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Introduction of 7 physics

A. Lusiani, TAU2025
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https://indico.cern.ch/event/1466941/contributions/6598419/attachments/3157289/5608813/alusiani-tau25-hflav.pdf

Introduction of 7 physics

T decays (leptonic, hadronic, LFV ...)
252 decay modes listed in PDG 2025
The only one lepton can decay to hadrons
A unique tool for the precision study of low
energy QCD and search for New Physics

Plot from PDG 2015
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https://pdg.lbl.gov/2015/reviews/rpp2015-rev-tau-branching-fractions.pdf

New physics search in present 7 physics

Am?
The lepton-flavor-violating (LFV) 7 decays are extremely small in SM, %(t — ¢v) ~ ( 2”) < 10~
My

. Many models beyond the SM predict LFV decays with branching fractions up to 10™°

Y

NP
'Y Channel  O(Bpred) Model
W ™ = u~y 10710 SUSY Higgs 1
27T, 10—10 Littlest Higgs (2]
T ‘," ".\ 10~2 SM + seesaw (3!
— 4---X---o 10~ Non-universal Z’ 4]
VT Vu(e) L (6) 108 SUSY SO(10) &
T — I 1078 Littlest Higgs ']
Standard Model 108 Leptoquark [7
10~8 type-I111 seesaw 8]

Refs. [1-8] can be found in backup




New physics search in present 7 physics
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New physics search in present 7 physics

90% CL upper limits on T LFV decays
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Anomaly in present 7-related physics

« Many anomalies still exists in present z-related physics

I(rt - 7t KJp,) — (7 = 7~ KJv,)

Acp =

ASM ~ (033 £0.01) %
ABBBr — (036 +0.23 +£0.11) %

2.80 deviation

Wrong sign puzzle in 7 CPV

BaBar, PRD 85.031102 (2012)

I'(rt =7t Kv, )+ I'(7— = 7~ K2v;)

H—&—H

K N. = 24141, PDG 2020
0.2231+ 0.0007
Kio» N = 24141, PDG 2020
0.2252+ 0.0005

@4 ) CKM unitarity & V. & V,,, PDG 2020
| 0.2278+ 0.0006

| > XV

#0.2184+ 0.0018+ 0.0011

T ->Kv/t->nv

0.2229+ 0.0016+ 0.0010
T > Kv

0.2223+ 0.0015+ 0.0008
T exclusive average
0.2224+ 0.0017

T average

0.2209+ 0.0014
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WP25, Physics Report 1143, 1 (2025)



https://doi.org/10.1103/PhysRevD.85.031102
https://indico.cern.ch/event/1466941/contributions/6598419/attachments/3157289/5608813/alusiani-tau25-hflav.pdf
https://doi.org/10.1016/j.physrep.2025.08.002

7 physics at three main c.m. energy types of experiments

Threshold: 3.55 ~ 3.68 GeV, below y(2S) peak (KEDR, BESIII)

7 almost static, o(eTe” = t7t7) =0~ 2.5 nb
e Good neutral performance from control samples under y peak
« Limited data samples; hard to control gg background

B factories: 10.58 GeV (BaBar, Belle, Belle Il)
e oleTe” = t717) ~0.92 nb
 High luminosity and huge statistics
« Background level higher

Z pole: 91 GeV (experiments at LEP)

. Large Lorentz boost, 777~ back-to-back, 6(e e = t7t7) ~ 1.5 nb
e Very high efficiency, background level low

« Limited statistics in previous experiments

* c.m.: center-of-mass
8



7 physics at three main c.m. energy types of experiments

Threshold: 3.55 ~ 3.68 GeV, below y(2S) peak (KEDR, BESIII)

7 almost static, o(eTe” = t7t7) =0~ 2.5 nb
e Good neutral performance from control samples under y peak
« Limited data samples; hard to control gg background

B factories: 10.58 GeV (BaBar, Belle, Belle 1)
e o(ete” - 7717) ~0.92 nb S. Banerjee et al., PRD, 77, 054012 (2008)

 High luminosity and huge statistics
« Background level higher Belle I

Z pole: 91 GeV (experiments at LEP)

. Large Lorentz boost, 777~ back-to-back, 6(e e = t7t7) ~ 1.5 nb
e Very high efficiency, background level low

« Limited statistics in previous experiments

* c.m.: center-of-mass
9


http://dx.doi.org/10.1103/PhysRevD.77.054012

Belle and Belle 11

c(ete™ — bb) ~ 1.0 nb
c(ete™ = 17) ~ 0.9 nb

e Belle (1999-2010) and Belle Il (2018-now) operate as B-factories
« Asymmetric ete” colliders optimized for the BB production, collisions at and near Y(4S)

e B-factories are also - factories!

D
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BELLE o~ A

» - Aerogel Cherenkov cnt.

RN -
P ST = g n=1.015~1.030
SC Solenoid | P Al

15T — &%

Csl(TI)
16 X, \

TOF Counter — . L

Si vtx. det. .
3/4 layer DSSD u/K. detection

14/15 layer RPC+Fe

Belle @ KEKB, recorded ~ 1 ab™!

_'\-f]\ @'entral Drift Chamber
%7 small cell +He/C;Hs

K, e muon detector
u-1D efficiency: ~90%

-

EM Calorimenter
o(E): 4% - 1.6%

Particle ID system
n-fake-rate: 5%

i

@ Central Drift Chamber B
spatial resolution: 100 um
dE/dx resolution: 5%

. pr resolution: 0.4%

,,,,,,,,,,,,
,,,,,,,,

y Completely new
Partially reused/
upgraded from Belle

Vertex detec
vertex resolution: 15 pm

Belle Il @ SuperKEKB, recorded ~ 0.8 ab™! up to now
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7 reconstruction at Belle (1I)

o At least two missing neutrinos from 7 SM decays — cannot fully reconstructed
. Separate 777 signals from gg (g = u, d, s, ¢, b) and other events by the thrust (T) axis

v ..(L)1800‘_=""l""l""l""l""l"" LELELE BR[| B
4 § 1600 £ Belle Il Simulation < fr d :
LLJ - .
“z% 1400 -]
% n F — Tt -
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+ ".“/(‘9 — N cC N
e e 1000 £ o6y l B
"‘{O(?f' 800 :_ — Othel' _:
— ".‘ Q/ . - ]I ]
T “.“D 600 ' " |-
’? - g ’
. 400 | /o
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O - YR TR T W S WPSPS e s e i e o s Hmﬁmu \ .
~ 06 065 0.7 075 08 085 09 0.95 1
Z,- | p; - iy Thrust value
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7 reconstruction at Belle (1I)

o At least two missing neutrinos from 7 SM decays — cannot fully reconstructed

. Separate 777 signals from gg (g = u, d, s, ¢, b) and other events by the thrust (T) axis

« Some of common 777~ reconstruction by number of charged tracks (prong) from 7 decays

o (1x1)-prong, (3x1)-prong, (3x3)-prong, Inclusive tagging method ...

Signal side Signal side

(Ix1)-prong (3x1)-prong

/n/K + other neutrals

/n/K + other neutrals

Tag side Tag side

* for leptonic decays
12 T used in Belle I, JHEP 09, 062 (2024)



https://doi.org/10.1007/JHEP09(2024)062

Some of 7 physics results at Belle (11) SUOoUDO

BELLE Belle II

Tau mass: [Belle, PRL 99, 011801 (2007)] + [Belle 1I, PRD 108, 032006 (2023)]
Tau lifetime: [Belle, PRL 112, 031801 (2014)]

Tau LFU test (z — v U,): [Belle Il, JHEP 08, 205 (2024)]

Tau electric dipole moment (EDM): [Belle, JHEP 04, 110 (2022)]
Tau Michel Parameter:

n & &k [Belle, PTEP 2018, 2, 023C01]; &' [Belle, PRL 131, 021801 (2023) + RPD]
Tau LFV search (part):
7 — Lo [Belle ll, PRL 130, 181803 (2023)] + [Belle, JHEP 08, 155 (2025)];

T — uuu [Belle 11, JHEP 09, 062 (2024)]; T — A(A)x [Belle 1, PRD 110, 112003 (2024)];

T — ef¢ [Belle I, JHEP 12, 169 (2025)]; 7 — K| [Belle+Belle I, JHEP 08, 092 (2025)]
Tau hadronic decay:

t — a7y, [Belle, PRD 78, 072006 (2008)]; 7 — hhhv, [Belle, PRD 81, 113007 (2010)];
t — KJv, + X [Belle, PRD 89, 072009 (2014)]; 7 — nKov, CPV [Belle, PRL 107, 131801 (2011)]

13
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https://doi.org/10.1007/JHEP08(2025)155
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Selected progress of 7 physics at Belle 11

Search for CPV in the 7 — ﬂngT decays

Consistent with SM within 1.20
To be submitted to JHEP

Search for LFV in the 7 — £ decays
Bt~ — e 1) <9.2x107° at 90% C.L.

Bt~ - un) <4.2x107°at 90% C.L.
To be submitted to PRD

14

Search for LFV in the 7 — uy decays

BT - uFy) < 9.5 x 107° at 90% C.L.
To be submitted to JHEP

Precise measurement of 7 hadronic decay
MC study and systematics on Branching

Fraction and Spectral Function
Ongoing study



Search for CPVin7~ — JZ'_KgI/T decays at Belle 11

Motivation

o Charge-Parity Violation (CPV) in 7 decays remains far less unexplored compared to the

KO, B, D, and baryon sectors
e Sensitive probe for new CP-Violating phases

. Search for the direct CPVinthe7r™ — ﬂ_ngT decays with known KY — K" mixing
[t =7t Kv,) —T'(r7 - 7 KJv,)
(7t = 7t K20,) +I'(1— — - KJv,)

Acp =

« The SM predicts Aglﬁ“ ~ (0.33 £0.01) % -

« The Belle measured the A-p using angular analysis, but no

significant AZS'® were reported: |Im(z,) | < 0.026

. The BaBar result: AS5%* = (=0.36 £ 0.23 £0.11) %, 2.80 deviation

from SM expectation
e A new measurement at Belle Il is needed!

15




Search for CPVin7~ — JZ'_KgI/T decays at Belle 11

Strategy

. (1x3)-prong topology: 75, — ﬂ_[Kg —> v > 07") with T;gg — U

e Obtain >98% of signal purity using a two-step Boosted Decision Tree (BDT) method to

suppress background (continuum and 77 events)

[
o
wn

- 104§ [ dt=361.65 fb? e-tag mode :r—’

§ 10 1st step BDT '

g 101;EE=.—=":"T—=£°=_ ~ : _
~ 10° _LFL-—-_—::I_[AI_I_LLLI’I_||-II‘ i _
A Allon i

. Belle Il (preliminary)
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Search for CPVin7~ — JZ'_KgI/T decays at Belle 11

Strategy

. (1x3)-prong topology: 75, — ﬂ_[Kg —> v > 07") with T;gg — U
e Obtain >98% of signal purity using a two-step Boosted Decision Tree (BDT) method to

suppress background (continuum and 77 events)

» Raw asymmetry in data (A,.,,) corrected with different factors to get true Aqp

raw
Araw — AD(det/trig/ FB) T Aabs/int T ACP
What we measure Detection, trigger, and Absorption due to different The goal of this work
forward-backward KY/K° cross sections in the
production asymmetries. detector materials:
Estimated using the Interference between
T — 37, control sample absorption and CP mixing.
Estimated using numerical
calculation®

17 *Y. Grossman et al, JHEP 04, 179 (2026)



https://doi.org/10.1007/JHEP04(2026)179

Search for CPVin7~ — JZ'_KgI/T decays at Belle 11

Results

. Final Aq-p depends on the Kg decay-time efficiency* — correction required!
A non-uniform proper-time acceptance is modified

o A(Sjg[prediction is affected as well

Q

Belle Il (preliminary)
Electron tag{ [£ dt =361.65 fb™?

’—J
L

-
! )
o ——— ]

Muon tag - SM (Belle II)
SM (Babar)
o4 Belle ll

Combined - BaBar i ®

BaBar -

}————————————— ——————

~1.5 ~1.0 —0.5 0.0 0.5 1.0 1.5
Asymmetry [%]

18 * Y. Grossman et al, JHEP 04, 002 (2012), JHEP 04, 179 (2026)
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Search for CPVin7~ — ﬂ_KgI/T decays at Belle 11

Results

. Final Aq-p depends on the Kg decay-time efficiency* — correction required!
A non-uniform proper-time acceptance is modified

o A predlctlon is affected as well

L]
lllll llllllllllllllll

Belle Il (prel|m|nary) of¥40 SFp=m==mmmommsmmmmmommmTEmTETEETTT Belle Il (preliminary) i 0.530
Electron tag{ [£ dt =361.65 fb™? . | e [ dt =361.65 fb~? |
. : Electron tag - ——e
: i Belle Il results corrected i
: i 1690 :| with considering the K i
Muon tag? SM (Belle 11 . i decay-time efficiency; so it | 1.260
SM (Babar) - i Y _y’ i
e Belle Il . |- | can be compared with SM ~ Muontag? i °
Combined - BaBar . i —_ E directly i
"lllli lllllllllllllll b.-._.. i L2490
L e R T Combined - |
BaBar - L L T ombine SM , ¢
1 e L P e Belle i
~15 -1.0 -0.5 0.0 0.5 1.0 1.5 ~1.0 ~0.5 0.0 0.5 1.0 1.5
Asymmetry [%] ] ] Asymmetry [%]
X2 |mprovement In syst.
Belle I _ NnNne . : —_ L
A¢ = (0.71 £0.26 corr) 70 Consistent with SM prediction within 1.24¢

To be submltted to JHEP o * Y. Grossman et al, JHEP 04, 002 (2012), JHEP 04, 179 (2026)
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Search for LFV in 7= — u y decays at Belle 11

« World’s best upper limit from Belle with 988 fb~'*: B(r~ - u7y) <4.2x 107°

« (1x1)-prong topology: T > H Y with Tiag " v,U_and Tiag — 7T JtODT

« Background suppression with Gradient BDT: 50 % increase in signal efficiency and
80% decrease in background level

Belle II preliminary [ £dt=428fb™!

« Search signal in 2D plane of: SR "ﬁgq:“vd*“)
< 10- N
2 y) g ot oot
\/( beam) (p//ty) é ete —eTel T
3 10" e e —~ + hadrons
/ Ebeam - ete —ete T T
. AE — 7 — & . C+C-—>LL+LL'
\) \/E = Y /} l%“”‘g/lil*%‘b ete 11T
= 1.0 7
+ ,— :;f 0.5 E' “www /f/ + TESPE
e *meanse' e c.m.frame Sl 4+ Data
(‘BDT Output vz MC stat. unc.

20 * Belle, JHEP 10, 019 (2021)



https://link.springer.com/article/10.1007/JHEP10(2021)019

Search for LFV in 7= — u y decays at Belle 11

Belle II preliminary [ £dt=428fb~!

: : : : : 0.04 F
e Use unbinned maximum likelihood fits on (M, ., AE’) |
. 0.02 - P et L - B ottt
» Expected events from sideband events: 15.7+3.4 . | oballe il L | . e
: : : 2 0.00f ot L ttea| L
« Observed events in signal region: 18 s B 1;; e
—0.02 T v 1 RS S I 1ehal reslon
» Fit result of signal yield is consistent with O ) S
1.6 1.7 1.8 1.9 2.0

« Upper limit set at 90% C.L.: | My [GeV/]
Bt~ = uy)*P < 58x%x107°

Bt~ — u"y)°® <9.5x%x107°

Events / (0.015)
Events / (0.004 )

« Consistent with previous Belle result
« Belle Il with same statistics is expected to

C 1 - ~
a7 172 174 176 178 1.8 182 1.842‘ —8.02 -0.015 0.01-0.005 0 0.005 0.01 0.015 0.02
M,. [GeVic] A E/fs

be better than Belle thanks to higher 5 | =t | } }
efficiency and lower background glEHNH ----- [ ] Eu ---l---h-- gt

To be submitted to JHEP > * Belle, JHEP 10, 019 (2021)



https://link.springer.com/article/10.1007/JHEP10(2021)019

« World’s best upper limit from Belle with 401 fb~!*:
e Bt —>en)<92x107% and B(z~ —- un) <6.5x%x107°

« [1x1(3)]-prong topology: (T C |n — }/}//71'+7Z'_7Z'O] with

(I single charged track

1.4 1.5 1.6 1.7 1.8 1.9 2

« Background suppression with BDT method for 7 — yy mode M [ Gevie
- T T , Sideband regi
and cut-based method for 7 — 7 77" mode s I[77 — 771, Side an;mtrei(:}
elle Il Preliminary = 4270 f
§ 10° (tl)) - +IdataI I[]siglnal |
I I o " Eaqq
« Search signal in 2D plane of: s ke Duww  Dothers
% J 7 stat. err.
S

. M=/ +5,)

. AE=E'™ —+/s/2

107"

0 01 02 03 04 05 06 0.7 0.8 09 1
qBDT

22 * Belle, PLB 648, 341 (2007)



https://doi.org/10.1016/j.physletb.2007.03.027

Search for LFV in 7~ — £ 75 decays at Belle 11

e Use unbinned maximum likelihood fits on (M, AE)

Li(p, 0| N;) = (pusi + bi)™* %

Channel Observed Expected
e (= yy) 1 0.222515 N _1 . -1
_ +0.83 . 1 felle ] Prellrinilzrz)l8 — — det=427.9fb _ :Belle /] Prellrini::lzr())/8 — — det=427.gfb
H T](—> yy) 0 0'36—0.28 g 0.8 i— (a) — Signal region [l Signal MC g g: E_ (b) — Signal region [l Signal MC
- tr—70 +0.09 — 06 | = 06
e 77(_) nmn ) 1 0'06—0.04 Lél 0.42_ T~ - e_[;/] — }/}/] Lél 0.4;— T - Ibt_[;/] — }/}/]
- t O 0 0.282903 02 - E S
o Fit result of signal yield is consistent with O 04 f ' sk
06 [ 3 .
« Upper limit set at 90% C.L.: osp b S | oak

1.5 1.6 1.7 1.8 1.9 2 1.6H 1.7 1.8 1.911'12
B B b _g M [ GeV/c? ] M [ GeV/c? ]
Bt~ — e )PP « 46 (9.2) % 10 -
_ Belle Il Preliminary [Ldt=427.9 0™ _ Belle Il Preliminary [Ldt=427.9 "
> 06 :_ —i?OS box. . D.ata % i —1208 box. . D?ta
%(T— _) //t_}?)exp (ObS) < 4.4 (4.2) X 10—8 (E 0.4; (C) — Signal region [ Signal MC (3 04:_ (d) — Signal region ¥ Signal MC
4 02 T > e [n— 7T+7T—7TO] 3 2L | T = uln— JZ'+7Z'_7Z'°O]
. . . 0 :— ' 0 ; :'i"' .
« Consistent with previous Belle results b E it
o World-leading result in muon channel, similar o« | . .. aaf [ n
precision to Belle in electron channel 0T es 17 175 18 15 19 “ies 17 175 18 185 19
M[ GeVic”] M[ GeVic” ]

To be submitted to PRD 23



Precise measurement of 7 hadronic decay at Belle 11
- A. Lusiani, TAU2025

« Branching fractions (BF) and spectral functions (SF) of 7
hadronic decays provide important input for |V |,

had
|V ;| and a,

« Persistent >3¢ discrepancy existsin |V, | between 7
measurements and unitary expectation

ete™

« Persistent discrepancy exists between a and a,"™"

Z
T — 2n/4znv_via conserved vector current™® relation

can contribute
* ADH, EPJC 2, 123 (1998)

e Precise results on BF from LEP (ALEPH mainly)

o Bellell can perform an independent measurement!
» Precise results on SF from BaBar and Belle

« Belle Il can provide more statistics!
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K, N 2+1+1, PDG 2020
O.2231i 0.0007

Ko, Nf =2+1+1, PDG 2020
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CKM unitarity & Vud & V,, PDG 2020
0.2278+ 0.0006

T = XV

0.2184+ 0.0018+ 0.0011
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0.2229+ 0.0016+ 0.0010
T — Kv

0.2223+ 0.0015+ 0.0008
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0.2224+ 0.0017

T average
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https://indico.cern.ch/event/1466941/contributions/6598419/attachments/3157289/5608813/alusiani-tau25-hflav.pdf
https://doi.org/10.1016/j.physrep.2025.08.002
https://doi.org/10.1016/j.physletb.2007.03.027
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Precise measurement of 7 hadronic decay at Belle 11 (s>

= — 0 _ — 0 _ — 4 Belle 11
T D> U, T > Ky, T > K nny,
[JSignal [Jt'vbkg [le7 [Ji'rxx [@BB Belle II (simulation) < = 365.3 fb~! - : — -1
B [Ty Oeter’t Oyy Elv"“‘h*h' 2500¢ = J +7 sig X 103 . — Bellle .II .(Slml.lla.thn) S/p . ?.’65'3 tb
— = . [ w— : - 4 —
{)\ - Belle II (simulation) & = 32 fb~! > . Tt KHKO(n0) —~ 6 L K n"m
X104 D, PuEmmae < 2000 Tt K*nn < | 1 K~ Kg
> - ]' urity(signal): 87.3 % S S mm oKt > '
2 10°: C4; 1 % - 24 N K rtr
> - 07] S 1500} ot _ B ot
210°] Qapy, 1 5™ = rmn-an| Q| -
w L ]J/ - S e eell =2 B «~ 7ol
< 10 ERE i z | B K Ko
- = B qq
~ , Q : .
) 1 - E Ll _ mmm other ¥t~ bkg 0 : | B other "+
S_-::) » - : 500 : others 0.8 1.0 1.2 1.4 %2.6 1.8 noner+ -~
10 3 | MC tota M(K -7+~ ) [GeV/c?] -
[ 2 - | {  mc
3 0
2/ .4 : : : : : B
n+ 0 [GeV~/c?] MK (GeV/cd) <103 lBelIe 11 (snmulatlon)fZ 365.3 fb~!
L D R o -t
. Bellell (simulation) & = 427.9 fb~! Belle II (simulation) & = 487 fb~! (:\';U 2 i f@/IO] | e K KtK-
; : ~ Truth MC - N - Trth M ' 1 B Ll g
i s ] il 90000 e == loenne s | 11](3 B K Ktr
% - S —=1 Unfolded MC 80000 —Rel. uncer. of unfolded =0.89% + Rec. MG 32 o i ]:J/' Bl K n'n
3w - x"2/Ndf=1.38 == — 1r R
S B — 70000 — — 0 @il — — ‘ (I
S : = ~ i
§ “ B :) K ;71/ , 60000 T — K ;7][ L Z | T — [KK(]T)] I/T Bl otherr'r
< - iterat — = - e e — " ee, | [ ot
- l’\':é,{?‘d%)‘n? o $ 50000} pfe — 9> 1.4 1.6 1.8 il
o X = - — ‘ — ' i : ‘ :
L= 1'@ /. il 400001 /11]21 M(K K'n) [GeV/c?] i oo
SR 4 » R 30000} 9,
1.1 2 3 1.4 ‘l[ - (? . .
M(Kn) [GeV/iqc?]', 20000} L « Many ongoing studies
- I S s 10000 « Here, Preliminary with MC samples
0.9 = 2+
. 11 1.2 1.3 14 1.5 1.6 1.7 & 0_ . .
s EE SRR SRR :«%—11111 ® Measu re BF Wlth Q% /Q% f ratlo
e el R EE LR LR 13 14 15 16 1.7 18 X =
i 11 12 13 14 5 16 17 M(K’?”O) [GeV/szk

« Measure SF with unfolding



Uncertainties in 7 hadronic decay at Belle 11

« The measurements on BF and SF are mainly dominant by systematic uncertainties at Belle Il
« 1« Kand other misidentification (misID)
« Lower misID rates lead to smaller systematic uncertainty (Belle Il particle identification
(PID) performance is much better than Belle and BaBar)

. 7°/y reconstruction efficiency

« Has aleading impact on modes with 7! (already improved at Belle Il to around 1.4%)
e One of the leading impact on all modes for y vetos

. K{ reconstruction efficiency

. One of the leading impact on modes with K¢

e Backgrounds from poorly studied decays (shape is also important)

« Depends on mode (in most analysis at Belle Il, data-driven corrections are obtained)
« Normalization Channel

« Reduce a lot of systematics including luminosity, cross section, tracking and so on
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Summary

< Belle and Belle II, as B-factories, are also z-factories with a huge Tt

statistics

w Searches for LFV and CPV in 7 decays offer a unique window onto
New Physics; many anomalies still exist in present z-related physics
v Belle (II) can contribute, and we already do

w More results of T properties and decays will come in the future!
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Reterence of New Physics prediction on LFV 7 decays

Channel  O(Bpred) Model
T = u~y 1071 SUSY Higgs ]

10—10 Littlest Higgs 12
10~ SM + seesaw 3!
10~ Non-universal Z’ 4
108 SUSY SO(10)

T 1078 Littlest Higgs 6
1078 Leptoquark !
10~8 type-I11 seesaw (8]
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Search for CPVin7t™ — JZ'_KgI/T decays at Belle 11 <t

Belle II

T °C
B sk
X _
Table 6: Systematic uncertainties in A; asymmetry measurement. D
Uncertaint -
Source ncertainty (%) 0.5
e-tagged p-tagged -
Production and detection asymmetry correction 0.07 0.08 e e e N
Background correction o 0.03 0.03 m Yo |
) : I 7. 0.5 IAa7.
Dilution factor C/ 0.02 0.03 = S/ |
Detection asymmetry of K’-K" 0711]% 0.01 0.01 1E gcgﬂi:;:);g;netry 0]11] 2
Total 97 0.08 0.09 C _ Absorption 42
“5E — Interference
_2:lllllllllllllllllllllllllllllllllllllllllllllllll
o 05 1 15 2 25 3 35 4 45 5

UtKg
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>
Search for CPVin7t™ — ﬂ_KgI/T decays at Belle 11 <t

Implementation Feature Description

thrust thrust mathematically defined in
Eq.(5), corresponds to the
measurement of the collima-
tion or alignment of final-
state particles produced in

a collision
visibleEnergyOfEvent_CMS ESM visible energy in the CMS,

equal to the sum of the en-

ergy of every input particle.
missingMass20fEvent M issing missing mass squared
missingMomentumOfEventCMS pﬁ?;l-ing missing momentum in the

CMS, calculated by sub-
tracting the sum of the mo-

1st step BDT for mentum in CMS of all par-

C o ticles in the input from the
continuum suppressmn sum of the beam momenta

in CMS.
missingMomentumOfEventCMS_theta 93;‘;Ising polar angle of the missing

momentum in the CMS
track_lprong_p Pl-prong momentum of the track in

the tag side
track_lprong_theta //T— polar angle of the track in

the tag side

31 Features used as input of BDTs



D
Search for CPVin7~ — ﬂ_KgI/T decays at Belle 11

o

Implementation Feature Description
track_kshort_p, PKQ; PtKQ; momentum, transverse mo-
track_kshort_pt, 91{3 mentum and polar angle of
track_kshort_theta the K¢
track_pi_kshort_p, Dr(sig) momentum, transverse mo-
track_pi_kshort_pt, Pt,n(sig)» mentum and polar angle of Implementation Feature Description
track_pi_kshort_theta O (sig) the prong track in the signal
side track_kshort_cosHelicityAngleMomentum cos6) cosine of the angle between
kshort_trackl_p, Pirackls momentum, transverse mo- the line defined by the mo-
kshort_trackl_pt, Dt trackls mentum and polar angle of mentum difference of the
kshort_trackl_theta Orackl the first track (positive/ neg- two daughters in the frame
at.:lve charged track with of the Kg and the momen-
highest momentum for pos- f the KO i he lab
itive/negative events) com- tum of the Kg mn the la
ing from K¢ decay frame.
kshort_track2_p, Dtrack2; momentum, transverse mo- kshort_trackl_dr, AT ¢rackl absolute value of the
kshort_track2_pt, Piwackz, ~ mmentum and polar angle kshort_trackl_dz, d2ymcrcr distance to the point-of-
kshort_track2_theta s rack? of the second track (nega-
tive/positive charged track kshort_track2_dr, dTrack2, closest-approach  (POCA)
for postive/negative events) kshort_track2_dz A2t rack? in the r — ¢ plane and
coming from Kg decay POCA in the z direction
kshort_track_leadpt, Dt.lead; leading and subleading with respect to IP for the
kshort_track_subpt Dt sub transverse momentum of i-th track coming from Kg
th(()e two tracks coming from decay
Kg decay
track_kshort_significanceOfDistance, S}igﬁ“‘nce, significance of distance,
S

track_kshort_flightDistance,
track_kshort_distance

dﬂight d3D
Ko o 9go

flight distance and 3D
distance between the IP
and the K decay vertex.

track_kshort_daughterlDecayAngle,
track_kshort_daughter2DecayAngle

HK g —trackl>
0K g —track?2

angle in the K{’s rest frame
between the reverted CMS
momentum vector and the
direction of the i-th daugh-
ter

32

2nd step BDT for 77
background suppression

Features used as input of BDTs



Search for LFV in 7~ — 1~y decays at Belle 11

Belle II preliminary

costautrackTag
cos_miss_pi_CM
missingMomentumOfEvent
missingMass2

energy T'otal

tau_tagtrack_p CMS
tau_sigGamma E

thrust

asymetricEnergy

noOfPi0sInTag
noOfGammalnTag

Features used as input of BDTs

33

Signal train/test

Bkg train/test

Density

10

>

o

Belle II

Belle II preliminary

Signal train
Signal test
Background train
Background test

pf%’ .
J

—

ﬂ—____—_

0.0 0.2 0.4 0.6 0.8 1.0

-

—

b

o ¢ o o & ¢ ® 3 T g T T o & % @ S & =

0.0 0.2 0.4 0.6 0.8 1.0
Classifier output



Search for LFV in 7= — 71 decays at Belle 11

Implemented Name Expression Definition
foxWolframRo R, the ratio between fox-Wolfram
second moment and zeroth moment
Total missing momentum CM frame

lized missP_CMS PeM .
rornatizecmiss miss/ V/8 divided by CM energy [c™]
cos misa thruet cos CM Cosine angle between

miss—thrust

thrust axis and missing momentum

The square of missing mass

missingMass20fEvent M2, of system [GeV?/cf]
; the number of photon
. sig
nGanmasig Ny in signal side hemisphere
The ratio of flight ti
tau._sig flightTime Significance | t,./At, of s(iag;zll?r Oan dlgits e;f(l)i
i le bet lept
ell CMS_cosTheta cos OM Cosnilz ?}I;\%[ irafnjev:iii spa,)(c);
' le bet
eta_CMS_cosTheta cos g M igoél&e f?;lrgn: az dW:(:ciTs’
Cosine angle between lepton
: CM
cos-miss-ell C0S 0 —rmiss and missing momentum in CM frame
Cosine angle between lepton
cos_eta_lepton_CMS cos g and 1 meson in CM frame
The 1 meson energy
: CM
normalized-eta CHS.E BV in CM frame divided by CM energy
L in CM fr
normalized eta gamma E low high | E™M oW firilfirdggdvb;nCclj\/I enzlgl;
eta_angleBetweenGammas O%M 3D angle between two s
nGammaTag Ntag t‘he nurpber of photon
" in tagside hemisphere
, tag,CM Energy sum of gammas in tagside
normalized totalGammaETag CMS | > E;°%/\/s hemisphere divided by CM energy
: Cosine angle between tagside track
t oM . - .
cos-isSs-Lag ©05 Vtag—miss and missing momentum in CM frame
tagside Lom 0 for leptonic tagside and

1 for hadronic tagside

34
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D
Precise measurement of 7 hadronic decay at Belle 11 (s>

Belle II

* Hard to compete with LEP in BF precision  Final state ALEPH, % PDG, %
' _ o T- =T Vs 10.828 + 0.070 & 0.078 10.82 £ 0.05
e SF can be improved with larger statistics = = 1oy, 25.471 +0.097 £0.085  25.49 = 0.09
™ = 1 21%, 9.239 4 0.086 + 0.090 9.26 +0.10
i ~3n? . : . 1.04 & 0.
STy, - 10.59 + 0.03 + 0.1 Ot ‘ ' ‘ onilis (i
= ot 8.42 + 0.001028 383 + 0.01 + 0.13 'r_ — 7r_7r+7r_1/:) 9.041 £ 0.060 £ 0.076 9.02 £ 0.05
T = 7!'_7T+71'_37T01/1- _ [207 4+ 0.18 + 037] X 10—2 T — T T'T T VUs 4.590 £+ 0.057 = 0.064 4.49 4+ 0.05
T~ >t 2n%, 0.392 + 0.030 4 0.035 -
Phys.Rev.D 78 (2008) 072006
o Belle 0.6 -
: ALEPH i ’ s : -
10 2 C'L-;'; : L oy, ALEPH 91-95 0.6 : S ALEPH 91-95
— G&S Fit 05 T | :
(Paray * P1asa) * Pra700)) I WHH 0.5 i
1} : | ' lﬁ, |
: 04 _
> # *T 0.4 i
g ol { H _ ]
10"} Rileh 11HY iflhndf ++ Lq 03 -
- 'l |_|°",_ ) ‘ i 1 + | .
] f ",|"_f ! Z
||'-'I ; 02 + W 02 |
-2 _ } HM ! | |
0 F E ; H*Hl l"
0.1 0 : }#H | 01 + } |
QA MH L
-3 1 1 1 1 ! /. IR t Lk 0 TR X SR |
10 s s L . 0 i : 2 5 0 ] 5 3
0 0.5 1 21.5 2.5 3 B . i Mass? (GeV/c?)?
(M_0) (GeVIc?) Mass® (GeV/c)
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e Consistent study of 7= — [KX| v with
extraction of spectral functions were done only

by LEP experiments with limited statistics

»
o
: . : ©
e J3 factories measured only branching fractions +
i
— ,— —_— .
e In7~ — h'"h"h™v,_decay, B factories also
measured spectral functions, but Belle and
BaBar results are inconsistent
Final state Belle x1073 BaBar x1073 PDG %1072
T > K v, - 6.92 +0.06 £+ 0.10 6.97 + 0.10
™ = K~ 7%, — 4.16 £ 0.03 £ 0.18 4.33 +0.15
T~ = Koen v, 4.16 +0.01 £ 0.08 - 4.19 +£0.07
7~ = K~ 7%%, = - 0.65 £ 0.22
T => K 7ntn v, 3.30 + o.or:g;}‘; 2.73 +£0.02 £+ 0.09 2.93 £+ 0.07
7~ = Kon~7'v, 1.93 +0.02 - 0.07 - 1.91£0.07
7~ = K~ n%7%, ~ - 0.48 +0.21
- — K-mtr-1%, i - 0.39 £ 0.14
- L Kgﬂ'_ﬂ'oﬂ'oy,r — — 0.26 = 0.23
7~ = K%h~h*h v, - - 0.25 + 0.20
T~ > K v, 0.158 £ 0.005 4 0.009 0.142 4+ 0.011 £+ 0.007 0.155 £+ 0.008
7~ = K 9, 0.046 + 0.011 = 0.004 -~ 0.048 £ 0.012
i~ Kgmr‘uT 0.044 + 0.007 = 0.003 — 0.047 £ 0.008
7T~ = K wr;, - - 0.41 += 0.09
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e T >SS,
1 Kn
m K2n
m K3n + Km (MC)
(MC)

(MC)

= }:(4Jt
 Kb5mn

1/N (dN/dM) [/10(MeV/c2)]

0.04

0.03

0.02

0.01

(b)

0

ALEPH -
[1]

o

Pl rA e A i
1.4 1.6 1.8

M(Knr) [GeV/c?’]

[1] Eur.Phys.J.C 11 (1999) 599

2] Phys.Rev.D 81 (2010) 113007
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Belle II




|V .| determination with 7 — X v

Sources of uncertainty in |V,

Status and plans of tau fits for HFLAV/PDG

|V,;| from 7 — X_v_ uncertainties budget

n~ K°27°v, (ex. K°) 0.3933 I
K27, (ex. K°) 0.3789 I
K~ 3n°v, (ex. K° n) 0.3715 I
K°h™h™h'v, 0.3452 I

K v, 0.2561 I

K n 77y, (ex. K% w,m) 0.2438 I

7 Ku, 0.2373 I

7 K'nu, 0.2201

K v, 0.1646

K wv, 0.1573 I

K v 0.1453

K nv, (ex. K° w) 0.1148 |

7 Knu, 0.0254

K n’nu, 0.0198

K nu, 0.0137 W

K ¢v, (¢ = K"'K7) 0.0136 W

K ¢v, (¢ — KeK?) 0.0094 N

K 2n 2ntv, (ex. K 0.0021 |

K 2rn 2n " 7%, (ex. K°) 0.0010 |

T — non-strange 0.0855 NN

B 0.0044 |

theory 0.4863 I

» to be updated, but negligible changes in HFLAB 2023

Alberto Lusiani (orcid.org/0000-0002-6876-3288) — TAU2023, 4-8 December 2023, Louisville, USA

37



CVC

W:I1=1& VA CVC:I=1& V v. 1=0,1& V
V, o
T 4
» < — /NWW\C hadrons
hadrons e

CVC implies using 7 decays to calculate HVP

Hadronic physics factorizes in Spectral Functions (SF)

Isospin symmetry connects / = 1 e"e ™ cross section to
vectors 7 spectral functions:

Ao

cF(ete™ - atn) = vT© > T ry,),

)
where

2
m? Br(z— = Vv, dNy S 2s
vi(s) = > - I-— ) (1+=
6|V ,|"Spy Br(z— = e v,u;) Nyds m? m:
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LFU test in 7 leptonic decays at Belle 11 <t

Belle 1I
Source Uncertainty [%]
I R, = 0.9675 + 0.0007(stat) & 0.0036(sys)

Charged-particle identification: 0.32

Electron identification 0.22

Muon misidentification 0.19 [JHEP 2024 205] (2024)

Electron misidentification 0.12 ’

Muon identification 0.05 RSM =0.9726
Imperfections of the simulation: 0.14 : CLEO (1997)

Modelling of FSR 0.08 0.9777 =£0.0063 = 0.0087

Normalisation of individual processes 0.07

Modelling of the momentum distribution 0.06 e 26'98722 (3(())10(:))16 £ 0.0036

Tag side modelling 0.05 ' - -

7T0 efﬁciency 0.02 HFLAV fit (2021)

Particle decay-in-flight 0.02 e 0.9762 + 0.0028

Tracking efficiency 0.01

Modelling of ISR 0.01 39;2; 5" 4_((2)00204:))7 0 00ae

Photon efficiency < 0.01 ' - -

Photon energy < 0.01 1 . L ] . R R 1 . . R | . . R ] R

Detector misalignment < 0.01 0.96 0.98 1.00 1.02 1.04

Momentum correction < 0.01 R u
Trigger 0.10 -

=5 — world’s most precise test of LFU
Size of the simulated samples 0.06 )
Luminosity 0.01 in 7 decays
Total 0.37 e consistent with SM at 1.40
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7 mass measurement at Belle 11

» Analysis performed on part of the on-resonance Run 1 data (190 fb™')
— world’s most precise measurement

M, = 1777.09 £ 0.08 (stat) & 0.11 (sys) MeV /c’

— Demonstration of the high precision capability of Belle II!

[PRD 108, 032006] (2023)

x10°
16} Belle Il Preliminary t Data — fit PD? 7;\;::!%90(?222)

I 4 e background i i
O 14 |Ldt=190fb BES (1996)
o 12f 1776.96 0,7 0% (R
= P BELLE (2007)
n 10

b 1776.61+0.13 + 0.35
e or KEDR (2007) 2
9 ef 1776.81 2> +0.15
> : BaBar (2009)
T : 1776.68 + 0.12 + 0.41

2f BES Il (2014) .
0 1776.91+0.12 %0

_ m Belle Il (2023) .
= .g 1777.09 + 0.08 + 0.11
o

_2 | | | l | | | ] I | l 1 1 I | | |

1.7 172 174 176 178 1.8 182 1.84 1776 1776.5 1777
M . [GeV/c?] m. [MeV/c?]
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7 lifetime measurement at Belle

105-5-
107
§ 10°|
1 OPAL (1996) = Z |
» Current world-leading measurement from Belle (711 fb™ ") E 102k
CLEO (1996) ot g
e 3X3-prong topology, both tau leptons decaying to 37v W -

7 = 290.17 + 0.53(stat) + 0.33(syst) fs S 10 |

e DELPHI (2003)

Belle |l analysis st 201, 'I
. _ _ _ PDG average: - 1 g . P LW " l"ﬂ PR P
» 5Xx large signal sample despite less luminosity T, = (2003 £05) s T 006 004 0. 0.04 006 0.08 0.1
e thanks to the ]__prong tag [2334 286 288 500 292 294 206 598 t reconstructed (€M)
T, [fs]

» 2Xx better proper decay time resolution

n:..d.._! "!.l | I “ ,z, ,-].
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