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Overview

@ |Introduction

® general physics motivation
® Belle II

@ Recent results
¢ for LFV (and BNV)
e for light new physics

@ Closing

(C)LFV = (charged) lepton flavor violation

BNV = baryon number violation



Motivation

@ lepton number, lepton flavor, baryon number

e cach, conserved in the SM (with m, = 0O for LF) due

to accidental symmetries

e with m, # 0, LFV can occur but suppressed by
_ S« e D5 53
B(r—lv) = 327T\ g U:U “ <10 1

(m, /my)*

@ Observation of LFV will be a clear signal of NP

e many BSM scenarios predict CLFV with
Berpy ~ (10719 = 1077)

(c) Leptoquarks

©) BNV (a) Exotic Higgs (b) Z-prime
- . . N X
¢ crucial ingredient for BAO (matter-antimatter . .
asymmetry) .' AN
S S N ) S W i
(e) Exotic Higgs (f) Supersymmetry

(d) Heavy Neutrinos



SuperKEKB and Belle Il

Interaction

Region Belle |l detector
__ £ ‘

=

7 3 l\\\“’

electron ring

<« |

positron ring s injector;
: to Linac

positron damping ring

— 7GeV 4 GeV +
€ ) (*) é € We also have data taken off-resonance
\/g — 10.58 GeV — mT(4S)02 as well as energy scan around Y (55)

e Not just a “B-factory”, but tau-factory as well (charm-factory, too)
o(ete” - Y(4S) - BB) ~o(ete™ — t777) ~ O(1 nb)

¢ 7-tagging = make most 7 LFV analyses nearly background-free
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Total integrated Weekly luminosity [fb~1]

Belle Il luminosity

Belle Il Online luminosity Exp: 7-33 - All runs
integrated TUmiRGaIy
i Recorded Weekly
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. 25 b~ at Y(29)
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For LFV (and BNYV)

(A AT
t - ¢TYY
T > An~, An”
Y(2S) —» £+
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T H //t //t //t inclusive

tag
@ Belle Il with 424 fb!

@ two hemispheres

o for Ty and Tiag Belle II

g :3 + Data E pp(y)

<t ) /Ldt:424fb_1 — Signal 0 eepp

e separated by a plane | n; (thrust axis), 280 Blr ot ) =4x10°° — 0 g

‘. ) ThTT , Stat.

maximizing T S |p*, - firl 2 g Une
T = H}&X ( L L " ) 0N ]
- , . iy i [p*il §60 .
@ inclusive tagging E
e allow 3 X 1 and 3 X 3 (measure all the .
neutrals, too) :
¢ signal optimization and background rejection .
by multi-variate analysis (BDT) |

- L
0.0 0.2 0.4 0.6 0.8 1.0

BDT [pw]
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2D analysis for signal extraction

@ variables

@ analysis regions
e +2(00 analysis region
e sideband — for bkgd. estimation

e S50 signal ellipse (“SR”, blinded)
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' Belle Il (Preliminary)
- 10" simulated events
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—l— + — + = | BelleII Data e
T % /4 /4 ﬂ j 10 /Ldt:424fb1 i Signal 0 pu(e)
g B(r——p ptp )=5x10"% HEE gg > %tr?g
2 s
check agreement b/w data and MC for the EN
BDT output ]
e [SB] 2.OJ_F8:§ (MCQC) vs. 3 events (data) * Z
expected N(background) I~ e B
e data-driven method using 3 regions " 02 0.4 0.6 05 10
. . pPPT [a.u.]
N, = 4, outside SR with 0.2 < p®PT < 0.85 S .
S Ldt =424 fb ! — lsDia?al E o
Ny = 2, inside SR with 0.2 < pBPT < 0.85 PR E e
N, = 1, outside SR with p"PT > 0.9 E
Np &

Nexp:NCXV 3j
f |

AR

® Neyp = O.7J_r8:g (from pseudoexperiments

assuming Poisson dist. for Ny, Ng, N)

1NN

O | T | ] ]

0 2 4 6 8 10
Distance from signal peak in the 2D plane [J]
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-+ Data 0 pppp
—— Signal 0 pprr
. g Stat.
.t 777 Une.
—4
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Belle 11

i /cdt — 424!
B(r~—p ptp”)

—6x 1074

Signal region

—— +200 region

— Sidebands
4+ Data

AE?’M [GGV]
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[

|

BT — ptpuut) = (2.1

* dominant syst. uncertainties
from momentum scale (16 %), signal region (J_rg'g %
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Upper limit of B(t™ = u " uu™)

1.2 -

1.0

Belle 11

/ Ldt =424fb~!

Expected CL, + 20
BN Expected CL, £ 10

---- Expected CL, median
—4— Observed CL,
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LFV and light new physics from Belle II

@ UL estimated with CLs method
(modified frequentist in RooStat)

e 5 x 10* pseudo-experiments at 40
uniform points in the BF range

(0-5) X 1078

@ observed (expected) limit:

FB <19 (1.8)x 1078

® most stringent to date
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JHEP 06(2023)118 D
T —> ‘/ 980 b~ of Belle data (126 tb™" more than previous)

@ Motivation

T- up?, electron tag

~
o

e 77 = u*¢p thought to be a sensitive probe for LQ models - | = BRG-pp0)=1.2x10-0x 100
e some models (unparticle, type-lll seesaw, littlest Higgs) predict %50 T ’
% ~ 010719 = 107°)
Analysis feature g= | +
e tagside: /v, ntv, T, 7T 71'071'01/ ) 212_ etk JH*,M‘“HW ‘
e signalside:Z =e, yand V=p", ¢, w, K°, K T Tosesmie,
® reject missing particle(s) (any missing particle should be in g ;. - pp°, hadronic tag
the tag side) N *“""’:1'2"10_8" 10
v cosOt _ag > U and additional cuts depending on mode 200

e BDT to further reduce the remaining bkgd.
Y Myo, M2, PS™ T, P78 Ehemi coggom.

tag miss—tag
v (categorical) 7 decay modes collision energy

v (additionally for f+a))p81g Elow

=
o
o

Ul
o
T

Number of events/(0.1 GeV?/c?)
o S
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JHEP 06(2023)118 Phllf=<
B

04 © T-up° (a) 0.4} T-ed (b) 0.4} T Hw | (C) 0.4} T pK™ (d)
Z Data * Z Data . j Data ﬁ Data
02| e : 02} R 02} o o2
> . > — : S > —
8 T L. ,-@ .......... 8 oobe ° o zTmer 8 8 8 0.0l --..
O 00f. Ly oS ED O oof* . gEe 9 ool O o0} .
w SNPAIETL TR DL N L - aegr et w ' w ' S ey
e :: \.'",'.........-1. T e . Pe . - - e 0..: g - g . . : ;
—02f 8 &0 : —02F V.t el P —02} —0.2f." .
a'.‘.'.:’.’c- et [ 2 e e ’ -:.‘ e
-h!‘:‘::.:.'..". ........ EREEEETY .. ‘.. ..... oo - .o »~.o, 3 _:o .
A e —04p satEe ) . Lol ST —oabte Lttt
R T ) , PRI TR IS A R O » | o , |
1.65 1.70 1.75 1.80 1.85 1.9C 1.65 1.70 1.75 1.80 1.85 1.90 1.65 1.70 1.75 1.80 1.85 1.90 1.65 1.70 1.75 1.80 1.85 1.90
M0 (GeV/c?) Meoy (GeV/c?) M, (GeV/c?) Mg (GeV/c?)
—8
Mode e (%) Npa Osyst (70)  Nobs  Bobs (x107°)

@) 77 = pp°
T — e_po
T U P
(b) 7~ = e ¢
(C) T — U W
T — € W
T — ,LL_K*O
7~ — e  K*V
(d)y7= — p~ K*Y
T~ > e K*Y

7.78
8.49
5.09
6.45
3.27
5.41
4.52
6.94
4.58
7.45

0.95=0.20
0.80+0.27
0.47+0.15
0.38+0.21
0.32+0.23
0.74+0.43
0.84+0.25
0.54+0.21
0.58+0.17
0.25x0.11

stat.) £0.11(syst.)
stat.) £0.02(syst.)
stat.) £+0.05(syst.)
stat.) £0.00(syst.)
stat.) £0.03(syst.)
stat.) £0.01(syst.)
stat.) £0.03(syst.)
stat.) £+0.12(syst.)
stat.) £0.06(syst.)
stat.) £0.01(syst.)

N 7~ N 77N 7N 7NN SN TN NN

O = O O O O O O = O

“ ... the upper
limits are
improved by 30%
on average ...”
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Pull Events pre 0.5 MeV/c?

N
Ul

arXiv:2407.05117

T = An~, An™
baryon-number-violating (BNV)

¢ in SM, baryon # (B) and lepton # (L) conservations are accidental
® but sphaleron processes could result in BNV & LNV, while preserving B — L

e some NP models predict BNV, with |A(B—L)| =0, 2

D
o

Belle I

. \ ‘P(ﬁ)
analysis approach . ‘
— A — 4 7‘4("3)
e use A » pn~, A\ - pr IP"‘\
® require 1-prong tag, resulting in 4 charged tracks &) +— ‘ RgrAl e
® signal selection and optimization by Gradient-BDT .‘// tag side \
e use sideband in (M, ., AE) for bkgd. assessment

Data: [£dt =364 fb~! Data: fﬁdt 364 fb~

Belle Il Simulation T~

- A\n- signal

Belle Il (Preliminary) Data: fEdt: 364 fb~1 Belle 1l (Preliminary)

0 Belle Il (Preliminary)

T~ s> A\T- :{I giatr?al- ee((v)) - AT~ | Data mmm ee(y) - >AT- } Data — ee(y) 0.4t  —— Signal region ----- Sldeband
0 (a) ng( ; g’:aty 60! 1 Signal uu(y) < ( ) [ Signal uu(y) |
¥ (C) o a TT(Y) Stat.
> Q B qq Unc. o m qg Unc. —_
O 40t b )
: ) Q.20 O 0.0
c v —
5 ) C W
LI>_| 20!t G,>) 4 —-0.2
o L
3 L lilllio
0 . L -0.4
@ 0 }o 40 80 Mizg . : L L
1.110 1.115 1.120
1.701.721.741. .781.801.821.84
M(prt~) [GeV/c?] L/o(N) GBDT output of T~ > A~ M(ATT) [GeV/c?]
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™ = An~, Ax~ Result

Signal counting in (M, ., AE)
o efficiency: 9.5% (9.9%) fort™ — An~ (A7)
3.2tL7(5.5%2 fort™ - An™ (Axn")

sim __
° NSB —

e 7 (6) events in the SB for 7~ — Azn~ (Ax ), resulting

in Negp,

—1.2

_ 1.3
= 1.07,1

—1.6

(0.5 £ 0.6) for background

® 7zero event observed in each mode

branching fractions

¢ dominant systematic source: hadron ID (~2.2%)
Bt~ = An7) = (2.5 %107 < 4.7 x 1078

Bt~ > Ar)=(-12+£28Hx10°<43%x 1078

=3.7-1.4

—-0.5

e world’s most stringent BF upper limits

- D
arXiv:2407.05117

Belle Il (Preliminary) Data:fﬁdt= 364 fb?

—— Signal region e Simulated bkg |
------ Sideband + Data (a)
|+ .
i <
i ° + p ® o [
8 o
i aF o
i oF
o °
________ P S
3
hd . . .
1.70 1.75 1.80 1.85

M(Amr) [GeV/c?]

Belle Il (Preliminary) Data: [ £dt =364 fo~

Signal region e Simulated bkg |
4+ Data (b)

1.75 1.80 1.85

M(Am) [GeV/c?] 15



Y(2S) = £* ¢t

v/ D
arXiv:2407.05117 <S>

Belle I

@ Motivations

e 2-body CLFV decay of a quarkonium
e can provide complementary constraints on the Wilson coefficients of the £ 4
of new thSiCS models (D.E. Hazard and A.A. Petrov, PRD 94 (2016) 074023)
Analysis features S s 1
< 1 (aue || ety S 041
o —_— o > N 1 e*e T.”“A > Y(2S)->inclusive
e use Belle data with 25 fb~! @ Y(29) in & 08l Sy 035 =
n m‘ﬁ{% : e‘e->e'e 0.3 [ ]signal
. S 06E e o W ;ﬁtgal 0. { data
Belle IT analysis framework (B2BII) 32:’ N eyelf =
B TR »0.15
e high-momentum primary lepton (¢|) from §° Soe e
L L O Emuna Dol on T e W
+ _F 45 46 47 48 49 5 51 52 53
Y(25) - ¢ p. (GeVic) p. (GeVic)
o use7" decaysto £ vUor ' D s " e | T e
% ’ \ 213 :g% ) % 0 3'5 j":’ ?’é_g)zjnclusive
. 0] 1k %gi(ggﬁmcluswe 0] e BREY mﬂ[ﬂﬂlﬂﬂgig;zg?e:e:e"
® 7, to have different flavor w.r.t. £, to = o8| g ot Y SFeR
4 ) . \ ) . —:2 +
suppress copious bkgd. from Bhabha Sor Sovs Bl Ly
<3N T 0.1 Phes AL,
processes Q 02 - D 2005 e
. - %5 a6 47 4.8 49 5 51 52 53 - %5 46 47 %‘ 5 51 52 53
e FastBDT for further background suppression p. (GeVio) p. (GeVio)
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Y(2S8) = 7

12

1

OrgpT distributions for the four ch
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O
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+ data
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=
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S~ eaete
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S Mok
R SR o
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% +A” +a 1+
o e'e->e'e
. 2 |k ianal
10° i [_]signa
o R + data
- A
= Batatats
N o .:,‘
=~ R ?ﬁ
+ + . 4+
£ 10 SR
C . 401
= ol 5 RIS 3
) i S Hp Sl
Sh SAH B g 1
> SRR o | b :
il R iy By B
‘| NI SR
I I I = } SRS R X
= &4 I 3 2 4
M MM B ;
N| % B | &
i S
Rl 0 T00 IS 1 Scam 1118 0 M 1 ) o om o 8 | o, WO

0 0102030405060.70809 1
FBDT

JHEP 02(2024)187 D

Belle I

e'e->utu
e'e->e‘epntu
ee->t'1t
Y(2S)->inclusive
e'e->qq
e'e->e'e
] signal

+ data

annels; signal component assumes % = 1 x 107
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Events/(0.01 GeV/c)

Events/(0.01 GeV/c)

JHEP 02(2024)187

D

+ =
p{k distributions after Oggpp > 0.94
" (a)u-e | S " (o) pn o
12 [i] et S > 8 B s ete ->T'T
[ 1Y (2S)->inclusive ) i Y(2S)->inclusive
10 efe'->|e*e'u*u' (5 [ |:| signal
8 ,, ; letr;a 5 6 '_ t data
6 i S 4 -
4 a |
5 Il { qc) 2 e
g, TR N . 1L S N—
45 46 47 48 49 5 51 52 53 45 46 47 48 49 5 51 52 53 Modes esig (%) A7bkg Nop
* exp
p, (GeVic) p, (GeVic) T(2S) = pFrt | 123+£0.8 | 3.9+£18 | 3
- P - F =+
00 (0 o E— O T(25) » eFr¥ | 81+1.1 |59+26 | 12
C e'e->T'T > : e ->T'T
8 e'e>e"e Q 3 al ﬂﬂﬂ]ﬂ]ﬂmﬂ e'e->e‘ee'e
L 1 T(2_S)->|n_cluswe (5 C
- % ef; ->Ip+|,1 4 |+ |:| signal
6 - snar;a ™~ = st —6
: = S 4 o B(Y(2S) — put) < 0.23 x 10
B 20 : —6
2 2 ; + H B(Y(2S) — er) < 1.12 x 10
) 1
WH HJH} T o gl 111010 AR @ 90% CL
45 46 4.7 48 49 5 51 52 53 45 46 4.7 48 49 5 51 52 53
p, (GeV/c) p, (GeV/c)

Belle (this) results are 14 (3) times more stringent than BaBar (PRL, 2010)
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For ‘light new physics’

o(ete™ = ntn~ ") for a/fWP

1

ml
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connections to muon (g-2)

g— 2 EW ED CD CD _ _HVP , _HLBL
a'u:( ),u:a —|—CL'LCL2 —|—CLILC;2 Cl//? _a,u +a,u

9 M
(82%)  (18%)

oo(eTe~ — hadrons)

oHVP,LO _ o K(s) Riaa(5)ds, Rhad(s) =

= ., .«

H 372 ) . s opt(ete” = utu=) "
HVP Measured R-ratio
al.l (auHVP Erro r)2 100 [ T T T T T Full hadronic R ratio
E>1.8 GeV i |
KSK:[OV 10 |
K*K- |
e T '
T[""IT"ITO'ITO\ » - 0.1
| 4
~7% m i
0.001 i
e 150 T 0.0001
~ o)
~ o —
73/0 1e-05 04 06 08 1 1.2 1.4 1.6 1.8
Vs [GeV]

(a) The hadronic R-ratio.
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arXiv:2404.04915 $
accepted for PRD |

+ - + - 0
ole’e” > n"n )
e Study ete” — ntz 7" decays in & = 191 fb~!
® as a function of \/;’ by using ISR technique
e reconstruct ete™ — 7t 1 % gg, for 0.62 < v/s' = M(37) < 3.50 GeV

@ Kinematic fit for background suppression

e constrain (E, p) of z7n~ " yq to that of e e~ beams

@ Validation (“scale factor”) of backgrounds in control samples

_ _ + - + 7.0
ete” =t nn0y e'e > K"K 7y

§ 400 Belle Il Preliminary 4 Data § 70 ;—ﬁedlze_”lglrefg?mary t D?ta_

© 350 4 [Ldt=191fb" Mt non® Qg RIS B KK

O] v O F K'K % control sample + -0

= 300 y 4my control sample  [Trn*n'n% — 50F [mmn’y

o [[]Others g 40

2 o 30F

ke £ 20

£ g 10

0

18 §
= E "cg E 1 ’ * ) !
83 | R AR FETRARASRAERE

Z o 95 1 15 2 25 3 35

M (37) (GeVic?) )1

e
|
9
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|
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arXiv:2404.04915 $
accepted for PRD [y

o(ete™ - ntan Y

~ 0
Nfull(VISR”+7T )

N, partial(yISRﬂ T _)

e(nV) =

¥ efficiency as a major analysis challenge

The e(7") is determined to an accuracy of ~1% by comparing full- and partial-

. . + _—_0 .
reconstruction in the @ — 77z~ 7" region
partially reconstructed fully reconstructed
Al
§ - Belle Il Preliminary * O 5000 [ Belle Il Preliminary )
8000 - (Ldt =191 fb” Data > = (Ldt =191 fo

) - N
= :f 2 4000 __f { Data
© 6000 - oty o - e ndy
= i ™ 3000 [
S 4000 - Background o 2000 Background
7)) B 7)) B
GCD 2000 B GC) 1000 -
c I c -
LLl O s LL

o -
— ¢ 9
S ©[F
o F |

-5 L . . . . . . C|E . . . . . .

06 065 07 075 08 08 09 o095 » G6 065 07 075 08 08 09 0095

M(r*n 7l ) (GeV/c?) M(x*x e, ) (GeVic?)
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Entries per 25 MeV/c?

arXiv:2404.04915 $
accepted for PRD |

o(ete™ = ntn ") Results

; . Differences of the measured cross section around the @ resonance
5 Belle Il Preliminary 50
10° F _ -1 —~~ -
- JLdt=19110" 2 " Belle Il Preliminary ¢ BABAR(21) ----. Belle Il Error (Total)
o o A0F 191 fiy] SND (03) Belle Il Error (Syst.)
104 - Dn";n*'fr nly : °°° & 8 30 — f - 4 CMD-2 (04)
- KKy s . o =
- EWNonISRag ME o 20 }
108 |- EFSR g W gf ; S 10 Feeeedl L. s } _____________
= 3 — -~ o RS N p= T,
; %%*ﬁﬁﬁﬁ%ﬁ S 0 R L IR RL LG o mmmmmmmmmmmm R ATt
= C I _______ '.'.‘-..s-m -------------------------- .
1025— § _10 g__ ........ L d” } %DA l:l4 $ o ;ﬂ I:l} n o Ll LhetT =~ . 4 'l:L~ ?
_ nw -20 F
n -
10 ¢ O 30 E | L L | |
| 5 —59.76 0.77 0.78 0.79 0.8 0.81 0.82

06 07 08 009 1
M(3r) (GeV/c?)

° a,7(0.62 — 1.8 GeV) = (48.91 £0.23 £ 1.07) x 107"

® main syst. uncertainties from efficiency and absence of NNLO in the MC

® 6.5% higher (2.50 significant) than the global fit = move to smaller ‘anomaly’
a,"(0.62-1.8 GeV) = (45.91 £0.37 £ 0.38) x 107 '°.
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Closing remarks

Belle Il has returned from LS1, and started Run 2 data taking in Feb. this
year, collecting more than 0.5 ab™! data sample in total.

Belle Il has searched for LFV and BNV decays of 7, and they are nearly
background-free. VWe expect much improved results with more data to be
pouring in.

® We also show recent searches for LFV processes, 7~ — Z~ V" and
Y(2S) — £*F from Belle.

In addition, we present Belle Il measurement of o(ete™ — nt 2~ 7"), which
is highly relevant for muon (g-2).

@ Run 2 is about to resume (in a few days) with the goal of collecting data
sample of several ab™! in the coming few years.
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Thank you!
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(a) The hadronic R-ratio.
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