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Introduction

Observation of neutrino oscillations provided clear evidence @—>@
that neutrinos are massive and lepton flavour conservation \ /
is violated. @

What about the charged leptons?

@ Charged LFV can occur through oscillations in loops

@ The predicted rates are GIM suppressed o (](/1""’” )4

(1075* ~ 10™*%) for all the LFV p and 7 decays.

Observation of LFV will be a
signature of NP!

Many scenarios of physics beyond the
Standard Model (SM) introduce new
sources of CLFV (107 ~ 1077).

N 2
Baryon Number Violation (BNV), crucial . s - -
ingredient to explain matter-antimatter . . ] ; . . .
asymmetryy allowed in many models. (d) Heavy Neutrinos (e) Exotic Higgs (£) Supersymmetry

These models also holds for 7 and hadron decays

(a) Exotic Higgs (b) Z-prime (c) Leptoquarks
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B(7) factories: Belle & Belle I

@ Belle (1999 - 2010) and Belle 1l (2018 - ) operate at B-factories.
@ Asymmetric ete™ colliders optimized for the production of B meson pairs, but also
D mesons, 7 leptons, ... dark sector

@ Collisions mainly at Y (4S) : v/s = 10.58 GeV
(60 MeV below Y(4S5), T(5S) and others)

@ Advantages of experiments at B-factories
@ Well known initial-state condition and clean environment (low particle multiplicity)

@ Hermetic detectors with excellent particle identification (PID) and tracking
performance

Be”fe st';tEEBl' ;f)cfided Belle 1| @SuperKEKB, recorded
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LFV at Belle and Belle I

Existing and expected limits on LFV 7 decays [1]

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

BNV

- CLEO
+ ATLAS
-« cMS
LHCb
+ BaBar
+ Belle
+ Belle Il (5 ab™)
Belle Il (50 ab™)

Upper limits @ 90 % C.L.
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[2] G. De Marino, Anomalies and Precision in the Belle Il era (2021)

Neutrinoless 2-body or 3-body
decays to 52 final states.

In some SM extensions, cLFV
decays are expected at rates only
one order of magnitude below
present bounds.

Final state involving 7 makes
harder the reconstruction due to
the presence of missing energy.

Hadronic B tag used to infer the
momentum of the signal side

Belle Il will improve limits by 1-2
orders.
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https://arxiv.org/abs/2203.14919
https://indico.cern.ch/event/1037087/contributions/4494814/

7 LFV channels



Search for LFV 7 — ppup decay © Belle Il

@ Main analysis approach:

o Inclusive of 3 x 1 and 3 x 3
topologies

@ Selection and background
rejection using BDT

@ Belle Il with 424 fb—1
arXiv:2405.07386

o Extract signal yield from 2D
plane (Ms,, AE3,):

Ms, = \/E3, — P},
AE3, = ESY — Est

o For signal:

o AFEs3, close to 0 and Ms,,

close to 7 mass
@ Tails due to initial and
final state radiation
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https://arxiv.org/abs/2405.07386

Search for LFV 7 — ppup decay © Belle Il

= 0.4 Belle Il (Preliminary) 55 SR
6 ata 24f6" —— 205 SR
2 | simulaton: [ £at ~ dab! — Sidebands
@ Signal: efficiency: 20.4% (2.7 x Belle . .
efficiency) bl . °,
@ Number of expected BG: 0.5 ' (L
@ 1 event observed inside the SR . = -
® B(r — 3u) < 1.9 x 107% at 90% C.L. -
My, [GeV/€]
51.2 B s —— Most stringent limit to date
Ll e UL at 0% CL. on Bz - 34)
o = Obsesved CL, ATLAS 3.8x1077 (L =20.3fb71)
) LHCb 46x1078(L=3.0DY
: CMS 29x1078 (L =131fb71)
025 Belle 2.1x 1078 (L = 782 fb™1)
ok BaBar 3.3x1078 (L =486 1)
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Search for 7 — [VO(VY = p,w, ¢, K*) decays @ Belle

Previous search at Belle on 854 fb~! exploiting sl © Toub
1-prong tag [1] . Data
New results from Belle [2]: 02 B

Increase the efficiency using

o full data set of 980 fb™" [2]
@ more decay modes in the tag side
@ background suppression with BDT

AE (GeV)

f
2 e
1 prong g 3 prong ‘39 1.65 170 175 1.80 1.85 1.90

/|
> : o s M4 (GeVic?)
v 1 prong 3 prong

(mvs, v, 20 79v,) 04l = T-ed
. Data . .

@ Exploit topology and event/tag kinematics of
the backgrounds

@ Further suppress 7 — 37v and ee — qq with
BDT

@ Estimate expected background in SR from
sideband interpolation

AE (GeV)

70 175 180 185 1.90
Meq (GeV/c?)
[1] Y. Miyazaki, et. al., (Belle Collaboration) Phys. Lett. B 699, 251 (2011)

[2] N. Tsuzuki, et. al., (Belle Collaboration) JHEP 2023, 118, (2023)
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https://doi.org/10.1016/j.physletb.2011.04.011
https://link.springer.com/article/10.1007/JHEP06(2023)118##preview

Search for 7 — [V decays @ Belle

@ No significant excess in all modes — set ULs at
90% C.L.

@ 30% improvement over previous measurements:

o increased statistics (124 fb')
o higher signal efficiency (9%)

Mode e (%) Npg Osyst (%) Nops  Bobs (x1078)
50 778 0.95+0.20(stat.) £0.15(syst.) 4.6 0 <17
S etp® 849 0.8040.27(stat.) £0.04(syst.) 4.4 1 <22
™ S pte 559 0.4740.15(stat.) £0.05(syst.) 4.8 0 <23
™ s efp  6.45  0.38+0.21(stat.) 40.00(syst.) 4.5 0 <20
ot 327 0.3240.23(stat.) 40.19(syst.) 4.8 0 <39
™ s efw 541 0.7440.43(stat.) 40.06(syst.) 4.5 0 <24

™ & ptK*0 452 0.8440.25(stat.) +0.31(syst.) 4.3 0 <29
5 o P K0 6.94  0.5440.21(stat.) £0.16(syst.) 4.1 0 <19
™+ 5 pFK® 458 0.58%0.17(stat.) £0.12(syst.) 4.3 1 <43
T o K0 745 0.2540.11(stat.) 40.02(syst.) 4.1 0 <17
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Search for BNV decay 7 — A(A)7 @ Belle I

@ Belle Il: arXiv:2407.05117
o Reconstruct exactly 4 charged tracks (total null charge) in one-prong tag
approach
o A(A) is reconstructed from proton (anti-proton) and pion

o Signal selection and background suppression using loose pre-selection,
followed by Gradient-BDT

o The flight significance (L/o) of A and A candidates is one of the most
discriminanting variables.

Belle Il (Preliminary) Data: [rdt=3641b !
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https://arxiv.org/abs/2407.05117

Search for BNV decay 7 — A(A)m @ Belle Il

@ Signal efficiencies are 9.5% and 9.9% for 7 — A and 7 — An respectively
@ Poisson counting experiment technique in signal region in the
M(Am) =+/E3_— P?_and AE = E{M — \/5/2 plane
@ Expected events are 1 and 0.5 for 7 — Am and 7 — A respectively
@ No events observed

@ World’s best upper limits at 90% C.L. of 4.7 x 10~® for B(t — A) and
4.3 x 10~® for B(t — Am)

Belle 1l (Preliminary) Data:jtdt= 364 fb~! Belle 1l (Preliminary) Data:fﬂdt= 364 fb~!
0.4/ —— Signal region e Simulated bkg 0.41 —— Signal region e Simulated bkg
—————— Sideband 4 Data ----- Sideband 4+ Data
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Hadron LFV channels



Search for LNV and BNV decays D — pl @ Belle

@ Motivation: BNV is one of the crucial ingredients to explain matter-antimatter
asymmetry
@ In many models, BNV and LNV but their difference A(B — L) =0 is

conserved
o Valuable input to the search of leptoquarks

@ Belle performed a search for D — pl~, D° — pl~, D® — I and D° — pI*
(I =eor ) PhysRevD.109.L.031101

o 921 fb™! integrated data luminosity at and 60 MeV below the Y(4S) and at
the Y(55) resonance

@ The well-known D° — K~ x7 is used for normalization to measure the
branching fractions of signal modes.
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.109.L031101

Search for LNV and BNV decays D — pl @ Belle

@ Signal yields are extracted with extended maximum likelihood fits to the unbinned
Mpo and AM distributions of each decay mode

T 290F(c)o" e 3
150 I '
100 ) E |
50

e Signal: sum of 4 gaussian for AM, 2 b

fic

@ Separate PDFs are used for signal, peaking
and combinatorial background

= oo
g 8

Events/(5 MaVi
2

Events/(0.92 MeV/c?) Events/{0.92 MeVic")
5 8 &8c 8

Gaussian + 1 asymmetric Gaussian T ol
for MDO % 20
e peaking background, combinatorial 2 -o“L"HTWH .

background and the sum of the fits & . \ .

are Shown in the pIOtS. 18 182 M;B?Gel;;z:) 1.88 19 0.14 01;:’1(60&:"5'6) 0.155
Decay mode ¢ (%) Ng S(e) NY} Bx1077
DO — pe” 10.2 —6.4+8.5 17.5 <55
DY = pe” 102 —18.4+23.0 220 <69 @ Most stringent
D’ = pe* 09.7 —4.74+23.0 22.0 <72 upper limits to date
D = pe* 09.6 7.14+9.0 0.6 23.0 <176 .

°

DY— pu- 107 1104230 09 171 <51 Z'ri results for
PO pu= 107 —108+27.0 218 <65 pp
DY - put 10.5 —454+14.0 21.1 <63

D° = put 10.4 16.7 £ 8.8 1.6 214 <6.5
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Search for B? — 71 @ Belle

Belle: using 121 fb™! collected at the Y(5S5) resonance mass. JHEP08(2023)178

@ To suppress J/ — 171~ background,
M, 1, ¢ [3.01,3.12] for electron and
My, 1, ¢ [3.05,3.12] for muon case

@ To reduce combinatorial background,
ensure [; and I3 have the same charge

Bxa(slx)ol
@ FastBDT to remove ete™ — qg and e e
ete~ — BMOB(MO BB X Y©S)

0 .
¥ By (tag) is reconstructed

= By in a semileptonic decay mode

v, » B

' * B pHit(X)p

Events/(0.02)
Events/(0.02)

80. 1
FastBDT Output FastBDT Output
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https://link.springer.com/article/10.1007/JHEP08(2023)178

Search for B? — 71 @ Belle

e (%) Nixw Nobs B
(x10%)
B, — e 7t 0.031+0.007 068+069 3 <14
B, — p~rt 0.0304+0.007 0.77+£0.78 1 <73

@ Most stringent limit on B(B? — ut) < 3.4 X 10~° reported by LHCb [1]
@ First such limit reported on the B? — et

@ Belle Il could improve in the future

e More data collected at the Y(5S) resonance.
@ Enhanced analysis techniques such as full reconstruction of the tag Bg

[1] R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 123, 211801 (2019).
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https://doi.org/10.1103/PhysRevLett.123.211801

Search for LFV BY — K371 @ Belle and Belle I

@ Motivation: From the B(BT — Ktvv) excess [1] (2.7 o larger than SM) the
predicted B(B — KTu) is quite close to the current experimental sensitivities

([2,3] x 1075).

@ Belle and Belle IlI: Search for LFV in B® — K37l (I = u,¢e) from a combined
analysis of Belle (711 fb—!) and Belle Il (364 fb —1) dataset.

® Biag is fully reconstructed and kinematically constrained

Mye = \/E2,,./c* — [PBra, |2/c? > 5.27 GeV/c?
—0.15 < AE < 0.1GeV

o Full Event Interpretation (FEI) algorithm score is used to select the best
candidate

o 7 lepton kinematics is obtained from kinematic constraints and the signal
yields are extracted from 7 mass (M) as signal event peaks

[1] I. Adachi et al. (Belle Il Collaboration), Phys. Rev. D 109, 112006 (2024)
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Search for LFV B? — K%l @ Belle and Belle Il

Pkt .
412 [ Bgiie+Bolle Ml preliminary Data 412 iio+Bolle Ml preliminary Data
Em TLdl=1075'b" —g"’b::ﬁ‘ Em TLd(=1U75fb" —g':b;‘ fit
S g No18230 ~agrond 2 | No=26235 .- Background
8 8
ge g,
g4 £
. 4
@ BDT is used to remove charm 2 T &
. . 2
meson semileptonic decays i R TR S
background 1 12 14 16 18 2 Mi%s \1;.,41) n1 12 14 16 18 2 M{%G ‘2”:2)
i o Korer
° PDFS (Johnson’s SU function) %15 Telleﬂ'aellellprelin:nar; — Data ;:: elleoBeIIeIIpre\in:naf; —Data
21l |Lot= 107517 — Global it | 3 TL"':WE"" — Global fit
are used to model M E,, N, =-12:24 I E:z Ry=-29¢20 oS
10
6
a4
; .
of L FUAL o
2

_ L I Lt
2. 24 z1 12 14 16 18 2 22 24
M, (GeVic) M, (GeVic)

B(107%)
y Changelj _ €(10™%) Neig Central value UL These results are among
- Kst"u~ L7 -18+30 -1.0+16+£02 11 the most stringent limits
BY - Kyr—pt 21 26+35 1.1+16+03 3.6 achieved of b — s7l
B - Krte~ 20 —124+24 —05+11+01 15 transition to date.
B 5 KJr et 21 —-29420 -1.2409+0.3 0.8
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Search for cLFV in T(2S) — I7 decays @ Belle

@ Motivation: Experimental limit on the two-body CLFV quarkonium decay provides
complementary constraints on the Wilson coefficients of the effective Lagrangian
of new physics models

@ Belle with 25 fb—1:JHEP02(2024)187

o Signal signature: high-momentum lepton 1

o The 7 lepton decays to lavav, or w7 7lu,

e The I3 is required to have different flavour respect to the non-7 lepton (I1)
coming from the T decay (to remove copious Bhabha background).

o MVA (FastBDT) performed to further suppress the background (BhaBha)

Events/(0.01 GeV/c)

Ny e (b0 691
= 1
%5 46 47 48 48 5 51 52 53 0 0102 03 04 050607 0809 1 001020304 0506070809 1

P, (GeVIc) Oraor

T T

P, (Ge

Orgor
x0°

a2

Events/(0.01 GeV/c)

Events/(0.0125)

»e%“
K-
45 46 47 48 43 5 51 52 53

P, (GeVic)

15

[ Ll
0 01020304 050607 0809 1 0 01020304 0506070809 1

OFEDT OFEDT
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https://link.springer.com/article/10.1007/JHEP02(2024)187

Search for cLFV in T(2S) — I7 decays @ Belle

Signal efficiencies are 12.3% (8.1%) for Y (2S) — p7 (Y (2S) — eT)

Expected events are 3.9 + 1.8 (5.9 & 2.6) for Y(25) — ur (T(2S) — er)

Observed events are 3 (12) for T(25) — ut (T(2S) — er)

@ Upper limits at 90% C.L. of

B(T(25) = pur) < 0.23 x 10~°
B(Y(2S) = er) <1.12x 10°°

@ Belle obtained 14 (3) times better upper limits for T(2S5) — p7 (Y(25) — e7) as
compared to previous results from BaBar [1].

[1] B. Aubert et al. (BaBar Collaboration), Phys. Rev. Lett. 104, 151802 (2010)
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https://arxiv.org/abs/1001.1883

Conclusions

@ Belle is still providing new LFV results in 7 and hadron decays and Belle Il will
contribute more in the future.

o Some of them are world leading results: ™ — ppu, 7 — IV°, 7 — Am,
D — pl, B — re, T (2S) — I, and others...

@ Within the next years of data taking Belle Il will collect more data with
expectations of significant improvements in current limits, spanning from a few
parts in 1071° to 10—°

’
Belle Il Online luminosity Exp: 7-33 - Allruns 7/

Coming soon
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BACKUP SLIDES




7 LFV channels

@ Search for various decay models: Simple:good determination
of m; and E;

: : : gl}l{G& A few SM background sources
o 7= IV°(— hh')

o 7= IP%(= vy) Experimentally the

o 7 — lhi higher MOSt accessible

e T — l")/ background

@ Motivation: the decay channels forbidden in the SM
but allowed in several new physics scenarios

o LFV decay 7 — IV

o The 7 — u¢ mode is a sensitive probe for Physics Models B(T ~ ppp)
leptoquark models SM 10-53~1075
"N SM 1010
o BNV decay 7 — A(A)m e —
. . SUSY + Higgs 10
o BNV is one of the necessary conditions to SUSY + S0(10) 10-10
explain the asymmetry of matter Non-universal Z' 10-°
@ Beyond SM scenarios allow for BNV and
LNV

o LFV decay 7 — pup (Golden Channel)
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B and other LFV channels

@ We present results for these other
decay models:

D — pl
o BY — 7l
o BY = K271
e T(25) —Ir

t vr

@ The decay channels are fobidden in the SM but allowed in many BSM theories.

@ Some of them are searching also for BNV, and are optimal for leptoquarks
searches.

@ Final states involving 7 generally require special techniques due to the presence of
missing energy (neutrinos) and lack of a distinctive signature

o Belle Il offers improved software/tools (B-tagging with FEI)
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Search for LFV decay 7 — ¢ @ Belle Il

@ Untagged inclusive reconstruction, reconstruct signal side as phi meson +
lepton candidate, assign everything else (neutral clusters, tracks) to the rest
of event (ROE):

o higher signal efficiency (~ 16% improvement), more background
o backgrounds reduced with pre selections and a BDT trained against gG events
arXiv:2305.04759

B —= T
3 D (e e o =
S W o < 2 . ) Lum | BgY(e¢p) (x 1078) | BEY (uep) (x 1078)
e Toup Experiment | 1) exp. / obs. exp. / obs.
02 T BaBar [1] | 451 50/3.1 82/19
o — d - Belle 854 43/3.1 49/8.4
N Bellell | 190 15/23 9.9/97
ol
o

@ Results not competitive yet
(Small data set)

T pp= @ First, successfully untagged strategy
approach for tau physics at Belle 1l

16 17 18

L Bollo il Preliminary) 5 H Bello ll Prafminary)  ——
oo - T - mn- e

030]

@ exploited for other measurements

07

'
Upper limit on B(r - )

s
Upper limit on B(r  eg)

[1] B. Aubert, et. al., (BaBar Collaboration) Phys. Rev. Lett. 103, 021801 (2009)
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