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01 Tau leptons at B-factories

® B-factories are also T-factories Lint (fb™")
At \/E = 10.58 GeV: O'(€+€_ - Y(4S) - BE) =~ 1.1 nb 800 : e Tt
glete” - ttt7) =09 nb e E
® Last generation B-factories (Belle, BABAR) provided °00 LV s i
a variety of important tau physics results over the CPT tes
400 — CP-Violation
last two decades o roraang PV lmis
T > Uy scﬁes CPT test
® Tau leptons at Belle Il 200 . t.T'T}"ff &
500M tau-pairs at 575 fb-! (current) Bt 15 b
onne 0
34 billion at 50 ab-' (goal)

2000 2002 2004 2006 2008 2010 2012 2014 2016
® Advantages

Clean physics environment ee — 1T at Belle (II)
Known initial state e T
Missing energy reconstruction vIZ
High trigger efficiency
et T
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03 Tau events reconstruction

Tau topologies and signatures

Tau leptons in e*e™ collisions are mostly produced in pairs, back to back, in center-of-mass system.
At Belle Il we mainly study 1 x 1 and 3 x 1-prong topologies.

Separation into two hemispheres defined by the plane perpendicular to the thrust axis Ay ts:-

Use one tau to tag the event and reconstruct signal in the other hemisphere

Even using new method: untagged

Signal Side
Other 1 T m B
process mn ) ,1 v s 0-
S 4 se different topologies: o -=Py
(tag) / vV Use different topologi »
e ﬁ rus s ﬁ
oo hrust (1x3) vs (1x1) st
dE : Shel T - i . + \'&_ U = T 0l
e s e Define best topologies for € k e %
> 4 Rest Of
e each analysis, e.g., to ; Event
Search T e suppress background T
process T s,
(SIQ) : 7= mes (21 |p; - ﬁrhrustl) ’ ¢
T[ " \\ Nthrust Zf |p,| 'I'[ II \‘ e
'V *V Aenruse, the best approximation 'V *V

of the 7 flight direction
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04 Tau physics program at Belle Il

Precision SM measurements Search for rare and forbidden processes
® Tau properties are know with much ® Lepton Flavour Violating (LFV) tau

worse precision compared to e and u. decays

(e.g. tau mass, lifetime, couplings, etc) « very little to no background
® Impact on the precision of SM ® [nnovative approaches to set world-

parameters (e.g. test of LFU). leading limits

High reconstruction efficiency,
MVA techniques, inclusive tagging

Standard Model New Physics
5 4
au @V‘d\‘
light heavy
stable unstable T—e--------- — U
NP
well-known not so much
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05 Precision SM measurement

PDG Average (2022)
Tau mass: [PRD 108, 032006] (2023) ses o) "
® 3 x 1-prong topology (zsz = 3mv, Trag inclusive). ?f;;ﬁfiggigio_% —
® Using the 190 fb-" dataset collected by Belle II. 177681 D+ 015 ——
® Obtain the world’s most precise measurement. 177668 £012.£ 04 =
M, = 1777.09 + 0.08(stat) + 0.11(sys) MeV/c? 0011012 1019 -
® Excellent control of systematic uncertainties thanks to precise 177708 08 £ 01  ——
understanding of beam energies and tracking. — lml}:nf\f}lcz]l v
LFU test: [JHEP 2024, 205] (2024+update)
RSM =0.9726
LR O RcY OT Heg 1)) = e 000w
® Using the 362 fb-' dataset collected by Belle II. 1 saber (2010)
® Obtain the world’s most precise test of LFU in tau decays, consistent % 0.9796+0.0016 +0.0036
with SM at 1.40. . HFLAV fit (2021)
R, = 0.9675 + 0.0007(stat) + 0.0036(sys) | ::::(Z’Zf:
® Update: evaluate the R, using 3 x 1-prong events, aim at combining the L 0.9675 + 0.0007 £ 0.0036
1 x 1 and 3 x 1-prong results to improve the R, precision even further. 096 098 100 102 104

Ry
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.032006
https://link.springer.com/article/10.1007/JHEP08(2024)205

05 Precision SM measurement

Tau lifetime: ongoing

® Measure using proper decay time relation to flight distance and momentum t = —— = m-< —» Measure
J PIop 4 ’ pyc Py— " these

in lab frame.
® 3 x 1-prong topology (zsig = 3mV, Teag — pV). oot 200 Smsion 4 ool
® Reconstruct 3-prong vertex and estimate p, from decay produces. R oo
® This method is possible exclusively at Belle Il, due to the very high ;fO

requirements for vertex detectors. §o= j: %'k
® 2 x better proper decay time resolution in Belle Il (Preliminary Study). wﬁ #W
CPV test in kaon sector: ongoing RS
® Charge asymmetry in 7 - K,mv, CP violation in the kaon sector. Rl

® SM prediction: A3M = (3.6 +0.1) x 1073
® Current most precise result from BaBar: A%282r = (-0.36 + 0.23 + 0.11) x 1073,

s Frct -> ntK¥v,) —T(r™ » n Kdv,) t .
YTt - vk, + Tt~ - n=Kdv,) M
et > t <

2.80 deviation from the SM. . \ r
: : . leptoni .
® An improved A, measurement is a priority at Belle Il (Stay tuned). Yag a ’
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06 Search for forbidden decays

LFV decay 7 - uupu: [JHEP 2024, 062]

® One of the “golden channel” for LFV search
using tau leptons
« Clean channel, low SM background

® Signal efficiency: 20.4% (2.7 x Belle)
« untagged approach
« Reject lly and 41 with data-driven selection
« BDT classifier to suppress qg

® Belle Il with 424 fb-! could set world’s best upper limit
« 1 event observed, 0.5 bkg expected
« No significant excess observed
« Upper limits computed at 90% CL with CLs
approach
BYL(t - pup) < 1.9 x 1078
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7 Belle IT
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https://link.springer.com/article/10.1007/JHEP09(2024)062

06 Search for forbidden decays

LFV decay 7 - ell: [arXiv:2507.18236] (submitted JHEP)

® Extending the t - 3y study, Studying 5 more channels - W slgriineans s ln 428 197 slskence
N ot i S @ @ @ « Upper limits at 90% CL computed with CLs
ignal side > 5 Lihrust 4 v ”
\ o @:@ @:@ @\—:ﬁu’ approach -
{ /T' event ¢ P € P ®  world’s best result
e 7t % ” ‘
£ :x; \ B @:ﬁ; @é
£ Ce € G
Nep N G B(07Y) B (0% BEE(10°)
® Higher t.)ackground co.thamlnatlon than t - 3u channel et 6‘1318 5 0523;23 0 27 95
o Data-dr!ven BDT .classmer et 12.1% 19 _().40ﬂ:2g 0 21 16
: Tra!ned on 5|debar.1d data. | eute 10‘51?:% 7 _glggﬂ:‘ég 0 1T 1.6
. Re!|es .on ROI? & kinematic variables e 20‘@:? 18 —2.50ﬂ;§3 0.48f8;22 16 90
+ Rejecting main 41 background e | TS g 0ty 0 14 13

® Signal efficiency 15%~24%
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https://arxiv.org/abs/2507.18236

06 Search for forbidden decays

v
Tag side /
LFV decay t — IK?: [JHEP 2025, 092] g R
® First LFV search using the combined data set Belle + Belle Il (1408 fb') & o
® Require 4 charged particle with 0 net charge in 3 x 1-prong topology W
- Signal side: reconstruct K from ztm~ )
« Tagside: t - vy, /v, (I = e, )
Signal side
® Signal efficiency >10% o s T =
- Cut-based preselection T ot oy T oo T
« BDT trained using track kinematics, event shape i :
and neutral variables
® No significant excess observed e N ==
« Upper limits at 90% CL computed with CLs vt | 0w M = |
approach Soo ) ' g Rpe—— .
« world’s best result: o LR TR Tt 3 |
BUL (1 - e(wKY) < 0.8(1.2) x 1078 g S AN B PN SN
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https://link.springer.com/article/10.1007/JHEP08(2025)092

06 Search for forbidden decays

LNV and BNV decay - A(A)m: [PRD 110, 112003] -

® Require 4 charged particle with 0 net charge in 3 x 1-prong topology Tag side -
- Signal side: reconstruct A(A) from p(p) and «
« Tagside: t - vy /v, (I = e, )

® Signal efficiency ~10%
« A flight significance is most discriminant in

background suppresion
« BDT trained using event kinematics, event shape

and extra photon informations

Belle Il (Preliminary) Data:fﬂdt= 364 fb~1 Belle Il (Preliminary) Data:ftdt= 364 fb~1
® Belle Il with 364 fb-! could set world’s best upper limit 4] — Slgnalreglon » - Smulated bkg 04— Slanalregion »  Simulated big
""" laeban ata ----- Sldeban ata
« 0 (0) event observed, 1 (0.5) background expected il o« o
o o po (O] [ ] L L ] e o ° Q PY ° ° d
+ No significant excess observed O 09 g Q O 00 o o 0’ S
. . . w * ¢ w .. 1]
« Upper limits at 90 CL computed with count <2 . T, <-02 i, * s ®
e 3 » + +*
approach o 04 ¥
_ 1.70 1.75 1.80 1.85 1.70 1._75 1.80 1.85
BUL(t > A(M)T) < 4.7(4.3) x 1078 M(An) [GeV/c?] M(An) [GeV/c?]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.112003

06

Search for forbidden decays

Invisible scalar boson t — la: [PRL 130, 181803] + [JHEP 2025, 155] +

update

® First paper: published by Belle 1l (62.8 fb-1)
« No signal observed and 95% CL UL set on
B(t— » ¢ a)/B(t™ » £ Vpv,)
« Ratio allows for partial cancellation of systematics
® Recently superseded by follow up study with Belle data
(800 fb-T)
 Better sensitivity in the final fits thanks to improved
lepton momentum resolution

® Belle Il is working on an updated analysis
 Sensitivity studies indicate an order of magnitude
improvement in UL [PRD 102, 115001]

2025/10/25

B (t—e0)

el diff. (Belle/This work) B(T — et) / B(T — evV) at 95% C.L.
Iy

)
4?'1‘0‘\"‘"‘l"""\"‘\"“"_
3.5 - Belle - Expected UL E
E q Expected UL * 1o E
3 ;_[ L=800fb B Expected UL £26
2.5F 95% CL UL —— Observed UL
£ —— Observed UL at Belle |1 ]
of (PRL 130, 181803 (2023)]

1.6

12 1.4

02 04 06 08 1
m, [GeV/c?]
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Upper Limits with Systematics — e-channel

_____
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™~ [JHEP 08, 155 (2025)]

Belle I (365 fb~ ")
2D method (Simulation)

Expected 16 band
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T = [PRL 130, 181803 (2023)]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.181803
https://link.springer.com/article/10.1007/JHEP08(2025)155
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.115001

06

Search for forbidden decays

LFV decay 7 - uy: To be submitted to JHEP
® Using 427.9 fb-! data

® Require 2 charged particle with 0 net charge in 1 x 1-prong topology

Signal side: mulD>0.95
Tag side: mulD<0.1

® Signal efficiency 5.21%

® Upper limits at 90% CL computed with CLs technique

2025/10/25

Data-driven pre-selection
BDT trained using track kinematics and event
shape variables

B(t - uy)®*? <58 x 1078
B(r — uy)°?* <9.5x 1078

.+ Data
- —Model

Events / ( 0.015)

el N W L o [o2] ~J
L AR

?-7' 172 174 176 178 18 '1.82 184
M, [GeV/c?]

N

Pull
O LMW S

TN

Pull

L
sronlo_ mes




07 Summary

® Belle Il provides a unique environment for tau physics studies, providing world’s most
precise measurements, as well as setting world-leading in LFV searches

® Recent highlights from precision SM measurements and forbidden decay searches:
« Tau mass: [PRD 108, 032006]
« LFU test: [JHEP 2024, 205]
« 7- la: [PRL 130, 181803] + [JHEP 2025, 155]
« 1 uup: [JHEP 2024, 062]
17— e2l: [arXiv:2507.18236]
- 1 - IKY: [JHEP 2025, 092]
« - A(M)m: [PRD 110, 112003]
« 1 - uy: To be submitted to JHEP
« And more to come!
« Tau lifetime, CPV in kaon sector, LFU test and t — la search updates

® Stay tuned for more exciting tau physics results from Belle & Belle Il
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.032006
https://link.springer.com/article/10.1007/JHEP08(2024)205
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.181803
https://link.springer.com/article/10.1007/JHEP08(2025)155
https://link.springer.com/article/10.1007/JHEP09(2024)062
https://arxiv.org/abs/2507.18236
https://link.springer.com/article/10.1007/JHEP08(2025)092
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.112003

THANKS
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08 Back up

Status of LFV search in 7 sector at Belle/Belle 11

= S I - T-C RV M Ihh BNV | - CLEO
g o 4 . + ATLAS
- .__ ° . ..,o”ﬁ Tah & » 4 = » CMS
I : s F O w8 - LHCb
T%l 10°81* .o - il 7 :'BaBar
[% " » Belle
E r v ) Yy Y v v -+ Belle Il (5 ab™
B 107k ol [7°F i § ® ¥ w8 | = Belle Il (50 ab™)
& EBE L * Y se” va " owa T oa B . 7 arXiv.2203.14919
i N i, % e L% s ‘T B Sz o
010_3—3 .'0 E . S e v 0‘ S & 4.4 s . y
52 = B A ¢ 8 ¢ 4 0 0 ¢o? ¢ o * . PR \; "_
S v ¢ R e +** 4 | % Belle/Belle Il
—— : = g (up to 2025)
107 |.. Iy P aa® " = -t N = " (to be) published
: " " i analysis on going
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— _ F* * *
Muin = /M. +2(v/3/2 = E3,) (B, — Pi,,) < my
10°
16 Belle Il Preliminary t Data — fit

o 14f _[L dt=190f" background

= E

o -
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i e
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B -

= B
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> 4f
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08 Back up

Belle Il New Analysis Strategy: Increasing sensitivity

New method

——> A(}(ui)z -+ B{)ﬂ.?x + Cp < 0.
AU :Ala

i / Bo = —B1 + C1 — (2A1 + Ag)p?,
) — Co = (A1 + Az + As)u + (B1 + Bo)u? + D;.

_ I 2 2 _BD e B(; - 4A0D 0
XX—> (ha+N1)(hb+N2) A{!r:u'n = (\/‘—;) 24
0
Suitable for leptonic colliders \ )
{ N
h_, h,: could be a bunch of detectable particles M2 = (\/E) ~igghafogmAially
max — ZAU '
N, N,: couple of particles that evade the detector \ )
an'f;n S m?x S Mrzrmmi

This generalization allows to study X X pair decays
with BSM processes in one decay, and SM processes Phys. Rev. D 102. 115001
with missing particle in the complementary decay. T
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Events per 0.167 GeV/c

Data/model

Data/model Events per 0.167 GeV/c

det = 362 fp-1 '™ Other (true p)
Il Other (fake u)
/77 Uncertainty

¢ Data

pu [GeV/c]

pre-fit distributions

101 —— —T
R e ¥
rool .

108 Bellé 1l _ (T’;u’ﬁgv;)(r*ﬁ h*nm®v,) 108 | Belle Il (T - e Debo) (T = htnmlDy)
_ —1 [ Other (true u) - 1 Other (true e)
107 [Ldt = 362fb = Ot (fake ) | qo7| Jtdt=3621b otner ake 1
7777 Uncertainty 61 777> Uncertainty 1
10° Data 10 ¢ Data
105 105
104 104
103 103
102 102 L L 1 L 1 L
1.04 | ‘ /V 1.04 ‘ ' ) T /' 7'/ ]
77, 7 7 77/ 7 A, 7 7
Wz N
. Y77/ o.0g [P 24
. 1.5 20 25 3.0 35 40 45 5.0 15 20 25 30 35 40 45 50
pu [GeV/cl] pe [GeV/c]
post-fit distributions
X105 T T T T T T XIOS T T T T T
Belle 11 . (T o) (Tt - htnnfby) Belle 11 (T - e V) (Tt —» htnnB,)

Other (true e)

Other (fake e)
77, Uncertainty
Data

[Ldt = 362 b1

ﬁ/7

1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
pe [GeV/c]
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