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Introduction

 CLFV is a powerful probe of NP — observation is unambiguous sign of BSM.
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Muon experiments have placed
extremely tight constraints on CLFV
over the years — no discovery yet...

Could CLFV be found in tau decays?

Also hinted by anomalies e.g. R(D')

Not as simple as muons - taus are short
lived, you cannot form a tau beam.

Historically done at e e~ colliders.
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Talk outline

o SuperKEKB and Belle Il

 CLFV and precision measurements with 7 leptons
e LFU in charged currents (B — X£'v)

. LFU in neutral currents (B — K£¢)



SuperKEKB at KEK, Tsukuba
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Center-of-mass energy (GeV)

s =10.58 GeV

, * Major upgrade to KEKB with unprecedented

design luminosity (6x103° cm-2s-1).

 x30 of KEKB with higher beam current
and new nano-beam collision scheme
(aiming for ~60 nm beam spot).

* Provides large, relatively clean samples of B-mesons, D-mesons and t-leptons.



Belle Il TDR, arXiv:1011.0352

Belle 1l detector

EM Calorimeter KL and pn detector

Energy resolution 4%-1.6% -‘. u-1D: 1, K fake rate 2-1%
e-1D: it,K fake rate 1-0.01% ~ at €=95%

— Upgraded sub-detectors at €=95%
and trigger N

— Improved vertex \
reconstruction

e- (7 GeV) —

Successor of Belle with

Comparable performance
iIn electron and muon

: e+ (4 GeV)
reconstruction.

Vertex detector
Vertex resolution: 15 um

“ le Identif
: 0 | article ldentification
Solid angle coverage >90% Central Drift Chamber Wl hbtntaice rate 1.8%
— High hermeticity ideal for Spatial resolution: 100 um

O at e(K)=95%
Mmissing energy measurements dE/dx resolution: 5% E-

pr resolution: 0.4%


https://arxiv.org/abs/1011.0352

Belle Il Online luminosity Exp: 7-26 - All runs

- - 17.5 Integrated luminosity
Belle 1l timeline o]
;_g 15.0 - o ffRecordeddt - 427.79[fb_1] ...................................................................
g P25 e
£
e Full detector operation started in 2019. 3 10,0 e T
° Achleved world record IumInOSIty % S 3 —— Y
of 4.7x10%% cm-2s-1 (June 8th, 2022) 8 ol )
» x2 Belle instantaneous luminosity CRPYY — o
0.0

 Aiming one order higher

* Collected 424 fb-' before summer 2022.
e 189 fb-" used for the analyses shown here.

2019 = 2020 2021 2022

 Long Shutdown 1 (LS1) to replace PXD + detector maintenance
and improvement — aiming to restart in winter 2023.

* LS1 dataset already matches BaBar (~500 fb-1) and challenges Belle (~1 ab-1)

thanks to improved reconstruction performance.
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The potential of r measurements

» B-factories are ideal for T » Heaviest lepton and the
missing energy channels. "3-prong” T only one that decays into
. hadrons.
* Well known initial state: U N e LRV and
R _ N T/ _ * Numerous possible an
Bz = L peam = \/E/Z — even LNV couplings:
 Excellent control over / r . 7 = £y (radiative)
invisible particles: / /
missing energy/mass can :

o T — £ (leptonic)

e 7> Ch(...)

* Decay products are well > 4 o
separated along the | 7‘ — ax ( Z pi - (semileptonic)
| pi

event thrust: .
l

be precisely determined. v

« Many ways to test the SM.



History of CLFV in the 7 sector
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* Progress in the CLFV search was
mainly driven by Belle and BaBar.

» CLEO Limits approach the region
+ ATLAS y
. CMS - sensitive to NP
LHCDb
v BaBar Data
s+ Belle

+ Belle Il (5 ab™) Sroiect
« Belle Il (50 ab™) rojections

» Belle Il can probe this region with
a few ab-1 - what about now?


https://arxiv.org/abs/2203.14919

New searches: 7 — X

 |nvisible LFV particles ("X" or "a") can emerge
from NP models e.g. light ALP:

« Approximate the 7 rest frame using 7 — 37v:

e Bump search over the 7 — £Dv spectrum.

» Ratio A(t — £X)/AB(t —» £Dv) allows partial
cancellation of systematics (mainly lepton ID).

* Most stringent limit, 2.2-14 better than previous.
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https://arxiv.org/abs/2212.03634
https://arxiv.org/abs/2006.04795

90% C.L. upper limits on LFV 1 decays

arXiv:2305.04759

Enhancing statistics: 7 — £¢

- /O * Channel favored by models with e.g. vector leptoquarks.
1075 ..... °* Improve Belle efficiency x2 by not reconstructing the other 7: £=6.5%(u)/6.1%(e)

.  Reconstruct t — Z¢p( - KTK™), suppress background with BDT instead.

_6_ ] ] ] = [ |

107 * Poisson counting in signal region (SR), expected background from reduced

- sidebands (RSB) in data, scaled with simulations.
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https://arxiv.org/abs/2305.04759

9000 £ Belle Il (Preliminary) —— Data —— MC total

2000

input for LFU tests.

Measuring the r mass i farnew R O
» Precision test of SM properties, important

. ReCOnStrUCt eventS IntO fourt‘racks Wlth E 1.&3;— ........................ ,?++++m_mmﬂ”++++++++
3 r NN e ————
Ty = CUU, (W)U andf. e .
* Access m: with pseudo-mass technique: :Z@:;eueumrenmmam o — o
Minin = \/ M2, +2(v/5/2 — B3 ) (Ejy — pi) Sy 5 wbos
» Fit endpoint with empirical function
incorporating smearing from ISR and
detector resolution effects. o of
1.7 1.72 1.74 1.7I\6/Imin [G‘Ie</8/02] 1.8 1.82 1.84
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10.59
~ Belle Il Preliminary — s
= = I
Understanding systematics s .....| /-«
© 10.585 |- o *
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Knowledge of the colho'!mg beams: 1057 | 8 S @ :
Beam-energy correction 0.07 -3 o b b 1y k10
Boost vector < 0.01 o) 100 20(? 300 400 500

, , Chronologically ordered events

Reconstruction of charged particles:

Charged-particle momentum correction 0.06
Detector misalignment 0.03 3o F
' - Belle Il Preliminary —I— Before momentum correction

Fit model: 3 y |
Fstimator bias 0.03 "\EI 5 f— fL dt =190 fb After momentum correction
Choice of the fit function 0.02 = - D" = Ka'n — =
Mass dependence of the bias < 0.01 % 2 5

Imperfections of the simulation: ('D_' 1.5 _

Detector material density 0.03 Qs |

Modeling of ISR, FSR and 7 decay 0.02 S :

Neutral particle reconstruction efficiency < 0.01 _t,'ﬂD 0.5 5

Momentum resolution < 0.01 E 0oF =

Tracking efliciency correction < 0.01 - -

Trigger efficiency < 0.01 -0.5 = z

Background processes < 0.01 R SO T NI ORI APV UV AU AR RUUTIN A

-1 -08 -06 -04 02 O 02 04 06 0.8 1

Total 0.11 cosb,



Events / (1.5 MeV/c?)

Pull

World's most precise measurement

arXiv:2305.19116
Submitted to PRD

* Proof of high-precision capabillities of Belle Il.

x10°

Belle Il Preliminary
fL dt = 190 b’ ;___,-Background

m, = 1777.09 = 0.08 + 0.11 MeV/c®

—_
A~ O

1.7 172 174 176 178 18 182 1.84
2
M_. [GeV/c]
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PDG Average (2022)
1776.86 + 0.12

BES (1996)

0.18 +0.25
1776.96 jr0.21 jr0.17

BELLE (2007)
1776.61+0.13+ 0.35

KEDR (2007)
1776.81 2>+ 0.15

BaBar (2009)
1776.68 = 0.12 = 0.41
BES Il (2014)
1776.91= 0.12 ¥
I I | I I I I | I I I I | I I I
1776 1776.5 1777
m, [MeV/c?]



https://arxiv.org/abs/2305.19116

LFU anomalies Iin B decays

SM expects lepton coupling to EW gauge bosons to be flavour-universal, but

tensions exist:

. BB - DV
RD"Y)= ——— 033
BB — DOvy)

Until December 2022, also In:

R(D*)

0.3

0.25

0.2

 The latter now essentially disappeared,
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I R A A A T A B A A I A

EPJC 80 (2020) 2, 74 P(Xz) 25%

0.2

though other tensions in b — s£¢ survive.
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https://arxiv.org/abs/2206.07501

B decay reconstruction: tagging

 The kinematics of a B decay with neutrinos can be precisely known through the use
of tagging i.e. the complete reconstruction of the other B produced in the collision.

 Hadronic channels provide exact knowledge of kinematics - at the price of statistics.

L AN

7

+ Full Event Interpretation using MVA: SN 2
e(B*/B°)=(0.5/0.3)% for hadronic tags (x2 of Belle!) [ y j
D*O D* D:

Comput Softw Big Sci 3, 6 (2019) N
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https://arxiv.org/abs/1807.08680

NEW!

Angular asymmetries intagged B - D * v

» Test light lepton LFU in five different angular observables:

Arn i X =cosb
dr\ : 0 dT o ’ ! ¢
c x — recoil parameter
Ad (w)=|— J' — J dx where |°3 %= 082X
dw 0o J_i dwdx Ss:x=cosycos@,| _ mp+mj. —q¢*c
. - ZmBmD*

* Most uncertainties cancel in the difference A/ = J* — ¢

* 4
PRI SN <> »D"
/ D* zero-recoill Wiow Whigh D™ maximum-recoll
: : —
W: w
1.0 incl. 4 575 1.5

Probe LFU independently from anomalies.

16




NEW!

Angular asymmetries intagged B - D * v

. Extract signal from fits to M?

-~ for each variable in 3 recoil ranges.

* First dedicated test of LFU using a full set of angular variables.

o Statistically limited: full LS1 analysis in progress. "% Jea
(Cdt— 180 1o L o
Whigh 300 - EEE Background
Z Wlow = _ A/I;B: Wincl.
®*  Wipcl. — 600}
—t SM 2, backwards forward
v/, Belle (2023) f§ :
—— N\ Belle IT (2023) o A00r
Bobeth, et al. - +
200

| I | | |

—-0.2 —-0.1 0.0 0.1 0.

AA = A" — A°

2
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Independent LFU test: R(Xen) ...

AB(B — Xev)
BB — Xuv)

* Binned fit on lepton momentum in the B frame.

. R(X,,) = with hadronic tag.

 Backgrounds fixed from off-resonance data
and sidebands, while XZ v floats freely.

 Most precise measurement, in agreement w/SM:

R(X.;,) = 1.007 + 0.009%2t + 0,019

e Systematically dominated by lepton ID
» Paves the way for R(X ;) = B(Xtv)/ AB(X V)

. R(D")) cross-check, only possible at Belle II!
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arXiv:2301.08266

[Cdt=189fb~!
15000 - I Xev Xuv [T
12500 E [ 1 e: Background u: Background [
- "l ¢: Continuum u: Continuum [l
e Z MC tot. unc. MC tot. unc.
E 10000 ' ¢ Data cg @8 “L. Data ¢
O : % e 5d
n 7500 s L-] ‘
"E [ e -
o 5000F } ]
> : W -
LU I
2500 F "“ '_1
N ij 2.0 o
g © 0.0 = =
5 $-20 (¢
= = 1.4 16 1.8 2.0 2.2 1.4 16 1.8 2.0 2.2

| ps . 1GeVic]

pB s [GeV/c]

Source

Uncertainty [%)

Sample size

0.9

Lepton identification 1.9
X v branching fractions 0.2
X_ v form factors 0.1
Total 2.1



https://arxiv.org/abs/2301.08266

arXiv:2207.11275

LFU in neutral currents: B —» J/y( — £0)K

1200 A
CD1000: Belle Il (Preliminary) Ldt = 189 fb
s I
. Tree level transition. Control sample for B —» K¢¢. 2 800 | 87 =K' JryteTe)
S 600 - ¢ Daa
L@ B —> J/ T K é 400;‘ "--zlagcnkag:round
. RK(]/W)SM — ( l//(//t +//t_) ) ~ 1 ?% 200;_ — f.: — 7t J/y(e'e)
%(B g ']/l/j(e e )K) © O5._2 5.21 5.22 5.23 5.24 5.25 5.26 %27[(53'.2\6/3/52._29
. FitM; .= \/E*beam p>I<2 and AE = E*,,n — E*p 2 oMo Bipnegitybdy,
Observable Belle 11 Belle (2021) S soo |- Belle !l (Preliminary) | g — 189 "
Ry+(J/¢) 1.009 £ 0.022 +0.008 0.994 + 0.011 £+ 0.010 s | B* K Jy(e’ )
RKg(J/QP) 1.042 4+ 0.042 4+ 0.008 0.993 # 0.015 £ 0.010 o - + [S)iagt:al
% _ Background
« Agrees with unity, still statistically limited. 8 200f — e
S el

-0.1 -0.05 0 0.05 0.1 0.15 0.2

e Systematics dominated by lepton ID, improved from Belle. A E [GeV]

Pull
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https://arxiv.org/abs/2207.11275
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arXiv:2206.05946

LFU In neutral currents: B - K*(892)¢¢

. Measure BF reconstructing K T( = Kon™, K*z°) or K™ — Kt~

o Mass veto on J/y,w(2S) - 767,y — eTe

* Remaining background suppressed with BDT - b

» Fiton M,,., AE with PDFs from B — J/y(£¢)K k

- Belle II (Preliminary)
[ L dt =189 fb!

[ === Signal

:_ = = Background
| === Total

H —# Data

‘ - -

2 521 522 523 524 525 526 5.27 528 5.29 -0.15 0.1 -0.05 0 0.05 0.1 4 2 521 522 523 524 525 526 527 528 5.29
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— P
EEN :

18F Belle II (Preliminary)
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14 F == Signal

| ==+ Background
12 H e Total

10 |t -+ Data

8 b NN |

- Belle II (Preliminary)

[ L dt =189 fb!

[ === Signal

. == Background
- == Total

- —#- Data

—
N}

—
(@)

Entries / [0.0078 GeV
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g M A O ®
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T
_*_
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2
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https://arxiv.org/abs/2206.05946

arXiv:2206.05946

Preparlng for LFU B — K*(892)¢¢

. _|_() 08 6 o . © | Belle II (Preliminary) > 29F Beglle II (Preliminary)
. _031 OO7)><10 1 > ®F/Ldt=189 b G ok [ £ dt =189 i
% Q) [ === Signal F = Signal
- 0.48 +0.09) X 10-6 S Bl S 10y Pk
% o 20 __*_ Data | '%' 144 —# Data ‘ i
- (). 30—|—O 08) < 10—6 2 s 2 12 ¢
— 0.07 ' i 2 f | — i ) = :
————— ——— e scad | E : * ST
‘ P |
" " 0 : S| 0 :
o COmpatlble Wlth WOrId averages. 52 521 522 523 524 525 5'26“/?;37[(35:\3/052.]29 015  -01  -0.05 0 0275 [Gevo].1

+ Comparable performance between e*e™ and u*yu~

o Statistically limited, with subleading systematics driven by particle ID.
» Branching fraction measurement of B — K£¢ is also ongoing.

 Ready to provide an independent Ry measurement with 5~10 ab-.
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https://arxiv.org/abs/2206.05946

PRL 120 (2018), 181802

Perspectives for b — st7

« SM suppressed: B¢ (B = K*17) ~ O(10~7), very sensitive to NP:
— up to X 10° enhancement with LFUV in 3rd generation

Br x 10%

. Experimental limits much weaker, ©(107>) at 90% C.L.

B(BY — K*771) (had tag)
ab™! 7Baseline” scenario ”Improved” scenario — Unique Belle Il reach!

1 <3.2x1073 <1.2x1073
5 <20x1073 < 6.8 x 1074
10 <18x107 <6.5x 107" arXiv:2207.06307
50 <1.6x1073 <53 x10*
. : : _ - Rp» &Ry 20
 "Baseline" follows Belle's analysis (hadronic tag, T — £vD) |arXiv:2110.03871 B Ry &Ry 10
® Br[Bs—>11]
 "Improved" incorporates T — 7vL. B Br[B->K" 1]
N B Br[B->Krr1]
« Can be improved even further by including B — K "t7 and better systematics. - BriBs>¢r1]

« Similar considerations apply to CLFV searches e.g. B — Xte and B — Xtu

22


https://arxiv.org/abs/1712.01919
https://arxiv.org/abs/2207.06307
https://arxiv.org/abs/2110.03871

Summary

* Belle Il offers a unique and fertile environment for LFU and CLFV tests.

* Analyses using 189 fb-1 can already provide world-leading results and access
unigue observables.

* 424 fb-1 recorded on tape: new analyses with larger statistics incoming!

» Data-taking soon to restart in winter 2023.
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D

o

Belle II

Base: Conservative extrapolation
from 2021 run parameters
Target: Extrapolation from 2021
with expected improvements
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NEW!

Angular asymmetries intagged B - D * v

Belle IT (2023) [Ldt =189 b~ !
A Whigh
FB lwina —e557 ——\4, T vow 7
Wincl.
S SM
3 [ ——— —— v/, Belle (2023) — e |
N\ Belle II (2023)
S5 [ 1 Bobeth, et al.
e — e — —
S7 e S e — — —
Sg —— —— — —

B
—0.2 —-0.1 0.0 0.1
Ae T A%M

0.2

L L
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Al A,
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