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SuperKEKB Accelerator

« Next generation B-factory: e*e- — Y(4S) — BB, Vs = 10.58 GeV
+ rich program of tau, dark sector and other low-multiplicity physics.
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Super-KEKB

Add / modify RF systems
for higher beam current

@ KEK
Tsukuba, Japan

E (GeV) 3*y (mm) B*« (cm) (0} I (A) L (cm?s?)
LER/HER LER/HER LER/HER (mrad) LER/HER . )
Low emittance positrons
KEKB 3.5/8.0 5.9/5.9 120/120 11 1.6/1.2 2.1 x 104 -
L toinject Positron source
SuperKEKB 4070 €027/030) 3225 | 415 (C36/26) 6 x10% Damping ing S
hoback okl ok, 9 N7 New positron target /
capture section

factor 20 factor 2-3 ‘ .

Low emittance gun

* 50 nm vertical beam spot size — “nano beam”.
« Unprecedented design luminosity of ~6x1035 cm-2s-1 (30x KEKB) i A
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Belle |l Detector

» Consequently Belle Il has higher beam

EM Calorimeter (ECL) —— - - backgrounds and event rates.
Energy resolution: 4%-1.6% e ) __,.Be"e.,,, Bgllgll

- ositrons :
i.! ?4 GeV) * Major upgrade of the Belle detector:
i \\ - 2-layer Pixel Detector (PXD) with first layer

at 1.4cm, significantly improves vertexing.

- 4-layer Silicon Vertex Detector (SVD)
with larger acceptance.

- Central Drift Chamber (CDC) with larger
outer radius.

- Improved particle ID: TOP + new ARICH
(K/1T separation).

Central ant Chamber

Spatial resolution: 100 ym
dE/dx resolution: 5%
prresolution: 0.4%

~7.5m

- Improved trigger, and faster electronics

Belle I .
in general.

Belle Il TDR: arXiv:1011.0352
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https://docs.belle2.org/record/2065

Performance to date

Belle Il Online luminosity Exp: 7-35 - All runs Peak instantaneous luminosity
mmm Recorded Weekly

15.0 { e [ Rcorgaq it = STS.AT [fo~L] el (new world record in 2024)

- 500

12_5 e s
Long
Shutdown 1

75 [ RN B | | R | ! 1| ISR | SN

- 400

Integrated luminosity: 573 fb-1

10.0 A

495 fb-1 recorded at Y(4S5)

59 fb-1 at 60 MeV below Y (45),
for background studies

19fb-1at 10.75 GeV,
25 J || || T—— 100 for exotic hadron searches

- 300

- 200
5.0 - . U SO | | SO .

Total integrated luminosity [fb~1]

Total integrated Weekly luminosity [fb~1]

0.0 - i 0
& Aiming to collect 50 ab-1 over the
v next ~10 years (x50 Belle)
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Belle Il as a 7 factory

o« B-factories are also r-factories

» The 7 is the charged lepton of the third generation.
o(ete—Y(4s))=1.05nb vs. o(ete—rT1)=0.92nb

They are produced in pairs.

Lint (fb-1)
800 »
CP-Violation >

600 LFV limits '
Mass and ?
CPT test

400 — CP-Violation

Limits in Mass and LFV limits
* Only lepton massive enough to decay into hadrons Ty f Seo o
(>200 hadronic channels). 200 B
. | o =
leptonic decays (BF~35%) hadronic decays (BF~65%) T > C0f
T— vevi+ | T — v¢ + hadrons Y 0

Ve/u

2000 2002 2004 2006 2008 2010 2012 2014 2016

* Over its lifetime Belle Il will deliver an enormous
sample of ~4.6x1010 1-pair events

A unique environment to study t physics
with high precision!
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Tau Physics at Belle Il

« Each 7 will subsequently decay into final * We mainly study 3x1 prong and 1x1 prong topologies.
states containing mostly one (1-prong)

or three (3-prong) charged particles. tag h p tag D, o
17.4% o (BF~15%) . (BF~85%) &
- 17.8% Mo
_3-prong |7 _.. >y ... 1-prong Split event into
+ = / ) + - two hemispheres
e s d e e e across thrust axis

\]

9.0% 10.8% . - 4
Rthrus aT I/ st — D;- T
A ./ T = max z —_—
y / I-pr ong : /‘ 1-pr ong =~ |pil
: —_— g /1 signal <+ signal

e/y _;' . (BF~35%) e/y ¥y (BF~35%)

=
< <
<
<

f(1) Precision SM measurements ) ((2) Search for rare or forbidden processes. )

- Tau physics Indirect hints of NP in SM deviations. Direct observation would be unambiguous sign of NP.
Frl(l)grant] + 7 properiies (mass, lifetime), couplings 4+ Mostly Lepton Flavor Violating (LFV) 7 decays.
ollows two ’ : '
strategies: (e-p universality, Vus), CP violation, etc Often very little to no background.

4+ Need to be smart to beat limits from Belle with %2 data.
» Requires high reconstruction efficiencies
L » Machine learning techniques, inclusive tagging J

4+ Often sub-% measurements: systematics
. are usually the dominant error source. )

) P. Rados
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0.1790 4

» Lepton masses (and lifetimes) are

fundamental parameters of the SM clectron | muon tau . m HFLAV 2023 (with Belle 1| 2023)
. om/m | 6x10-° 2x10-8 7x10-5 T
For taus the uncertainties are by /
far the largest! St/t n/a 1%10-6 2x10-3 —
t prior to Belle |l 2 \
I \
=
« Reconstruct 3x1 prong topology with inclusive tag and z;,,,,, = 37V
0.1780 4
» Access m_via pseudo-mass M, ;. \/ M2 +2(v/s/2 — EL)(ES. — PL) < M,
* Fit to end point distribution with an empirical function within 1.7-1.85 GeV E T —
<tt[f5] )
5
20+ — 15y || 12.5- —_— TSINnV BE?/Io(BﬂeEm—;
: T# m,u
I

Generator

T

1.5=

5.0= Detector / :

level

ISR « Sharp threshold behaviour near m_

arbitrary units

2.5+ resolution  Smeared edge due to detector
5o resolution effects and larger
0 T 0 0 Tl . ; ; i ; ; tails because of ISR
0.5 1.0 1.5 2.0 1.700 1.725 1.750 1.775 1.800 1.825 1.850
Mmin [GeV] Mpmin [GeV]
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Tau Mass: precision challenge

* Excellent control of systematic uncertainties thanks to precise understanding of 1059 ¢ Setlo 1 5
beam energies and tracking: My, = 1/ M3, + 2 * )(Es —|Pol< M, ; IL dt = 190 b Total uncert.
10.585 - pE?
< - B
[0}
Source Uncertainty S, i
[MeV/c? | 2 1058 |l
. . O e 1
o !
Knowledge of the colliding beams: Beam energy calibration 3 |
Beam energy correction 0.07 with B-meson hadronic decays 5 10575} :
Boost vector < 0.01 . o s o =
- method and Y(4S) lineshape < g g
Reconstruction of charged particles: L 5 5 g
Charged particle momentum correction 0.06 measurement to get 4s LT e T A e R SPRPT SPR V1.
Detector misalignment 0.03 0 100 200 300 400 500
— Chronologically ordered events
Fitting procedure:
Estimator bias 0.03 35
Choice of the fit function 0.02 o Bellell J Betore momentum carrotion
Mass dependence of the bias < 0.01 ‘ o5 §_ J.L dt =190 fb™ —I—After momentum correction
Imperfections of the simulation: Momentum scale factor N§ 5 _ D" > Kz'z ——
Detector material budget 0.03 cures the bias due to imperfect B- 2 f
Modeling of ISR and FSR 0.02 ) . o F
N e < 0.01 field: extract corrections dependent g, i
Neutral particle reconstruction efficiency < 0.01 on cos® by comparing D° —Kmt L osf
Tracking efficiency correction <0.01 track N3 Y S S - —_— i
Trigger efficiency < 0.01 mass peak w.r.t PDG mass. T !
Background processes < 0.01 o5F -
e 1 P S T I N I AT AN A BT
' Total B = -ol.s -ol.e —o|.4 -o|.2 cl) ofz o.[4 o.ls ofs 1

, [ €0os6,
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Tau Mass Result

* Analysis performed on part of the on-resonance Run 1 data (190 fb-1)

« Achieve world’s most precise measurement: m = 1777.09 = 0.08,, = 0.11, MeV/c?

= Demonstration of the high precision capability of Belle II!

sta

x10° Phys. Rev. D 108, 032006 (2023)
16F Belle I { Data — Fit PDG Average (2022)
— - ) Background 1776.86 +0.12
— 1 Caned -

o 14¢ IL dt =190 fb BES (1996) -
o 12 m, = 1777.09 + 0.08 + 0.11 MeV/c? 1776.96 5 017
= 10F BELLE (2007)
o) C .
o F 1776.61+0.13 + 0.35
= 8F KEDR (2007) :
£ 6 - 1776.81 12> +0.15
Q 4E BaBar (2009) .
w 1776.68 + 0.12 + 0.41

2 F . BES Il (2014) :

o L T 1776.91+0.12 f&‘; -
2 S e Sl ey Belle Il (2023)
S 0 25t -,.‘...9,..0_...-..'....!..'..f,-,.n - ;e-...‘,..‘...-of-.sf,g..‘q..i.. LR R - 1777.09 + 0.08 + 0.11 :
n- . [ ® g% © . ° °*® « °, ee o ® o o ;

_2 ................... o .1 .................... ‘ ................ * ""I .................... l" ..................... | ......... | | | | 1 | | 1 | ] 1 | : | I | 1 |
17 172 174 176 178 18 182 1.84 1776 1776.5 1777
m, [MeV/c?]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.032006

Lepton Flavour Universality

* LFU = couplings of leptons to W bosons
is flavour independent

ge=0u=0- )

ge

Achieve 94% purity with 9.6% signal efficiency (e+p)

. Ve
tag side \ y
\\
r v
et »/4 e
‘_’e/;l ~ . T
S o \
\ . .
o w- \ signal side
e lu Ve

KM i
A
|

)
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Restrict to barrel region, 1.5 < p <5 GeV (| PID systematics).
Rectangular cuts + neural networks to remove backgrounds.

» Precision test of of e-p universality
in T decays

R, =

BF|[t™ —=u v,v,]

BF |1~ —e  Vevs]

* New Physics could enter in many ways,
e.g. LFV neutral current.
Phys. Lett. B 2016 09 046)

N

Vu(r)

Vr(p)

Belle Il analysis on the full on-resonance Run 1 data (362 fb-'). Considering the 1x71 prong topology with p tag.

T T T | S T T
106 Belle Il simulation reject 4i — (T p D) (Tt = h*nnD,)
! ! i
i | - (T7= e Dev) (Tt = h*nn’i,)
= ipa| | - (T~ L7 0yv,)(t*- other)
S 10 L fr" "5 ——- (T~ other)(t*-h*nnp,)
s drrpr_{...-r.r""'" i iL — e*e~(y)
= R~ s —-— Others
. |
< 10 | -‘; : h
g 1
< o
100 | ! 1 ! : |
0.0 0.2 0.4 0.6 0.8 1.0

Output of the neural network
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https://www.sciencedirect.com/science/article/pii/S0370269316305500?via=ihub

Lepton Flavour Universality

post-fit distributions

* Measure Ry with a binned maximum likelihood fit using
the pyhf library 0SS 6 (2021) 2823
» 21 bins over lepton momentum from 1.5 - 5 GeV
» systematics included with (constrained) nuisance parameters
» 3 templates for the p & e channels (signal decay, background
w/wo correct particle on signal side)

x10%
Belle Il (T - e D) (Tt - h*tnnby)
. Other (true e) ]
Ldt = 362fb7?!
f [ Other (fake e)
7, Uncertainty
¢ Data

Belle Il B (T - PO (Tt - hnn®D;)
det — 362fp-1 ™ Other (true p) 1
B Other (fake u)

7777 Uncertainty

¢ Data 1 3
muon
channel |

electron |1
channel ||

Data/model Events per 0.167 GeV/c

1.01 ' 1.01
1.0 m;m;y;###%%{.%ﬁﬁ/)ﬁ%y : 1.0 psacct 4#55’”4%%"454’/%9%1’//
» Huge effort within Belle Il to get lepton ID efficiency S s - NS T
and fake-rate systematics under control. 15 20 25 30 35 40 45 50 15 20 25 30 35 40 45 5.0
pu [GeV/c] pe [GeV/c]
Source Uncertainty [%]
Charged-particle identification: 0.32
ST R3M=0.9726

Electron identification 0.22 H

Muon misidentification 0.19 CLEO (1997)

Electron misidentification 0.12 0.9777 +0.0063 +0.0087 JHEP. 2024, 205 (2024

Muon identification 0.05 BaBar (2010) .
Imperfections of the simulation: 0.14 0.9796 £0.0016 + 0.0036 World’s most precise

i |
Trigger 010 N HFLAV fit (2021) test of LFU in 7 decays!
: . 0.9762 +0.0028 _ _
Size of the simulated samples 0.06 Consistent with SM at 1.40
Luminosit, 0.01 | Belle 11 (2024)
Y 0.9675 +0.0007 + 0.0036
Total 0.37
0.96 0.98 1.00 1.02 1.04

R
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https://joss.theoj.org/papers/10.21105/joss.02823
https://doi.org/10.1007/JHEP08(2024)205

Next precision challenge: tau lifetime

» Can relate proper decay time l
to flight distance and I =
momentum in lab frame: ﬁyc

» Reconstruct 3-prong vertex and estimate p: using decay products

. Epr0|t the tiny beam = estimate production vertex as the intersection
of p-direction with vertical plane of IP

This method is only possible at Belle II!

spot size near the IP

— — - -
o o Q (@)
n w S 5,

Events / (40 fs

- Belle 11 2020 (Simulation) |:|r(—>pv)r(+mv> |:|rr

—_
T 1T

qd g=u,d,s

B Boos

-1000 500 0 1000 1500 2000 2500 3000

B

t 3 -prong [fs]

P. Rados

3-prong p 3
measure thesel!
") /'

» Current world-best
measurement from Belle (711 fb-1)
using 3x3 prong topology.

7. = 290.1 £ 0.53 (stat) + 0.33 (sys) fs  Phys. Rev. Lett. 112, 031801

» Belle Il has 5x higher efficiency (1x3 prong), and
2x better proper decay time resolution (where we have PXD)

Belle Il can deliver a world-leading measurement
with the current data

Tau Physics at Belle Il, KMI2025, 6 March 2025


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.112.031801

Search for LFV 1 decays

» Inthe SM, charged LFV decays via neutrino oscillation are highly suppressed and immeasurably small:

om?> Standard Model New Physics
BrE, = £57)eny (—)2 ~ 1074-104
(7 2V )sm ) ‘\@4@ /4

= Observation would be a clear signature of NP!

T P
: : : NP
s U —e: stringent bounds exist from MEG experiment
e 7 — u/e: weaker bounds mainly from Belle & BABAR. - CLEO + ATLAS * CMS + LHCb - BaBar
1+ Belle + Bellell (5ab™ = Belle Il (50 ab™
_ _ g b 1P 1s” N Il Inh BNV -
» Wide variety of 7 LFV decay modes to study 8 o5l . . o |
» Radiative T — fy Golden channels: T=ppy, TPy E ;. ’ . et E
» Leptonic. T — CCF SL modes can test couplings b/w 5 10°= .o = =
, : quarks and leptons, and better 2 F r e . v L
> Semileptonic. 7 — Zh(h) discriminate b/w NP models. % I veiy v v 7 A -
“ r e ” Q10 = A Vv Y N =
> “Invisible T—>Zla Invisible largely unconstrained. g . T N A I E
j E;‘ M y A 4 x XXXIVXA‘A A A AAA A AAAAAAE
JE— ;10_82—'-00 ',”00 :”’ o ’.’0’000.0 ’0”.’ =
| Extrapolating from Belle results (5, 50 ab-1D g8 - ¢ AR ' AL
| Belle Il will push the curren . L L P L
elle push the current arxiv:2203.14919 = L. e TR
bounds forward by at least one 5 = C. ]
order of magnitude! ) O R ees 525 L5 5 5 <o ke ok ek C Ui ek e S0 s
, B R Tl ISR SN
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https://arxiv.org/abs/2203.14919

LFV 7 — 3u

» One of the “golden channels” for 7 LFV. | u 8%12 ke Expected CL, & 20
Neutrinoless 3-body decay (3u). 1prong tag sig Lo / Ldi= 42415 BN Expected CL, + 1o
N T ) : ---- Expected CL; median
* Analysis strategy: 3prongs 08 — Observed CL,
» inclusive tag (3x1 & 3x3 topologies) : 1 event observed
» background rejection using BDT 0.6 E (0.5 bkg expected)
= signal efficiency 2.7x Belle * Extract signal yield in 2D plane: 0.4 -
" R 11 Signal region ) — E2 — P 2 E
% 0.3 | ]79 el 1 _— i§0(5 regf;on 8 M3“ \/ S Sp 0-2 B
.g o] L= 4247 —— Sidebands q>_) CM :
2 1 B(r —=p ptp)=6x10"1 + Data 103?3 AE?’H' p— E3N Ebeam 0.0 T T T 7 T T T T [ T T 11
S 2] g 0 1 2 3 4 5
| = . - suutu le—8
z « For signal: B(r™—u"p"u”) ¢
N O
0.1 - e
102%3 > @E&u IC|Ose to zero, and UL at 90% C.L. on B(t - 3u)
o = 3u ¢lose to 7 mass. ATLAS | 38x1077 (L =20.3 b1
! » Tails due to initial and final state
: radiation. LHCb 4.6x107°(L=3.0f7"
R 10 CMS 2.9%x 1078 (£ = 131 fb™1)
02 | Belle Il with 424 fb-1 set Belle | 21x107(£=782f7")
i world’s best upper limits! BaBar 3.3x 1078 (L = 486 fb~1)
—0.3 -

JHEP09(2024)062 | Bellent | 191000 =424 |
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https://link.springer.com/article/10.1007/JHEP09(2024)062

LFV 7 = L« (invisible)

« Search forLFV 7~ — 7 a (¢ = e, u) where a is an invisible particle.
« « can enter from NP models such as light ALP and many more.

« Cut-based analysis to suppress reducible bkgs (¢g, £y, 2-photon)
and also correctly-tagged 777~ with misidentified signal (e.g t — 7v).

«  High purity: 96(e)-92()% with ¢ = 9-17% depending on ma.

» Cannot boost to the signal 7 rest frame due to undetected neutrinos.
» Approximate using pseudo-rest frame with two assumptions

1. E, /512 i,
> P3,
2 p\ ~ ptag T - T
i |ﬁtag|

= Bump search over T — fvv momentum spectrum.

Belle Il with 62.8 fb-1 set world’s best upper limits,
2.2 - 14x better than previous! PRL 130, 181803 (2023)

& P. Rados Tau Physics at Belle I,

14000:— Belle Il —+¢— Data
i At N\ Total uncertainty
I _ -1 :
12000F [Ldt=62.81 \\ ew
I~ [ R [ Other
~— 10000 e, M, =1.6 GeVi/c?
g i 1—ea, M, =12 GeV/c?
= 8000F & % t—ea, M, = 0 GeV/c®
12 [
[ B
S 6000f
= [
W 4000f
2000}
0 ! = - - LI T P
0 02 04 06 0.8 1 1.2 14 16 1.8 2
Xe
99 x10°
’>?- 20| Belle ll —- Observed UL || Expected UL = 1 std. dev.
|>“’ 18 2 J.Ldt =62.8fb" --- Expected UL Expected UL + 2 std. dev.
‘o 16F
T 1af
e -
Q
=
o 8
T 6
v 4f
Q 2F
0 1 1 1 L 1 1 1 L 1 1 1 L
0 0.5 0.7 1 1.2 1.4 1.6
M, [GeV/c?]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.181803

LFV 7 —> A(A)x

£ . Thesbe decays vio{ate lepton number and baryon Belle II | Data: [ £dt =364 fb~*

Taq sid number conservation. _ 04! — i - i ]
a9 side R U BNV key ingredient to explain asymmetry of matter. | ::gzz;\edglon ; g:::lated bl::)
f s » A(A) reconstructed from p(p) and . 021 {4 o

""""" T ¢« Background suppression: > 5 i
3 E— | ession. o v e * + |
........ Pre-selection (A flight distance most discriminate). O 00; g4 Q ® o O
~~~~ Followed by gradient BDT. " i + o i
. €.~ 9.5% (9.9%) for 7 — A(A)z q oo H O, o i
p(p) o e ] b
« Look for an excess within ellipses (AE vs mass) _0.4b &
- Signal side AFE = Efy —/s/2 M(Am) = \/E‘%\7T — P?_ ® . . .
1.70 1.75 1.80 1.85
Belle 1l Data: fﬁdt=364 fb-1 40 Belle Il Data: fﬂdt=364 fb=1 M(/\T[) [GeV/Cz]
T >Am~ I Data mmm ee(y) T- sAn- f D.ata mm ee(y)
60 £ Signalmss uuty) 1 Signali uu(y) - No observed events in 364 fb-
e TT(y) Stat. tT(ly) _ Stat. o )
S e - i 7 Unc New Belle Il limits at 90% CL are:

P N qq
40 B(t - Amr) < 4.7x1078

B(t - Am) < 4.3%x1078

World’s best limits!

Events per 2
Events per 0.04
N
o

’ / 4 "" 4/_47%%'

8.0 | “_ ‘ o 0.6 0.8 1.00 Phys. Rev. D 110 (2024)112003
GBDT output of T~ =A™
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.110.112003

« After big efforts to control systematic uncertainties, Belle Il is providing world-leading precision
measurements in the tau sector:

« 7 mass measurement and test of e-y universality.

» High signal reconstruction efficiency with MVA techniques and inclusive tagging has enabled
Belle Il to already deliver world-leading limits on LFV 7 decays:

e T — uup, 7 — £a,and 7 — A(A)7r shown today
« +more (e.g7 = €20, 7 = K1)

* Many more results are in the pipeline:
« Another LFV “golden channel”: 7 — uy
« Next precision challenge: 7 lifetime

- Rate and angular CP asymmetries in 7 — K.zv, Vus measurement, absolute BFs
* and much more

= Exciting times ahead!
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