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Outline

1. Not the only hot topic
e a trailer for other Belle and Belle Il talks

2. Why t physics? Why Belle and Belle |I?

3. Recent results
1. Beyond-the-standard-model physics: lepton-flavour violation
2. Precision measurement: T mass

4. More to come: a further trailer
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1) Belle (I1)@HQL

Seven other talks with physics results — hot topics for all!

1.

N o U kW

Wed. 12:10: LFU tests and searches for new physics in charged current
decays at Belle Il — Henrik Junkerkalefeld

Wed, 15:00: Recent spectroscopy results from Belle Il - Renu Garg
Wed. 17:20: New LFV results from e*e colliders — Devendar Kumar

Fri. 10:10: Rare decays from Belle and Belle Il - Seema Choudhuri

Fri. 12:00: Time-dependent CP violation in B? decay - Seema Bahinipati
Sat. 09:30: Search for B->»Kvv decay — Roberta Volpe

Sat. 10.35: CP violation in charmless B decays — Luka Santle]
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1) Belle (I1)@HQL

Seven other talks with physics results — hot topics for all! ‘o(\sq'

1. Wed. 12:10: LFU tests and searches for new r‘”\\ea\l\l \e.,?ged current
decays at Belle Il — Henrik Junkerkalefp""‘\(\e

2. Wed, 15:00: Recent spectrosr- ‘3‘00\) ..om Belle Il - Renu Garg

3. Wed. 17:20: New LFV .‘\N\\a_.. e*e colliders — Devendar Kumar

4. Fri.10:10: P- Q\)a(\é.'.r)m Belle and Belle Il - Seema Choudhuri

5. Fri ’\\(\e’a“\l,g-dependent CP violation in B? decay - Seema Bahinipati

t %\)’ﬁ 9, 30: search for B->Kvv decay — Roberta Volpe

7.

Sat. 10.35: CP violation in charmless B decays — Luka Santle]
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' Leplons
| Mo Electric Charge

https://www.quarked.org/ |

Electron-Neutrino (v ) Tau-Neutrino (v.)
Mancy Maooki Tirn

' LESS MASS = MORE MASS

MNegative Electric Charge

. Electron (e) Muon (#L]
[ Elly Mustafa

2) Why t? Why Belle (I1)?
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Tau physics motivation |

e 185 standard model decay modes studied
 principally hadronic final states

* Unique laboratory to study weak
Interaction




Tau physics motivation |

e 185 standard model decay modes studied
 principally hadronic final states

* Unique laboratory to study weak
Interaction

* Third-generation therefore beyond-SM-
sensitivity anticipated
* Any observation of lepton-flavour violation
in T=>3u, T2y, T2ld etc new physics
* SM highly suppressed

* Connections to g-2 and lepton
universality violation in b decay

28/11/2023 HQL



Tau physics motivation |l

* Precision measurements of the t
lepton can have significant impact


https://indico.cern.ch/event/1184945/contributions/5378246/attachments/2715889/4717189/output.pdf

Tau physics motivation |l

* Precision measurements of the t
lepton can have significant impact

* Example:
 first row unitarity of CKM matrix —
‘Cabibbo angle anomaly’
. B(t%Kv)( (t->mv) proportional to
|Vus/Vud
 Combine with lattice QCD information to
provide additional constraint

28/11/2023 HQL

Luiz Vale Silva (CKM 2023)

0.230

0.228 —K, and t->Kv
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All (yellow) -
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https://indico.cern.ch/event/1184945/contributions/5378246/attachments/2715889/4717189/output.pdf

Tau physics motivation |l

Luiz Vale Silva (CKM 2023)

, 0.230 ]

* Precision measurements of the t 3

lepton can have significant impact 0228 K, and T>Kv B

* Example: 0.226 Direct (light green) ]

* first row unitarity of CKM matrix — Al (yellow) ]

‘Cabibbo angle anomaly’ 0224 — B

. B(t%Kv)(B(ténv) proportional to "o :

|Vus/Vud ’ E i}

e Combine with lattice QCD information to 0.222 I~ ~

provide additional constraint - :

» Additionally, lepton-flavour universality =~ 0220 -Ke/meand w>kv/eomy ndlrect B

and dipole moments j )

. . . . ] — d —

* Mass and lifetime important inputsto  *#°[ [ Pecll ]

these calculations [ wmest [ excludedareahas CL>0.95 |
0-21&-:950 0.955 0.960 0.965 0.970 0.975 0.980 0.985 0.990

IV,
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Why t physics at the Y(4S)?

* The centre-of-mass energy
of the B factories process
ete™ - Y(4S) » BB has

Non Bhabha cross section in nb

comfarable Cross section ete™ - uli(y)
tO e 6_ —> qq’q — e+e_ — ”+”_(Y) L B
u,d,s,c a.k.a. continuum 115 292 ete” - dd(y)

P \‘\\\ »0 L 0.38
—— " + - —
| P
L (v)
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Why t physics at the Y(4S)?

* The centre-of-mass energy
of the B factories process

Non Bhabha cross section in nb
ete” > 117 (y)

ete”™ - Y(4S) - BB has

comfarable cross section ete™ - uli(y)

toe'e —qq,q = ete” - putp(y) b
u,d, s, c a.k.a.continuum 115 092 ete” - dd(y)

e Similar cross section for
ete” - 1tH1™
* 920 million tau pairs per

ab™! of integrated
luminosity

A HQL-factory!

w 04 038
SN / ete” - s§(y)

o
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Detectors and data samples
* Belle: ~1 ab™

* Many achievements:
confirmation of KM mechanism,
b—>ctv, direct CPV in B decay

28/11/2023 HQL
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Detectors and data samples
* Belle: ~1 ab™

* Many achievements:
confirmation of KM mechanism,
b—>ctv, direct CPV in B decay

e SuperKEKB + Belle Il

* nanobeam scheme to increase
instantaneous luminosity by
factor 30 to collect multi-ab™
sample

 World record 4.7x1034 cm~2s1
* Target 6x103> cm™2%s™!
e Sofar 424 fb1

28/11/2023 HQL



Detectors and data samples

e Belle: ~1 ab™!

* Many achievements:
confirmation of KM mechanism,
b—>ctv, direct CPV in B decay

e SuperKEKB + Belle Il

* nanobeam scheme to increase
instantaneous luminosity by
factor 30 to collect multi-ab™?
sample

* World record 4.7x103%* cm~2s1
e Target 6x103> cm™2s™t
e Sofar 424 fb!

28/11/2023 HQL
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How to reconstruct a t lepton at Belle (Il)

hadrons

* Missing energy from neutrinos does not allow full
reconstruction %
* |dentify using the thrust axis 1, Mk
* maximizes the momentum projection ]
* Divide event into two hemispheres

i

e Signal side
e e.g. TV + hadrons

* Tag side: a standard model decay ke Tith, 1
* single prong: t=>Ivv or t>nv + nm® i ’,.f" rl (Known decays)
* three prong decay: T=>3nv + nm° / ¢ 9
g, | CM frame

28/11/2023 HQL 16



e™* ID efficiency, h* - e* mis-ID rate

Performance for Tt lepton physics

F Belle Il [Ldt= 190 fb~! + Jly-ete”

[ ete"—seteete"
- ECL Barrel ete-—ete(y)
[ (0.56 <6< 2.23 rad) 4+ K2-n*n - mmis-ID

F ete™ - t*(1p)t¥(3p) - m mis-ID

D™t - DYK~n*)n* - K mis-ID

p [GeV/c]

Electron ID: efficiency and mis-ID

28/11/2023 HQL
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e™* ID efficiency, h* - e* mis-ID rate

3L
10 F Belle Il [Ldt= 190 fb~! + Jly-etes
[ ete~—eteete”
102 E_ECL Barrel ete-—ete(y)
[ (0.56 =6 < 2.23 rad) 4+ K2-ntn~ - mmis-ID
10* 3 ete™ - t*(1p)t¥(3p) - m mis-ID
. I D™t - DYK~n*)n* - K mis-ID
1 L L
101 3
10_2 ;_ T S—
10_3§
1074 3
| | | |
1 2 3 4 5
p [GeV/c]

Performance for Tt lepton physics

Electron ID: efficiency and mis-ID

28/11/2023

L1 trigger efficiency

HQL

o
(o%)

o
o

o
I

" Belle Il (Preliminary) det =8.81b" = 2 full track trigger (A¢ > 90°)

________________ i
I e
[ ]
]
R I T T T S S TR S
0 0.2 04 0.6 0.8 1 1.2 14 1.6 1.8
track P, [GeV/c]
L1: trigger for 1x1 tau pairs (min p,)
18



90% C.L. upper limits on LFV 1 decays
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Belle Il Snowmass

White Paper

CLEO
ATLAS
CMS

« LHCb

N

A

L

BaBar

Belle

Belle Il (5 ab™)
Belle Il (50 ab™)

3.1) Lepton-flavour violating searches

28/11/2023

HQL
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https://arxiv.org/abs/2207.06307
https://arxiv.org/abs/2207.06307

LFV: t=>1VO (VP=p, w, ®, K *)

* Forbidden in SM but enhanced many leptoquark models, c.f., R(D(*))

/° VO=p, w, ¢, K

* Full data set of 980 fb!
e 3and 1 prong tag: 3nv, lvy,
nv+up to 27’

BDT
K‘ JHEP 06 (2023) 118

 Background suppression with

\

\

Vo= ¢

Data set of 190 fb?!

Inclusive tag

Background suppression with

arXiv:2305.04759

/

BDT
/

High efficiency key for best sensitivity: multivariate selection and inclusive tagging


https://arxiv.org/abs/2305.04759
https://link.springer.com/article/10.1007/JHEP06(2023)118

LFV: Belle T=>1V° (V°=p, w, &, K*) approach

* Tagged with 1-prong or 3-prong decay

* Background from 7 - 3mv and ee - qq suppressed with a boosted
decision tree (BDT)

* Prepared separate BDT classifier for each IV° mode

AE = (E

CM
ey o

AE (GeV)

—s/2)

0.4 T-ep’
Data
0.2
T ———
:. v T D :
0.0F , ' ‘CE.}“" -
‘I- l..n-an-- -
L et
-0.2¢ . .
: - e . . . . -
: ' l‘- - . ™ -
1.65 1.70 1.75 1.80 1.85

0.4

02F




LFV: Belle T=>1V° (V°=p, w, &, K*) results

No significant excess in all #vV° modes

World leading results

Mode e (%) Npa Tayst (%) Nobs  Bobs (x107%)
= s p=p® 778 0.954+0.20(stat.) £0.15(syst.) 4.6 0 < 1.7
7= = eTp® 849  0.80+0.27(stat.) +0.04(syst.) 4.4 1 <22
™= pFd 559 0.47+0.15(stat.) £0.05(syst.) 4.8 0 <23 4 Counting method 90%
£ s etd 645 0.38+0.21(stat.) £0.00(syst.) 4.5 0 <20 % confidence levels
T —>;Liw 3.27  0.32+0.23(stat.) +0.19(syst.) 4.8 0 <39 % oo improvement
T = eTw 5.41  0.74£0.43(stat.) £0.06(syst.) 4.5 0 <24 % Jver previous
= s =K 452 0.84%0.25(stat.) £0.31(syst.) 4.3 0 <29 * measurements
™= 5 K 6.94  0.5440.21(stat.) £0.16(syst.) 4.1 0 <19 *
7= = u=K*® 458 0.58+0.17(stat.) 20.12(syst.) 4.3 1 <43 *
75 5 K0 745 0.2540.11(stat.) £0.02(syst.) 4.1 0 < 1.7 *

28/11/2023 HQL 22



LFV: Belle Il t=>1¢$ approach

e Untagged: train BDT inclusively to discriminate from background

e event shape variables, signal kinematics, ¢ mass and rest-of-the-event, i.e.,
tracks and clusters not used to reconstruct signal

* 6% efficiency — twice Belle

% 1.0E Belle Il (Preliminary) *  MCbackground == RSB > 0. Belle ll (Preliminary) * MCbackground == RSB
O, | Data: [Ldt = 190 b~ ® Data — SR O, "} Data: [Ldt = 190~ * Data — SR
& 08F MC: [edr = 2ap7 =) [ MC: JLdt = 2ab7
q < 04f .
sk electron mode ;
: muon mode
s A 0.2F- . .
0.2 - . Y o . R
0.0F R . : 0.0F " * LT LN L
C . s L 4 = s . P T * 0
3 R 4 . v ] :
—0.2 N . . . . . . —02F
—0.5F e g
: - —04f : .
-08F . ¢ e I T TR T TR SRR S S S
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

28/11/2023 M [GeV/c?] M, [GeV/c? -



LFV: BeIIe Il T=>|d results

« 1.00 ._"T 1.00
5 Belle Il (Preliminary) — we——CL, . ®
' [ Ldt = 190 ! ——— CL, o
0,75 120 CL; oxp 0.7
S Il - [:ILJ-,-.vxp "
—_— = 10%
0.50 - .50
0.25F 0.25
0.00 <107 g 00
] 2 4

Upper limit on B(T — ed)

Obs. By(t — epp) = 23x1078
Exp. By (t — e¢p) = 15x1078

28/11/2023 HQL

Obs.

Not competitive with the Belle results
But first application of the inclusive tag

Belle Il (Preliminary) = CL_ s
[L£dt = 190 fb~! ———- CL, e

+20 CL, xp

0

B 10 CL, o
— a=10%
]
2 4

Upper limit on B(T — po)

< 10°7

Byi(r = ugp) = 9.7x1078
Exp. By (t = u¢) =9.9x10°8

24



LFV: Belle Il tT=la motivation

. . . . Light ALP: JHEP 09 (2021) 173
* a is a non-detected (invisible) TP s L= ) AT
. : ICy41=ICyyl=1
particle ik M__;;T | :
* e.g, an axion-like particle (ALP) : — MEGIWgEen |

* Interesting mass range from

Symmetry breaking scale [GeV]

100 MeV-1.6 GeV not covered o s | A poeses
by other searches i 2l | R
. . . E SN1987A.- = |
* Previous limits from ARGUS o) me
(1995) — 1072 to 1073 with ; — -
masses from zero to 1.6 GeV L e e R = 7=
* Only 0.5 fb~* of data m, [eV]
28/11/2023 HQL 25


https://link.springer.com/article/10.1007/BF01579801
https://link.springer.com/article/10.1007/BF01579801

LFV: Belle Il t=>la approach

* Using 63 fb! of data
* Tag with t=>3nv with 7° veto

* Background from t=>Ilvv

» Use difference in two-body (signal)
and three-body kinematics
(background) to isolate signal

* Workout lepton momentum in
pseudo tau rest frame

* Assume signal direction opposite
37 direction and tau energy is e
\s/2 371: tag-side

CM frame




LFV: Belle Il t=>la signal extraction
* Use x; = 2E;/m; where lepton energy is in pseudo rest frame
* signal would be monochromatic in rest frame — broaden by the

approximations
e Simulation derived templates fit for different a mass hypotheses
T — ea Search T — ua search
140001 Belle i —— Data - Belle If —+— Data
- _ o Total uncertainty 140001 . N Total uncertainty
12000f [Lot=62810" & s vy [ [Ldt=62810" | WS s
I~ ; & ‘. Other 12000F A - Other
= 10000} s . —ea, M, = 1.6 GeVic? = ; & K\ o, M =16 GeVic?
< ; 3 3 =60, M, = 1.2 GeV/c® © 10000 s R t—ua, M_ = 1.2 GeVic®
S 8o00f s L eeeer 00, M, = 0 GEVIC? © : § S .. 1—ua, M, =0 GeV/c?
1% d '. D 8000 i "'
I% Sﬂﬂ[}:— f '... § 6000 y ‘.'
L : - il - Prg "
4000} y -ﬁ\ 4000k s Y
2000 2000 ;




)

T —>€ V, Vg

B (Tt —»eun)B(

LFV: Belle Il T=>la signal results

PRL 130, 181803 (2023)

* 95% C.L. branching fraction limits for M_from O to 1.6 GeV
e 2 to 14 times more stringent than ARGUS

T ae search

a0l
ssf  —— Belle i
s30f. = ARGUS
25f- Belle Il
»of JLdt=62.8fb?
153
0 0.5 0.7 1 1.2 1.4 1.6
M, [GeV/c?]
28/11/2023

t->au search

4010
> 35f — Bellell
~ wE ——ARGUs
T o
» 255 Belle Il
o 20F J[Ldt=62.8fb?
T asf
T 10f
= -
~— 5
@

HQL

0.5 0.7 1 1.2 1.4 1.6
M, [GeV/c?]


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

“Ali’s weight was announced as 206 pounds. He had not been so low in years: 216 pounds came through as the correction.
A miscalculation of the kilos. A whistle from the press. He was four to eight pounds heavier than he said he would be,
a poor prospect for his ability to dance and run”, The Fight, Norman Mailer

3.2) Heavyweight weigh-in: T mass measurement:

28/11/2023 HQL 29



Phys. Rev. D 108, 032006 (2023)

T Mmass measurement

* Fundamental parameter of the standard model
* Important input to lepton-flavour-universality tests

R — B[T_ — E_J.?ﬂ.u,r] q.
© Blp — e U 1] (;)F

T, M3 -
= \/RF—’ “(1+4 0w )(1+0d,) (8sare radiative corrections)

T, m3

28/11/2023 HQL 30


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

Phys. Rev. D 108, 032006 (2023)

T Mmass measurement

* Fundamental parameter of the standard model
* Important input to lepton-flavour-universality tests

Bt~ — e v.v;] g
R, = - —
B[H —r € 'Uﬂyu] (gﬁ)e

T, m3

T, m3 i
= \/RF—’ “(1+4 0w )(1+0d,) (8sare radiative corrections)

 We use the pseudomass variable to determine mass

T
Vyp ‘*"'::r' .h“"*..‘ T |

28/11/2023 HQL 31


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

Events / (1.5 MeV/c2)

Pull

.

16E Belle Il } Data — Fit
14F _[L dt=190 fb” 2 Elackground

12 m. = 1777.09 + 0.08 + 0.11 MeV/c®
10F

8 .

oF Resolution

af

ol Tau mass ISR

D s r —————————— '- —————————— I -----------------------------------------------
2 k- -

0 ';"'. ;'?"'"'I:I'"I"i;".'_;'!.:i*!i-":""i" - ..‘;.Fn. e Sy T e
2 F . - o %

1

Phys. Rev. D 108, 032006 (2023)

T Mass MEASUreMent M = [mi, +26/5/2 = Ese) B — [pal) <,

7 172 174 176 178 18 182 184

M. [GeV/c?]

* Fit to distribution with analytic form that accounts for ISR and
resolution
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.032006

Events / (1.5 MeV/c2)

Pull

T Mass measurement Mumi

Corrected |s [GeV]

16E Belle Il } Data — Fit
14f _[Ldt: 190 fb" 2 Elackground
12 m. = 1777.09 + 0.08 + 0.11 MeV/c®
10F

8F .

of. Resolution

af

ol Tau mass ISR

D; ......... N— R emnsmsdageesanseqeesensnis e S
2 3 - ) “'.‘i ] - -

0 ';"'. ..s'.‘...'l. -.;-‘. 'ﬁ"i;"‘_‘_‘.' !.;l'!i." :._l..ih ot ..‘;.'_q?-. .r.; e o . ..J-,'!!'. .vl-‘,.......
2 F < Nt Wt

17 172 174 176 178 1.8 182 1.84

M, [GeV/c?]

10.59

10.585

—
=
o
oo

10.575

10.57

Phys. Rev. D 108, 032006 (2023)

[ Belle —\s
I J;_ dt = 190 fb™! Total uncert.
L e

T

+ Feb. 2020
2020
- Feb. 2021

| Oct, 202(

i TR T T L PO
0 100 200 300
Chronologically ordered events

P
400

] LI A
500

mit - mPPG [MeV/c?]

— ngn. + 2(\@/2 — E3 ) (Ezy — |53H|) <m,

3.5

- Belle ll —:[— Before momentum correction
3F
: -[L dt=190fb" —-Ir— After momentum correction
25
5 F D" S Ka'n ——
1.5 F
1 :_ . —
05 [
g : i
C %
0F % t I I
-0.5 F -
: 1 | 1 | 1 1 I | I I 11 | | 1 11 | 1| 1 | 11 1 | 11 1 I L1 L

11708 06 -04 -02

0 02 04

cosb

* Fit to distribution with analytic form that accounts for ISR/FSR and resolution

* Knowing the scale key:

* beam energy (from E;*) and
e momentum (from D mass)

28/11/2023

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

T Mmass measurement

PDG Average (2022)
1776.86 +0.12
BES (1996)
17769 = T
BELLE (2007) 5
1776.61+0.13 + 0.35 j
KEDR (2007) L
177681 -2 +0.15 E
BaBar (2009) ?
1776.68 + 0.12 + 0.41 ?
BES IIl (2014)
1776.91+0.12 12 a
Belle Il (2023) o
1777.09 + 0.08 + 0.11
| | | | | | | | | | 1 | | |
1776 1776.5 1777

28/11/2023 m, [MeV/c?] HaL

Phys. Rev. D 108, 032006 (2023)

World’s most precise
measurement to date
- dominant
systematics from
beam energy and
momentum scale

34
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5) Prospects and conclusion



Belle |I: after current shutdown

. XVe have not collected the sample size planned to
ate

e Beam conditions

* Since summer 2022 shutdown for accelerator
upgrades to mitigate background and increase
luminosity

[fb1] Int. Luminosity (Delivered)
* Detector upgrades too 5000
 two-layer pixel detector installed LS1
4000 Target

Restart of SuperKEKB in January

Path to 2 x 103> cm ~2s71 but new final focus to go 30
beyond

Proposed upgrade from 2027
* Wed 18:00: Belle Il upgrade programme — Peter Lewis '°° Base
0 qll:lll!"ﬁ-'."
20/4/1 21/4/1 22/4f1 23/4/1 24/4/1 25/4/1 26/4/1 [YY/M/D]
28/11/2023 HQL 36
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More results coming v. soon

28/11/2023

The 17" International Workshop on Tau Lepton Physics

University of Louisville
Louisville, Kentucky, USA

-_‘a .

December 4#-8

clce3

Scientific program:

Properties of T leptons Lepton universality and flavor violation
t production at lepton and hadron colliders Decays involving Tt leptons

Precision electroweak physics Hadronic t decays and QCD
CP Violation and flavor mixing Electric and magnetic dipole moments
Neutrino physics Future opportunities in T physics

HQL
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Conclusion

* Belle and Belle Il will be leading the way in
investigating properties of the tau lepton

* A lot more to come once we enter the “103 era”
* Upgrade plans for reaching the 10s of ab™
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