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Introduction

T lepton: heaviest lepton in Standard Model
« Many decay modes: leptonic and hadronic decays

- Sensitive to new physics
Eg. lepton flavor violation (LFV), CP violation

Recent 7 physics results at Belle

« Search for a dark leptophilic scalar ete™ -» ¥t ¢,
Belle-CONF-2201 will appear soon

« Search for tau LFV t* - ¢#*y JHEP 2110.019

« Electric dipole moment of the tau lepton JHEP 2204, 110
Today, these three results are reported

Poster: studies about partial wave analysis of t - 3nv decay by A.Rabusov
Please see his poster! ,
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http://dx.doi.org/10.1007/JHEP04(2022)110
http://dx.doi.org/10.1007/JHEP10(2021)019

Belle experiment
Operation: 1999 - 2010
Collision: 8 GeV e~ , 3.b 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 fb1)

> In total, 912x10° N,
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Dark scalar via ee — tt¢;

Dark leptophilic scalar couples only with leptons

« Possible to explain muon g-2 anomaly, lepton flavor universality

Narrow peak search o Current status

L=—¢ Y “Hlout.

l=e,u,T

— BABAR ¢ _90% CL
ll A 1 lllllll L A Illllll

mg,: mass of dark leptophilic scalar  10° g o
Phys.Rev.Lett.125.18101 (2020)

m, (GeV) 0

&: coupling strength b.t.w ¢, and #*
e"e” —» 17t ¢,: A narrow peak in m,, is search for 40 MeV < my, < 6.5 GeV

¢, - ete” formy, <2my, ¢, - p*u” formy, > 2m,

The result using 626 fb-! data is shown ,
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http://dx.doi.org/10.1103/PhysRevLett.125.181801

Analysis strategy
ete” - vt ¢, Require 1-prong = decay L <
* Nk = 4 events with net charge zero 2

« At least two tracks: require e/u
Backgrounds

\
ete” - 17t~ orqq where .i ;z y )

e 1t ptyfor ¢, - ete, 1 - 3t vforgbL—>,u -

> BDT to suppress bkags M,+,- distribution after BDT selection
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Result

No significant excess in all mass regions: ~2¢ in a few points
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« Exclude a wide range of parameter space
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http://dx.doi.org/10.1103/PhysRevLett.125.181801

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

« Small probability via neutrino oscillations:B(r - uy) < 0(1075%)
Y

((p or e)

e 1% > ¢Ey: 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

ozt - Ty Sensitive to several models! ’




Analysis approach
Signal-side: Np =1and N, =1
Tag-side: 1prong t (Eg. ¢vv,nv, pv)
Signal region definition

, Signal S|de y

\
\
\
\
\
\
\
\
\
\

* My = \/(El():é\glm) — (p{’M)z
* AE/Vs = (Ei’y

Background component

soam)/ VS

beam

¢
Tag side Vz

AE/ Vs

« ¥ > ¢#Tyv + ISR y or beam bkg
te™ - ¢£7¢~ + ISR y or beam bkg
Signal extraction

Perform UEML fit to the SR

Unbinned Extended Maximum Likelihood

............
............

M, [GeV/c?]

X use M, instead of M,
: 8
to suppress Ey resolution



RGSUlt Luminosity: 988 fb-! : 9.1x108N_,

Signal eff. = 3.7% Ny =58+ 04  Signaleff.=2.9% Npg =51104
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—0.3718 p = 5.3%32 s =—0.5%%% b =552
No 3|gn|flcant excess over SM background predictions
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Upper limits at 90% CL

Upper limit on branching fraction at 90% CL

590 _
B(t% = u™y) < = 4.2 x 1078,
26N+
590 _
B(rT = e5v) < — 5.6 x 1078,
26N+
Bx10~8 BaBar Belle Belle
at 90% CL N,, = 477x10° N,, = 480x10° N,, =912x10°
Exp Obs Exp Obs Exp
B(z* - uty) 8.2 4.4 8.0 4.5 4.9 4.2
B(tt - ety) 0.8 3.3 12 12 6.5 5.6

« Expected limits: factor 1.5 - 1.7 improved compared past analysis

« Observed limits,7* - u*y: Most stringent limit to date

2022/7/8 10



Electric dipole moment of t

CP/T violation parameter in ytr vertex Y t
« SM prediction: t EDM, d, ~ 0(10737) ecm SN
- A non-zero d,. would be clear sign of nhew physics T

______________________________

Xprod = XSM +' Re(d;)XRre + Im(d;) X1t + |dr |* X a2,

______________________________

Interference term b.t.w the SM and the EDM

V‘L'
- Proportional to CP spin-momentum correlation 4 T
XRe ~ (S4x S_)k , (S xS)p XIm ~ (S,—S_)k , (S4—S_)p - /
N - + F/Basymmetry (_\_ '
T T Tt T e~ »/a et
+
mt
« Spin information is obtained by momentum of decay L
VT

- Re(d,;), Im(d,): phi, forward/backward asymmetry

2022/7/8 11




Event selection, observable

Select 8 final modes exclusively

« 1T > (evV) (), (evy) (rv), (uvv) (mv), (evv) (pv), (uvv)(pv), (v) (pv), (pv) (pV), (mv) (rTv)

Modi/q’ ield Purity(%) Background (%)
- 6434268 95.8 two-photon process (eeup) [2.5], 77 — (evv)(mv) [1.3]
2644971 85.7 71T — (evv)(pv) [6.5], (evv)(pvv) [5.1], (evv)(K*v) [1.3]
pm 2503936 80.5 71 — (urv)(pr) [6.4], (pvv)(pvv) [4.9], (pvv)(K*v) [1.3], two-photon process (eep) [3.1]
ep 7218823 91.7 7 — (evv)(nn’n V) [4.6], (evv)(K™*v) [1.7]
up 6203489 91.0 7 — (o) (rn7%) [4.3], (uvv)(K*v) [1.6], (7v)(pr) [1.1]
wp 2655696 77.0 T — (pv)(pv) [6 71, (7v)(7n 7 ) [3.9], (uvv)(pv) [5.1], (pv)(K*v) [1.4], (7v)(K*v) [1.4]
pp 3277001 82.4 7 — (pv)(n7°7%) [9.4], (pv)(K*v) [3.1]
T 460288 71.9 71 — (wv)(pv) [11.3], (mv)(uvv) [8.8], (wv)(K*v) [2.5]

ee — 11 — ntrvy MC simulation

-> Take the events with high purity " @ 420

3 1000f
O d.=5x10"%ecm

Use optimal observable to measure EDM" =

600 -

X Re XTm PRD 45(1992)2405
ORe — ) OIm — * TR :5....—25 0 2,‘56."; 7510
XSM XSM 1 Oke GeVle
2 £ ol (Re(@r)=5x 10-*ecm)/ (Re(dr)=0) +| |
<ORe> X /OReXprodde - /XRed¢+Re(dr)/(>;:S{;2 do 11(;%,+ + mm#ﬁﬁ”ﬁ H
Average value is proportional to EDM Z{EHHM*“
<ORe> — aReRe(dT)+bRea <Olm> — CLImIm(dT)—FbIm e O 75<3ev1/é3

Re(d,) # 0: clear dlfference in O(Re)
Compute Og, /1, in data and MC

2022/7/8


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.45.2405

Distribution, EDM extraction

Good agreement in the distribution | ® Exp. data [IMC(d=0) " MC background
B 100x10° ee = 1T = pPPVV <10° ee > T > ppvv
S - (9)pp Re g L (9) pp Im
8 I o 100F
B 20 &9, N
N 2 50F
- S
‘_; 0' L L — N " — —
3 =10 -5 0 5 10 > 0
z Z =20 -10 0 10 20
., Oge [GeVie] 0, [GeV/e]
= <0ge>=—0.00136 + 0.00166 — <0z.,> vs EDM d, from MC
X 0.08F I
g 0.06 PP ==
7\; 0_04;_ <ORe> = aReRe(dT)+bR67 =X
EDM extraction Q 002F =
e e =
« Generate MC for various EDM values %2F e
-0.04 =
- Extract EDM from obtained <Oge/pm> -006F =*
-0.08F * ]

2022/7/8

2 15 -1 -05

0 O. 1 15 2
Re(d.) (10 ecm)

d, =(-04+0.5+ O.9)><10_1713ecm




Result

 Consistent with zero EDM

Re(d;) el em  um o ep pp WP pp AT
= = Detector alignment 0.02 0.02 0.01 0.01 0.02 0.01 0.01 0.03
SVSte m atl C u n Ce rta I ntv Momentum reconstruction 0.01 0.06 0.05 0.01 0.03 0.02 0.01 0.15
- - Charge asymmetry 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00
. . . Mismatch of distribution  0.32 0.48 0.38 0.09 0.22 0.09 0.09 0.36
i Improved SlmU|athn, CcOorrection sackground variation 0.16 0.03 0.17 0.04 0.02 0.02 0.02 0.35
Radiative effects 0.07 0.05 0.06 0.02 0.02 0.00 0.00 0.01
. . Total 0.36 0.48 0.43 0.10 0.22 0.10 0.09 0.52
« The larger MC statistics = _-
. Detector alignment 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00
Momentum reconstruction 0.02 0.05 0.04 0.00 0.01 0.01 0.01 0.01
9 The uncertalnty mUCh reduced Charge asymmetry 0.02 0.20 0.24 0.01 0.01 0.11 0.00 0.00
from preV|OUS analySIS Mismatch of dis‘tril‘oution 0.10 0.09 0.06 0.05 0.08 0.04 0.04 0.12
Background variation 0.14 0.00 0.07 0.03 0.01 0.01 0.01 0.01
Radiative effects 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.00
Total 0.18 0.22 0.26 0.06 0.08 0.12 0.04 0.12
Result of each decay mode ;
_ _ Weighted average of EDM
Mode Re(d-)(107"" ecm) Im(d,)(107"" ecm) — —
e —3.2+£25+3.6 0.6 +0.4+ 1.8 Re(d;) = (—0.62+0.63) x 10~17 ecm,
em 0.7+23+£48 24+05+£22 - 17
pm 1.0 +£2.2+4.3 2.4+0.5+2.6 Im(d,) = (—0.40+0.32) x 107" ecm.
ep ~12+08+1.0  -1.1£0.3£06 Belle 833 fb-! data
wp 0.7+1.0+£22 —0.54+0.3+0.8 FE================—==——==—==—-=—--=--==-——
P —0.6 £0.7£1.0 0.4+03+1.2 i Previous results Belle 29.5 fb! data |
T —2.2+43+£5.2 —09+£09+1.2 | :
| i

| Im(dy) = (—0.83 £0.86) x 1077 ¢ cmI

S ——

« ~ 2.7 times smaller error than previous results PLB 551(2003)16

2022/7/8 14


https://www.sciencedirect.com/science/article/pii/S0370269302029842

Summary

Search for dark leptophilic scalar, ete™ - 17 ¢, &
- New search at Belle. Analyzed 626 fb-! data

« Better understanding of background events

Most stringent limits for my,, . Exclude g-2 anomaly favored spaces

Tau LFV, t¥ > ¢ty (L =e, )
« Use 988 fb-! data and improve analysis technique

« Most stringent limits for £ - ufy at 90% CL

Tau EDM

« Analyzed 833 fb'! data and use optimal observable method

- 30 times larger data and improved understanding the data
- Reached the UL of the tau EDM in 10-8 ecm level

2022/7/8 15
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Di-lepton distribution

mg+,- distribution Belfle Preliminary

200 80
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Control region
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Summary of LFV in tau decay

arXiv.2203.14919

90% C.L. upper limits on LFV t decays
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https://arxiv.org/pdf/2203.14919.pdf

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

20


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 e



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

22



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 »




Tau EDM: spin density matrix

£eff — @E(Z ﬂ — GQ A)¢ _Z.d’r?;aluy’y{’)wau/ll/

S+ : Spin vectors of T+
k,p : Momenta of 71 and et beam

From the effective Lagrangian, the spin density matrix with the EDM in the process
et (p)e” (—p) = 77 (k,S+)7 (—k,S_), is given as [2]

M2 oq = MGy + Re(d ) M%, + Im(d ) M7, + |d-|* M3, (2)
Mg = 3 [88 2+ 2] p)? — S Sk (1 — (k)
+2(kS 1) (RS )([KI* + (ko — mr)*(kD)?) + 2K (DS +) (PS-)
2ok = m)kp((kS 1) (BS-) + (kS ) (pS.))) (3)
XRe ~ Mhe =45 [kl —(me+ (ko —m)(kp)*)(S; x S )k CP-odd, T-odd
+ ko(kP)(S4 x S_)p |, (4)
XIm  ~ M, =4E kIl (me + (ko ~ m)(9))(S: ~ S )k CP-odd, T-even
+ko(kD)(S+ —S)p | (5)
M2, =4 k[ - (1— (kp)*)(1 - S,S_), (6)

2022/7/8
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Tau EDM: calculation from data

* Need tau flight direction to obtain yg., xim JHEP 2204, 110

Both tau leptons decay hadronically : 7t - (wv)(wv)
- CM frame: pg = (pr — pn)z - 0= m‘% + m72t + 2B Ep — 2| ||pr|costy

2 _an2
2E.E + —m?,—m}

-2 cosO_4+ = —
s 2|5:||B |

¢ ee - 17. back-to-back
- Two-fold ambiguity

Tau leptons decay leptonically

2E(E 4 —mft +—MmE+m3,

. cos@ni =

2|ﬁr||ﬁni| -
- Additional ambiguity (m2,) }2\/
¥ F

2022/7/8 Take an average over the possible tau directions 25



http://dx.doi.org/10.1007/JHEP04(2022)110

Tau EDM: spin density matrix

We can reconstruct the t’s spin vectors, S, using the flight direction
of the T and the observed daughter particles

« Spin vector shows the most probable direction of the spin in the

rest frame

2022/7/8

For 7 — lvpv,,

ct + Epxm,
ko +m,
4ey —m?2 — 3m?

S:t =A (j:mTpgi — k) s (20)

A

— 9.2 2 2,2 27
Imicy —4ci — 2mymz + 3cemy

C+ — k?oEgﬂ: F k- Do+,

where kg is the energy of the 7+, m, is the 7 mass, k is
the three-momentum of the 7, p,+, Ey+ and m, are the
monentum, energy and mass of ¢+, respectively.

For 7 — pv, — mnlv;,

k(k - H*
Sj: = :FA (:FHSZIC—{—TI%-H:‘: + W) , (21)

1
(k:tHi) - mg—(pwi - pﬁo)27
(Hi)y = 2(p7ri _pﬂo)y(pﬂ-i _pwo)u(kﬂ:)u
+ (Pt + Pro)? (Prt — Do),

A=

where ki = (ko,£k), H* = (Hf,HT), and ki H* is
the four-vector product. Here, p.+ and p,ro are the four-
momenta of the final state 7% and 7°.

JHEP 2204, 110
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Tau EDM: experimental data

« 833 fb'! of Belle data
« 28 times larger than previous analysis ( ~5 times less stat error)
« |Improved detector understanding compared to previous analysis
« Better correction parameters for tracking, particle IDs
« Improvement on the MC simulation

« More beam background contribution to photons (beam bkg)

— dll data, — onresonance, — offresomance, —  energyscan
X 10 2F T T T T T T | T T T T T T I T T T T T T l T T T T T |

- Y (4S):636fb! | |
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S0 | b Y(28): 27 Y (4S)

[ Y(15):8fb I_/—’-/J/—
6000 & Energy.scan: 281'1)"

d000 | i/,://?)ata for this analysis

(Better detector configuration)

Integrated Luminosity ( pb"')

" Previous analysis
«—>

(]
=
=

off-reson:ance
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Tau EDM: selected data

cos® and momentum
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Good agreement between data and MC simulation
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There are small mismatches in the distribution, which will be taken
into account for the systematic error
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Tau EDM: Observable

Use optimal observable to measure EDM
PRD 45(1992)2405

Calculate event-by-event

Average value is proportional to EDM

ORe — XRG :
XSM

OIm — Al .

XSM

Using tau flight direction and spin direction

from decay products

<0Re> X /OReXprodd¢ = /XRed¢+Re(dT)/(XRe)

XSM

2

d¢

<OR6> — aReRe(d7)+bRev <OIm> — aImIm(dT)+bIm:
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Tau EDM: conversion parameters

o
o
o

£ £ .
(&) (] | L
(DQJ : —— tDQJ -
" 0.03F —_ o 01L |
Somf N - o "
@ : @o.os— L Coefficient a (~ sensitivity)
62001; _+;_*____ . ég -
O_e_l 1 1 1 1 1 1 0_ 1 1 1 1 1 1 1
HEm [T epup p pp i SLEen [T EpUp 7P pp AT
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~d C ~
> 2 0.05|-
O o001 e [
& E |
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L T ——
0.01F [
- -0.05|
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« The pp and mp modes have higher sensitivity, because of less neutrinos

« Offset b, due to the forward/backward asymmetric acceptance
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Tau EDM: sensitivity

Re(d;) = (—0.62+0.63) x 1077 ecm,
Im(d,) = (—0.40+0.32) x 10717 ecm.

— 95% confidence intervals

—1.85x 107" < Re(d;) < 0.61 x 1077 ecm,
—1.03x 107" < Im(d;) <0.23x 1077 ecm.

« Detector modeling limits our results

ecm
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10—]8

107

LEP  ARQUS

OPAL L3 Re(d,)
I I seduses Im(d,)

SUSY leptoquark
multi-Higgs doublet

« Good event vertex resolution to obtain tau direction information
will improve the sensitivity for future analysis
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