | 0.763 % 0.020 |
1(0) |

PTEP 2022 (2022) 083C01
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https://academic.oup.com/ptep/article/2022/8/083C01/6651666?login=true
https://www.sciencedirect.com/science/article/pii/S2405601417300901?via=ihub

Measurement of the MP &’ in the
T —> U 1/ L. decay

. 1] Phys.Rev.Lett. 131 (2023) 021801
e The method is based on the muon decay-in- fllght H th: sz De1 08 (2023) 012003

reconstruction in the tracker as a kink 13] JHEP 10 (2022) 035

e The information about muon spin can be inferred
from the daughter electron direction in the muon
rest frame due to P- V|oIat|on |n the decay

The first measurement was performed by the .
Belle collaboration (& = 988 fb™ 1) [1, 2]:
E'=0.22x0. 94(stat) + 0. 42(syst)

. . : . PRI

SRS

S L LTI NG

e With enIarged CDC, special kink reconstruc- i:;:“
tion algorithm (crucial), and record integrated 3 K- =m0
luminosity, Belle Il (FL) can improve the sta- | & ?:i_}i’;dy
tistical uncertainty up to Op X 7% 1073 [3] = e-scatterl;ng

z pu-scattering

e Systematics can be controlled at the same ggg&gﬁmg

level with various data samples with kinks 0 ZOM [Me@)/cl 60 data
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.021801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.012003
https://link.springer.com/article/10.1007/JHEP10(2022)035

Radiative and five-body leptonic
T decays

e Radiative and five-body leptonic 7-decays provide information about Michel
parameters that describe daughter lepton polarizationinz™ — £ D, v,

. Thelr understandlng IS also crumal for LFV studles as they are main background

Belle collaboration measured fx(e) = — 0.4 £ 1.2, éx(u) = 0.8 = 0.6, and ‘.
) =—-13+1.7(Z=711fb7} |

Ek = — 1/ME+E)+2/365 i =4/3p — 1/4E" — 3/4

leptonic
T-decay

PTEP 2018 (2018) 2, 023C01 §

)
=
e
O
O

©
o

| Belle estimations forg 700 fb_ ) ‘

 c _5 - Mode SM Br Measured Expected N: Systematlcs

8551 8EF -ceens __f*__%__l_(__l_?__i}?if _____ ABE1x107 130G, =47%)  6-12%

©F 8| QBT T w1984 X107 <30x107(90%) 4300, =50%)  E-13)%

RO | LT T coewwial x0T NM 8, =37%) | (6-T)%
Q) = p T, 1.183(1) x 1077 NM 4G =16%) | (36-T72)%

JHEP 04 (2016) 185 J.Phys.Conf.Ser. 912 (2017) 1 }
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https://academic.oup.com/ptep/article/2018/2/023C01/4907992?login=true
https://iopscience.iop.org/article/10.1088/1742-6596/912/1/012002
https://link.springer.com/article/10.1007/JHEP04(2016)185

CP violation

* No CPV is observed in the charged leptons sector (in the SM, it is predicted
only in quarks sector)
e The most promising modes for the studies: 7~ — K2y, 7~ — Kgﬂ'_l/
Koﬂ_ﬂov T7 > (pyr) v,T — (a)yt) v,and - = (an)7 1,

The f|rst measurement of the CP asymmetry was

B Phys.Rev.D 85 (2012) 031102
' performed by BaBarint™ — 7« K

;i A I(zt - ntK{p) —T'(z~ = nKJv,) ASM = (0.36 +0.01) %

. F(T+—>7Z+KOI/)+F(T —>7rK0y) —( 036+023+()11)% f,

. It IS aIso possible to use a modlfled asymmetry is empat|ble W|th ero‘ !
with differential distributions integrated over a | with a precision O(1073) )
limited volume in the phase space with a | °®F—c Y

specially selected kernel (done by Bellg) =———p |  002fj-#caa

| —— control sample

* More complicated and most powerful method
Is to use unbinned maximum likelihood fit in the
fuII phase space (not done at B factorles)

~Be||e II (FL) can approach the senS|t|V|ty IeveI of 10_4 08 1 12 14 16 55
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.85.031102
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.107.131801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.107.131801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.107.131801
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Charged Lepton Flavor
Violation in 7 decays

e Decays 7 — £y, T — AAA 2203.14919 [hep-ph]

, _ % P8 Ve I lhh BNV -
t—>Ch({, ' =e,yandhisa v .. ... : !
hadron system), and modes & - .

. . : S 10°= =
with baryons in the final state ¢ » *]: CLEO
are sensitive to New Physics ~ gw- I+ ™ e EM
_ _ 3O0n v LI, |+ BaBar
e Different NP models predict S, oo o ™ 7 e o i e
. ] S - .o W ,"‘ X ee LLIRPOR , ¢ Belle a'1
branching fractions of such : " |+ Belle I (50 ab)
10_93—‘ 3
decays at the level 107/-1071" : :
. — 10 lHIIIHIIII\IIHI\HIIII\IIIIIIIIIIHII\HII
(in the SM, ~ 10777 or even " mssmsmston sy s ms i
forbidden) 90% CL upper Ilmlts for measurements and
L ) : extrapolation for Belle Il from Belle results
* The majority of World’s leading ~ 1 1

* In the zero-background scenarios, Belle Il will improve Belle results
linearly with the integrated-luminosity increase (assuming the same
analysis efficiency)
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https://arxiv.org/abs/2203.14919

LFV: first result from Belle Il

e Search for LFV 7~ — ¢ ¢ decays (£ = 190 fo~ ) 2305.04759 [hep-ex]

1.00

. Belle ll (Preliminary) = CLycps

CL;

* For the first time, untagged approach is used e n e Ol
0750 - ﬂz CL:
* Background is suppressed using BDT |

* Twice the final signal efficiency improve for muon

. . 0.25F
mode compared to previous studies |
. . . P . X107
* Background is controlled by sidebands in data : : :
Upper limit on B(7 — e@)
% 1.0 3 Belle Il (Preliminary) «  MC background = RSB % 0.6 | Belle Il (Preliminary) *  MC background = RSB 3 1.00
O, [ Data: [Ldt = 190 b~ e Data — SR O, 77| Data: [£dt = 190! ¢ Data . O 3 Belle Il (Preliminary) = CLgqps
d 0.8 C MC: f,Cdt — 92ab-! [;15 i MC: f[:dt = 24b! fﬂdt = 190 fb~! —— CLs,exp
q <4 04 o5l ' 420 CLg exp
0.5F i L B 110 CLexp
: 0.2} — a=10%
0.2 L
0.05— N . 0.0 T e . o Co 050
—0.2 — . _02k i
_osf “ e _ 0257
f ’ . —04F . .
-08b o O I T S S T I B S I i
1.6 1.7 1.8 1.9 2.0 1675 1700 1.725 1.750 1.775 1.800 1.825 1.850 1.875 0.00— T8 N— x10~7
M; [GeV/c?] M, [GeV/c?| 0 2 4
JHEP 06 (2023) 118 Upper imiton B 1)

%(r — e ¢)<20x10—8(90%<:|_) ’
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https://arxiv.org/abs/2305.04759
https://link.springer.com/article/10.1007/JHEP06(2023)118

LFV: 7~ — u~u"u~ at Belle Il

N 0.4F Belle Il (Preliminary) 56 SR
_ © | Data: [Ldt =424fb! —— 206 SR
e Search for LFV 7~ — u u*"u~ decays (on- < - Simulaton: f £t = ab — Sidebands
: 9 "7 1eventobserved ~, Smuated
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e Belle ll (£ = 424fb™ ") is already competitive |+ R
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tagging track is used as a cross-check Moy [GeV/c]
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https://indico.cern.ch/event/1303630/contributions/5571690/

Search for LFV with Invisible

Search for LFV 7~ — £~ «a decays, where :ZZZ
o is invisible spin-0 boson (&£ = 62.8 fb_l) ™ 10000}
Predicted in models with axionlike particles % 6000;

e Pseudo 7 rest frame is used
(P .~ =D/ Dapl)

T — U, spectrum

° xf — 2Ef/m,[

Denis Bodrov

Second 7 lepton is reconstructed in
t™ — h"h™h™U_decay mode (h = r, K) )

Looked for as an excess above

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

Search for LFV with Invisible
boson (2)

22 ¥10°
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https://link.springer.com/article/10.1007/BF01579801

Heavy neutrinos searches at Belle

e Search for a sterile neutrino in e Search for a heavy neutrino in
- - +, - _ -1 = - + oF _ 1
T > N(=>uuv)(&=915fb) T > y(—=alt) (L =988fb )
* One prong tag side * No tag side requirements
tud 15 KV > ztn ion i d
e i u displaced vertex (> 15 cm e K¢ — 7'z massregion is remove
0 4+ _ _ NH: x,=0.06, X =0 48, x,=0.46
C KS — 7' mass region is removed 101
—————————— e
= |
1070
1071 i :
DELPHI N§ 1 9-4% ‘ = |
10-2] '~ 1 IH: x=x =x =1/3
10
ArgoNenT N 1 O 2 ;_
1073 N S e ’
Majorana Belle preliminary ' ' 10 -3 E—
10_4_-2??:“,8(1 10-4é.u|l.m.\.ll.tlumumu.x.u|H\ ‘
Dirac 0 02 04 06 08 1 12 14 16 18 |
- M(v,) (GeVic’) ;
0.4 0.6 0.8 1.0 1.2 1.4 1.6 ‘ 2212.10095 [hep—ex]

my [GeV/c?

* Talk by Sourav Dey at TAU2023
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https://indico.cern.ch/event/1303630/contributions/5571693/
https://arxiv.org/abs/2212.10095

Conclusions

e Belle experiment is the World leading experiment in 7 physics providing a
big part of the World’s best results

* Although Belle Il is still in the beginning of its operation, it has already
provided the community with competitive results and new methods

applications (7 lepton mass measurement, search for LFV decays
T~ = {"aand t” — £ ¢), and more are upcoming (t~ — u U u")

e 7 physics plays a significant role in the overall program of both Belle and
Belle |l experiment

* Belle Il opens up an opportunity to repeat all the measurements done by
Belle and BaBar with higher precision and to conduct new studies, not
available for the previous generation

* Systematics become the dominant source of uncertainty in many analyses

 Belle Il has a better sensitivity than STCF in measurements, depending on
statistics, (most LFV searches) and in 7-lepton lifetime measurement

* By the end of operation, Belle Il will accumulate unprecedented number of
777 -pairs, which makes it, without any questions, the Super z-factory
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7 lepton momentum
reconstruction at Belle I

The momentum of the 7 lepton produced in ete~™ — 7777 is impossible to
reconstruct due to presence of undetectable neutrinos

Precise knowledge of center-of-mass energy, back-to-back production of

777 -pair, and zero mass (to a high extent) of neutrinos allows to restrict the
possible directions of 77z~ -pair (up to initial-state radiation)

2E E, — M? —m? EE,—Mm,
<cosy <

2p.py PPy

2E E, — M? —m?
2p1'ph

. [ cosycosa+ cosy
®, = 7 + arcsin . ,
SIn Yy Sin

CosSy =

. [ cosy cosa+ cos
®, = 2z — arcsin ( d )()

SIny Sin &
Denis Bodrov
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T lepton polarization at Belle

e The beams at Belle Il are not polarized, so average 7 lepton polarization is
zero. Nevertheless, spins of 7 leptons are correlated ineTe™ — 7777

do(eTe (W) = 73, (Sg0)Tiae(Sta ) a?
L ﬂ [AO+D1(SS|)(Sta)]
dQ. " 64E? JLETee
( 1 1 )
<1+—> sin” _ 0 — sin 20,
2
sin” @ ’ ’
Ay=1+cos*0, + > a D= 0 —p%sin 0, 0
Y . 9
1 . , . SN0,
— sin 20, 0 1 +cos” 0, ——
S )

e One can use tagging 7 lepton as a spin analyzer with the decay mode
TS 7t017 This mode has the largest branching fraction (around 25 %),

and it is also well-studied
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EDM and MDM

 (General expression of the 77y vertex can be parametrized as follows:

o, . L, A , 4y
—iri(p ){F (@O + iFy(g*)c* p F3(g»y’ " 2—} u(p)e,(q)

T mT

gT—z 2m,[d,[
FO=1 Fo=f"2=q  FO=-"

e d.— EDM, a, — MDM

Denis Bodrov Tau physics at Belle and Belle I

26



Denis Bodrov Tau physics at Belle and Belle I

Michel parameters

Michel parameters (MP) of a lepton decay are bilinear combinations of coupling
constants arising in the most general expression for the decay matrix element

/-
4G _
M=—= 3 g (ZT" (W) )N @)sIT,|7,) W- 7
2 y=8SV,T =™
E, U = R,L T - UT
1 i _
P=1T"=p T"=—0c"= *y" = rr") m, < mw\A ’
V2 24/2 - . v,

Scalar Vector Tensor 49

Vg
Michel parameters describe the Lorentz structure of the charged currents
interaction in the theory of weak interaction and can be used to test the SM

Deviations can be caused by anomalous coupling with the W-boson, new gauge
or charged Higgs bosons, presence of massive neutrinos

The only nonzero term in the SM theory of weak interaction: gXL =1
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Leptonic decays: Michel
parameters (2)

e Differential decay width of 7 lepton integrated over neutrino momenta:

d’r _om,
dxdcos 413

W2 G2y /x* = x5 (Fi5(x) £ F4g(x)P, cos 0 + Fy (x)P,sin 60,
+Fp ()P, sin 60, + (£ F;p(x) + F4p(x)P, cos 6)(3)

2 2
ms-+m E m
T 4 4 4
W, =max E, = , X = Xo = , P.=|P,|

)
2m_ max £, max £,

Functions parameters:

Fig(x) - p,n; Fasx) 26,60, Fip(x) 0 §,8,80;,  Fup(x) : &% p,1n",
Fr(x): & pmn’s  Fr():a'lAfIA

—

o Differential decay width of radiative leptonic 7 decay (S , — 7 polarization):

dl'(t™ £7D — s N
& = &7 ven) — (A +;7A1) + <B0+§KBl>° S
dE, dQ, dE, dQ,

T
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Leptonic differential decay width
parametric functions definition

2
Fro(x) = x(1 —x)+ 5 p(4x* — 3x — x3) + nx(1 — x)

1
Fygx) = 55\/x2 — xg

F, () 1\/2 2| _oe(ox -3+ 20 Y hag(6-2) (ax—3-2
X) =—7/X"—Xx5 | — X — — — — X—3——
I 54 0 2 4 2
_1 7 2 2 3 2 2 7
Fap) == [ € (2x* —x—x5) + 4 n (4x* — 3x — x7) + 2" xp(1 — x)
1 3 2 2 2 2
FTI(X)Z_E 21 &7+ 12 p—z (I —X)xp + 3n(x” — x3) +7"(3x" — 4x + x;

Frp(x) = é\/xz — xg <3%’(1 —Xx) + %(2 —

Denis Bodrov

2
1—x+—5(
3

2

/

x§)>

2

4x -3 -2

:)
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MP parameters through coupling
constants

33 , , , ) * *
p=z—z[(|gl&l + 1 8/%| )+2(IgLTRI + | ggy | )+91{8£L8£L+85R&TR
1

1= 3R { sk (sl + 6a1x) + sl (a8 + 62k) + (shasts + sl |

* * 2 2 2 2
e = 4R {ghesli— shus) + (18121 = 18kl ) +3 (181l ~ 1ak. 1)
|
2 2 2 2 2 2
+5 (18fel? = 1gh1”) + 5 (1851 = gkl + 1851 ~ 15 I”)

3
4

3 2 2 2 2 2 2 2
6= (15 — gkl + 188 — 185l ) + 5 (182217 = 1kl 18L

T |2 S T S T*
+ | gp |7+ R {gLRgLR — SRLSRL )
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MP parameters through coupling
constants (2)

/ 2 2
E=— [3(Ig£LI2—IgLTRI2>+<|gXRI2+IgXLI2—IgXRI — g% | )
1 2 2 2
= (la8e + 188 — gl - lg )]

7 1 2 2
e = 1= (1e8 P+ 185l ) +2 (1841 + 18fel*+ 181"+ 18[x I’

S T¢ , S T+
+4R {gRLgRL + 81R8IR

1
yo g T* Vo[ 5 T* Vo oS¥, vV _§*
n = Em {381‘& (gLR + 6gLR) + 38R (gRL + 6gRL> — ( RRSLL T gLLgRR) }
1,—10' V(S*_|_6T*)_ V(S*_|_6T*)
e 2‘5 8rr\8rr T O8grr) — 8rp \8r g T O81R
p1 vV os* Vs
n — ZS {gRRgLL — 8LLSRR
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Five-body leptonic 7-decays
branching fractions

J.Phys.Conf.Ser. 912 (2017) 1

BRI, ¢ ¢ e v = BRL,° ¢ 7 {[Qrr + (1.051 £ 0.036)QLg + (—0.2053 £ 0.1431) B »
+L < R] + (0.2416 + 0.0002)1, + (0.8606 + 0.0001)I5}.

BRLg " ¢ T BRg;f“_e”_ﬁ“”’{ [Qrr + (1.220 £ 0.049)Qrr + (—0.8717 £ 0.1957) By g
+L > R] + (181.3 £ 0.1)I, + (104.4 + 0.1)I5}.

BRL>¢ # #Pevr — BRT DM T (0 1 4+ (1.226 + 0.001) QR + (—0.8456 + 0.0001) Br
+L < R] + (0.2253 & 0.0001)1, + (0.5231 + 0.0001)I4}.

BRL M WR P - BRI ZRTETHTTR (10 1+ (1.216 £ 0.005)Q g + (—0.8459 & 0.0005) B
+L ¢ R] — (18.00 & 0.01)I, + (197.3  0.1)I5}.

* Underlined part is the most sensitive to Michel parameters:
I,=2a+ia’)/Aand [ = —2(f + if')/A. Here n = (a — 23)/A

and " = B3a + 20)/A

* Here an alternative Michel-like parametrization from Phys.Lett.B 173
(1986) 102-106 is used
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https://www.sciencedirect.com/science/article/abs/pii/0370269386912396?via=ihub
https://www.sciencedirect.com/science/article/abs/pii/0370269386912396?via=ihub
https://iopscience.iop.org/article/10.1088/1742-6596/912/1/012002

Hadronic decays

e Hadronic decays of 7 lepton are unique laboratory to determine o (m_), m,and V

e They also can be used for the Iepton universality tests: 7~ - 7 v_and 7~ = K1,

decays are analogous to 7~ — y~ v, and K —-uwv
2 3 2 282
I'(t— - P~ 1/) m; (1 —mp/m?)
R p= S - (1 +6Rp)
F(P— — U ) gﬂ 2mpm2 (1 - mz/mp)2
Phys.Rev.D 107 (2023) 052008
|gf/gﬂ| _09959+00038 |gT/gM|K_09855+00075
- o] Vis Ko, N = 241+1, 2021 update
o Determination of | Vus | o Vi 24111, PDG 202
-
Vilfy  m2—m? [BG —>Kv) 1+6R,, | W e
\Vlf, m2—m2\| B - 7, 1+5RT,K | + Ry, o S
—e— e
B = e W G O S g A b e S S g - g " —eo— T average

| Belle Il can measure ['(z~ — rv)and(z~ = Kv) ',

Denis Bodrov

Tau physics at Belle and Belle I

33


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.052008
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Hadronic decays (2)

PTEP 2022 (2022) 8, 083CO01

* More precise knowledge of already measured hadron

modes is desirable for more accurate determination of o,
and for other studies, where these modes play the role of
background (e.g. the partial-wave analysis of
T — n_n+7r_1/T being done by Belle [1] before done
only by CLEO II [2])

Higher statistics of Belle Il will also allow for observation
of various hadron modes not accessible in the previous-
generation B-factories

Studies of hadronic modes of 7 lepton can be used in the
theoretical calculation of the hadronic contribution in the

a, = (gﬂ —20)/2

Belle Il can confirm or resolve current deviation of
a;ad(f) = (703.0 £ 4.4) - 10~V from

ay*(ete”) = (692.3 £4.2) - 1079 3]

[1] Talk by Andrei Rabusov at TAU2023
[2] Phys.Rev.D 61 (1999) 012002

[3] Talk by Pablo Roig Garcés at TAU2023
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https://academic.oup.com/ptep/article/2022/8/083C01/6651666?login=true
https://indico.cern.ch/event/1303630/contributions/5571694/
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.61.012002
https://indico.cern.ch/event/1303630/contributions/5543045/

Search for LFV in decays with 7
lepton in final state at Belle

e Search for BO — %17 with the semlleptonlc Upper h; |
Process o
tagging method [1] (& = 121 fb™ h | (90% C.L.)
e Search for LFV decays BT — KTt5/% [2] || BB — eTr%) <14 %10~
_ -1 | —
(£ =T7111b") | BB > uFr) <73%x107*
e Full reconstruction of the tag side inthe | BB+ — Kty _s
hadronic mode ; QQEBJF _ K+T ﬂ+) <0.6x10
— - — B -5
e Recoil mass of the K™#* system | TH) <2ox10 5
e BDT for background suppression L BB" — K*17e) <1.5%10
e Search for LFV decays of Y(155) [3] | BB — K*z7e™) <15x107
(£ =24.9fb7} | BOY(1S) = u*r™) <2.7%x107°
e Di-pion tagging from | BOY(LS) - e*07) <27 %10
Y2S) - Y(1S)n™n~ | - 6
_ | BOYS) = yu™c™) < 6.1 x10
 Recoil mass of the 777~ % (y) system -
<6.5x 107
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Best and flrst results by Belle

35



https://link.springer.com/article/10.1007/JHEP08(2023)178
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.261802
https://link.springer.com/article/10.1007/JHEP05(2022)095

