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v LFV searche > at B-factories

Lepton Flavor Violation (LFV) is allowed in various extensions of the /
Standard Model (SM) but it has never been observed @

See talks by:
Kiyoshi Hayasaka
Pankaj] Munbodh

Innes Bigaran
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Search various decay modes:
— T > PPP Simple ——p  Good determination of £ mass and

l} energy + few SM background sources “

— 7> ¢K,, Ah " -
— 7 - V(> hh") Difficulty of

N b

— 7 = fhh’ o —

— TPy o —_ ~ Tough determination of = mass and
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Search various decay modes: -

— T PP Simple ~ ——p  Go0d determination of z mass and |
energy + few SM background sources

| Golden channel: 7 — 7
experimentally the most

accessible
- T ‘EKSI Ah ' . - ref: https://arxiv.org/ ~ diated
-l pdf/1808.10567.pdf > mediate

— 7 - V(> hh') Difficulty of

f: https://arxiv.org/ _
~ T P (s yy) || PACkBround PN

/
—_— - — |
T > thh | o |Golden channel: 7 — uy

— Ty T _ Tough determination of zmass and | | grgest BF in models

energy + irreducible SM backgrounds where a one-loop
— — ——————  diagramis involved NuSM

Wi
Physics models B(t — uy) B(t— uuu) U<, -
SM + Vv mixing 107%° ~ 10722 | 10723 ~ 1079 Ref: https:/arxiv.org/pdf/1301.4652.pdf
SM-+heavy Majorana Vg 10~ 10~10
Non-universal 7’ 10~° 1073
SUSY SO(10) 108 10~10 An observation would be a
MSUGRA + seesaw 10-7 10-9 clear signature of NP!
abs/hep-ph/0705136 SUSY Higgs 10-10 107
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Search various decay modes: I | | Golden channel: T > puu

* EENYYY. Simple ——3  Good determination of r mass and | experimentally the most
1 energy + few SM background sources | accessible

- T ‘EKS, Ah ‘ - — —_______ ref: https://arxiv.org/ : ]
* SRR 'fVO (_) hh') Diffi culty of pdf/1808.10567.pdf Z’ mediated

— 75 ¢P° (> yy) Packground P orr AN

! I |

— T thh | Golden channel: 7 — uy

* o | energy + irreducible SM backgrounds where a one-loop

— | diagramisinvolved NuSM
See talk from W

Sourav Dey later today Physics models B(t — uy) B(t— uuu) ZEas7m >
SM + V mixing 1074 ~ 10752 | 10723 ~107°° Ref: https:/arxiv.org/pdf/1301.4652.pdf
SM-+heavy Majorana Vg 10~ 10~10
Non-universal Z’ 10~ 10~°
SUSY SO(10) 108 1010 An observation would be a
mSUGRA + seesaw 107 10-2 clear signature of NP!
hon tr0s0 3 SUSY Higes 1010 10~7
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Introduction to the B-factories: Belle & Belle ||

The Belle experiment (1999 - 2010) and the Belle Il experiment (2018 - ) operate at
B-factories KEKB and SuperKEKB — collisions of et e- at Y(4S) resonance: 10.58 GeV

Belle recorded Lint ~1000 fb-1 Belle |l recorded Lint= 424 fb-1

Belle II

o(ee - bb) ~ 1.1 nb

KL and muon detector
Belle Detector o(ee — 77) ~ 0.9 nb et o g e
* . ' (end-caps , inner 2 barrel layers)
. . Aerogel Cherenkov cnt.
S(ljsslt‘)lenmd < N Do n=1.015~1.030 l EM Calorimeter [N
' SNY) Csl(T1), waveform sampling electronics
CsI(Th) 2fiey € Nt ~4x108 @Belle |l w“
x . ._
TOF counter : | —= | Particle Identification
: . A . . - T faCtory' electrons (7 GeV) =N N Time-of-Propagation counter (barrel)
A \ - { _ | ' Prox. focusing Aerogel RICH (forward)
". ' J
; X . Vertex Detector
: Central Drift Chamber g 701
g X /‘\,\{,BP" cell +He /C2H6 2 layers Si Pixels (DEPFET) +

|
\-.’ -

4 layers Si double sided strip DSSD

u/'K; detection — positrons (4 GeV)
L . . Central Drift Chambe
14/15 lyr. RPC+Fe Advantages of studying t physics Smaler ol ize,lng laveram

at B-factories:
» \WWell defined initial state energy
e Clean environment &

* High hermeticity of the detector Luminosity world record

@SuperKEKB: 4.7 x 10%*cm 257!
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Analysis motivations: 7—[V0

Decay channel forbidden in the SM but
allowed in several new physics scenarios

Unparticle model Leptoquark model

Ref: https://arxiv.org/pdf/hep-ph/
0703260.pdf

Ref: https://arxiv.org/pdf/2103.16558.pdf

10~k | S
Ref: https://arxiv.org/pdf/0901.3266.pdf . ; ; 3
1E-6 - - - - - - — u = Unparticle B Excluded at 95% CL | _
Current experimental 0 | E
= sensitivity ot ; :
1E-8 — %‘t BellelI(50ab™") 44
e T T 107 | ,
1E-9 == O ,
_____________ e 0oL i -
Y e Ry T
T_ LQ 10_” - cg: I
1E-11 e ¢ = withRHcurr
- —12 N
LQ = Leptoquark S 10 | =R J -
1B-12 4 T ' T ' T ' T - | 10_8l | 10_7 | 10“’ | 10_5 | 1()_4 ‘ luil()_3
0.02 0.04 0.06 0.08 0.10 .
P B(By, — 17 ")
One of the golden channels for this model Nice interplay between B and 7 physics!
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Analysis steps for 7—IV0 @Belle

Belle analysis on Vo= (p%, ¢, w, K*)

ref: https://arxiv.org/pdf/2301.03768.pdf

Analysis including 3-prong decay for ztag With ~850 fb-

1 prong tag 3 prong tag

E><—'—><:1 pong + ><—0—><23 prong

(lviv,, v,, z(n 7Oy,

Analysis steps:

e Event selection and background suppression via BDT
* Prepare BDT classifier for each LFV mode
- For all modes: V9 mass; event tag side & decay
modes; event shape and kinematics
> Additional for the lw modes: momentum of r° from
w and lower energy of the two photons from 1©
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Analysis results for z—IV0 @Belle

No significant excess found — set ULs at 90% CL by counting approach

Mode e (N) Npg Osyst (%)  Nobs Bobs (x107°)

T > ,uipo 7.78  0.9510.20(stat.) £0.15(syst.) 4.6 0 < 1.7

7= > ep’ 849 0.80+0.27(stat.) £0.04(syst.) 4.4 1 < 2.2
T > uted 559  0.47+0.15(stat.) £0.05(syst.) 4.8 0 <23 o
7= 5 ety 6.45  0.38+0.21(stat.) +0.00(syst.) 4.5 0 <20 e
= > pfw  3.27  0.32+£0.23(stat.) +£0.19(syst.) 4.8 0 <39 o
7™+ s eTw 541 0.7440.43(stat.) +0.06(syst.) 4.5 0 <24 o
T = utK* 452 0.84+0.25(stat.) +0.31(syst.) 4.3 0 <29 e
75 = eTK*  6.94 0.5440.21(stat.) +0.16(syst.) 4.1 0 <19 o
T - K 458  0.58+0.17(stat.) +0.12(syst.) 4.3 1 <43 o
T+ 5 eTK*0  7.45 0.2540.11(stat.) £0.02(syst.) 4.1 0 <17 e

g

World best results!
0 -8
B(z —»eV) <(1.7-2.4) %10 ~30% improvement wrt previous

Bir > uV)<(1.7-4.3)x10°® results done @Belle with 543 fb-!

ref: https://arxiv.org/pdf/0801.2475.pdf
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e/M
¢

Analysis steps for 7—l¢ @Belle |

Belle Il analysis where V0= ¢

ref: https://arxiv.org/pdf/2305.04759.pdf
Untagged reconstruction approach @

sig tag v

- - Any First application of untagged
decay approach with 190 fb-

Signal MC only

1.00 -

AE, [GeV]

0.75

0.50 -
o Definition of a Signal Region (SR) via the M, and AE,, = E>‘< \/_/2 :
0.25 -

 Event selection and background rejection using via BDT

Belle Il Simulation
T — ep

0004 .,

—0.25—'5 e e
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https://arxiv.org/pdf/2305.04759.pdf

Belle Il analysis where V0= ¢

ref: https://arxiv.org/pdf/2305.04759.pdf
Untagged reconstruction approach @

tag ’

S
J - - Any First application of untagged
0, 4—.—><decay approach with 190 fb-1

Signal detection efficiency ~ 2 x Belle

% 1.0E Belle Il (Preliminary) - MC background ~ —— RSB
&) - Data: [Ldt = 190 fb! e Data — SR
5 08f MC: [Ldt = 2ab~!
<] i
. . . . 0.5F T = e
o Definition of a Signal Region (SR) via the M, and AE,, = E;‘;b — \/3/2 L .
0.2F oL,
 Event selection and background rejection using via BDT — - - —
0.0 . -
: . - 5 y———
 Background events evaluated from data in the sideband _02F . :
—0.5 5— ! oo .
—0.8 ‘ A T T T S S S S S S R S SR S | ot

1.6 1.7 1.8 1.9 2.0
M, [GeV /c?]
17t International Workshop on r Lepton Physics: 72023 - Alberto Martini for Belle Il - 5 December 2023, Louisville Kentucky USA 11



https://arxiv.org/pdf/2305.04759.pdf

Belle Il analysis where V0= ¢

ref: https://arxiv.org/pdf/2305.04759.pdf
Untagged reconstruction approach @

tag '

S .
J - - Any First application of untagged
0, 4—.—><decay approach with 190 fb-1

\
S

Signal detection efficiency ~ 2 x Belle

% 1.0E Belle Il (Preliminary) - MC background ~—— RSB
&) - Data: [Ldt = 190 fb~? * Data — SR
508 MC: [Ldt = 2ab~!
<] i
L . . . 0.5F T e
o Definition of a Signal Region (SR) via the M, and AE,, = E;‘;b — \/3/2 : : .
0.2F . * .
 Event selection and background rejection using via BDT — : I I - : =
00 . - - - . . ]
. . 2 s L
e Background events evaluated from data in the sideband _02L . :
e Poisson counting experiment approach in SR “05F e
—0.8 _‘. P Y U S T E S S R S (O S S I ST SRS, S S
1.6 1.7 1.8 1.9 2.0

M, [GeV /c?]
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Results for 7—I¢ @Belle ||

: : Mode
_ _ Quantity Region
No signal evidence — set ULs ep o
at 90% CL Nexp SR 0.2370:5° (stat) 0.3670 53 (stat)
N s SR 2.0*_'%3 (stat) 0.0f(l):g (stat)
5100 » 1.00 :
S i Belle Il (Preliminary) == CL; cps Q'q; Belle Il (Preliminary) = CL; ops
[ Ldt = 190 fb~? ===+ CLs.exp [ Ldt = 190 fb~1 ===+ CLgexp
i +20 CLs,exp I +20 CLs exp
0.75 0.75 : ’
_ B 10 CLg _ ; B +10 CLsexp
. — a=10% ""._ a = 10%
- _ _8 B T _ _8
0.25 - 0.25
....... \m i X107 00 1 N ! . x10~"
2 4 0 2 4
Upper limit on B(7 — e¢) Upper limit on B(7 — uo)
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Analysis of =3y @Belle ||

Best upper limits on r—3u from Belle: 2.1 x 108 @90% CL with 782 tb-1 but Belle Il is already competitive with 424 fb-

Fully reconstucted decay of the signal tau

*No backgrounds from SM processes
* Tight signal region — large background reduction

using AE;, = E and Mj),

0.3

TSig Ebeam

' Belle Il Simulation 55-8“3_'-
T popt e — 205SR -
—— . Sidebands 102

0.2F

LRI

AEBM [GBV/CZ]

Signal MC only. . @il

LY ISR
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0.0 [~

Qap] s

—02 ~ . *"-:,:-‘ e ‘
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Analysis of 7—=3u @Belle |

Best upper limits on 7—3u from Belle: 2.1 x 10-¢ @90% CL with 782 fb-1 but Belle Il is already competitive with 424 fb-

Fully reconstucted decay of the signal tau

*No backgrounds from SM processes
* Tight signal region — large background reduction

using AE;, = E and Mj),

0.3

- Selection and background rejection based on BDT

Tsig Epeam - Inclusion of 3x1 and 1x1 topologies
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0.1

ool -
. e .0
— .t . -
| e ! . -'.u_
. -. .' - - '
o . - P LI
Pen e a :-'."
—0.1
- Pt ment T
Cimne b
e amST
L L
R s
. .. e e
R O
B R e
TR L bt
| I -
O 2 = . IERREAE T
. o SR RIS
. " . -, ved g
J . A L T BT
N . s : _...:-: 'l:"'."'lk"h b
oaeowd, T
A
TR
T
¢ ...}?.

. . = 1 . .o '
o BT T g St MDD
3 A A T
—0.3F . = -
. e . - ) .ot

' Belle Il Simulation
T

5§SR -+

—— 205SR

Signal MC only. ;@i
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- Wt
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...
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700 1705 T TR0 Ty

TR0 1825 1850

M, [GeV /]

Inclusive tagging schema
107 1prong sig
+

3prongs

- muon identification cuts optimised as a
function of the track momentum

101

3x1 topology schema U
tag sig
:k. T T U
100
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Results for r—3u @Belle |I: inclusive approach

Analysis selection and results: inclusive approach Inclusive tagging schema
GBoost BDT trained on 32 variables: 1prong g T T o
- n ' u : . +
e Inputs from: signal 7; event tag side; event shape and kinematics 3prongs

esig= 20.42 + 0.06% ~3x larger than Belle & Expected BKG: 0.5 events
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Results for r—3u @Belle |I: inclusive approach

Analysis selection and results: inclusive approach

GBoost BDT trained on 32 variables:

e Inputs from: signal 7; event tag side; event shape and kinematics

£sig= 20.42 + 0.06% ~3x larger than Belle & Expected BKG: 0.5 events

0.2

0.1

02

0.1

0.0

—0.31,

~ Belle Il (Preliminary)
Data: [ Ldt =424fb~!
- Simulation: [ Ldt = 4ab™!

56 SR
200 SR
Sidebands

- Simulated
1 event observed backciound
i inside the SR Data
O S o + O
+
- — @ @

| ) ° .. +
N o
e e °
bo °
| e F o oI
i ! +
%4 ®

1700 1725 L0 1775 1800 1825 1850

Mglu [GGV/CQ]

—-0.5

0.6

0.4

0.2

0.0

upper limits using the CLs method

Inclusive tagging schema

1prong tag sig
e
3prongs

No significant excess in 424 fb-1 of data — 90% C.L.

2-Belle Il (Preliminary)

L Ti — Iuiluqtlui
[ Ldt=424fb7!

---- Expected C'L, median

Expected C'L, &+ 20
B Expected CL;+ 10
—+— Observed C'L,

0 1 2

B(T% — ¥ i)

3 4 D

x 1078

Obtained most
stringent limit

1.9% 1078
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D D

/S Summar /S

BELLE — . — — Belle 1II

e B-factories are a perfect environment for LFV searches on r sector

e Belle and Belle |l are also a r-factories!

» New high profile searches: &

e 7—|V0 @Belle & Belle Il and 7—3p @Belle I r—la search @Belle Il
in Sourav Dey’s talk

e Belle |l worked hard to overcome the larger samples

from Belle/BABAR to produce competitive limits % nLZ
* More results to come with a larger dataset so stay tuned! Cy 0 Z( '
—
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Phase space for the r—3u search

% | Belle Il Simulation 9
c:\1> 3.0_—7'i —> ILLjE,u:F,LLjE =
O W
S
£
NEVN
Quite uniform
2.0 distribution, a part for
low masses
—— ——
1.5
1.0
L ..h .* \ 10
0.5" o i.i;% - !iﬁ:.
: [ | ] . i 1. N | :I
i || .I..|I!I:..II:. I..i]Hf 1535_17% ..

08005 10 15 2.0' T 95 3.0 0
Mglw (GeV?/c?)
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T — la motivation

Search for LFV two-body decay 7 — [+ a (| = e, )
a IS an invisible gauge boson that can be predicted by

several NP models — LFV Z’, light ALP candidate, more..

Light ALP: JHEP 09 (2021) 173

11
10 IIIII 1 I I I I 1 ]IIIII 1 1 IIIIIII §
|(:l,'lj|=|C/,'/,'|=‘I E
0 Mu3e-online/~ .
% 1077¢ MEGII—fwd (F=100) E
'O £ MEGI|-fwd (F=1)
D i S " ——————— - - - - - - " :¢=:’\
R 109 = ————————————————————————————— \___,' ¥ =
(@) =
N i \\I H
®) i : 2
'_% 10°¢ WD RQ = E Projected
< : cooling <3 Belle-1l 50 ab-'
< i cooling o \
©
2 107} 2 =
= O
E’ : SN1987Ace —d ;
GEJ ARGUS -
10°¢ NG
/p : - ' CTa<Im-
SN1987A,, \ i
IIIIII| 1 ] IIIIII| ] ] lIIIIl| 1 1 llllll 1 lulljlllllt 1 llllll l|| 1 Illllll
10° 104 10° 10° 10/ 108 10°
m, [eV]

B(r — (o) /B(1 — (VD)

0.06

0.05

0.04

0.03

0.02

001

Best upper limits on B(t — [a)/B(t — lu)

from ARGUS (1995, 476 pb-1)

IIIIIlIIIIIIIllllllllllll

1 I I | | I | | I | | | | | | I | I | | I I | | I I | I | | I I | I |
OT—ex
BT UX

ARGUS: Z. Phys. C 68 (1995) 25

¥

llllIllllIllllIllllIllllIllll

0.2 04 0.6 0.8 1 1.2 14 1.6
M(ax) [GeV/c?]
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T — lo analysis @Belle |

ARGUS analysis approach is adopted — definition of pseudo-rest (ps) frame

Lt :
3 pronog A L 14000F Belle II A —4— Data
(BF~1 5 A)) T . j p N SN\ Total uncertainty
e Tagside: 7 — 37v, 12000} [Ldt=62817 &1 % -
. : j 3 N | Other
------ » V., e Pseudo-rest frame implies: = 10000} . v—eq, M, = 1.6 GeVic’
—_— - S [ s & t—ea, M =12 GeVéc
+ T o — pT ~y — p37l' ; 8000 ’- NQEEELLILE 1—=>ea, M =0 GeV/c
& .2/ [
—<———  _ E.~\/sI2
ﬁllzrus LLl 4000 I
/_ T e \eto neutrals: JZ'O, 14 |
~ signal , o _ 2000
Y side e Selection optimised on 7 — VD, |
V) ) ) 0 =f . wus? —— Tireaepap.
e/y ;' as IrredUCIble background 0 02 04 06 0.8 1 12 14 16 1.8 2
Xe
04 _
. Belle Il —4— Data
I_)’ 14000:— det _ 62.8 b ‘......-.. ffffffffffff Total tincertainty
31 12000} NNk Other
~ .
— [ t—pa, M, = 1.6 GeV/c®
© 10000¢ T—=>po, M =1.2 GeV/c?
e : t—pa, M_ =0 GeV/c?
5 8000f @
[= [
© 6000}
Ll :
4000}
: : : [ : : : :
Signal signature: bump in the x; = distribution 2000¢ .
mfcz/ 2 W) et
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Results for 7 —>la I

95% C.L. upper limits using the CLs method — no significant excess in 62.8 fb-1 of data (2019-20)

Ref: https://journals.aps.org/prl/pdf/10.1103/PhysRevl ett.130.181803

Maximum likelihood fit on x| distributions = UL on the branching fractions

s

Best measurement today: 2.2-14 times more stringent than

previous best limits depending on the value of the & mass

-3 . -3
a0t Ry < (1.1 -9.7) X 10 o R,, <(0.7-122)x 10
= 20 - Belle Il —~— Observed UL || Expected UL * 1 std. dev. T o5 _ Belle I ~-Observed UL [l Expected UL + 1 std. dev.
i~ 18 - ILdt =62.8 fb - -- Expected UL Expected UL + 2 std. dev. |>1 l JLdt =62.8 fb™ - -- Expected UL Expected UL + 2 std. dev.
‘o 16F 3. ook
T 1af T |
GIREPY: G
D 10 Q
3 3
o 8 S
T 6 1
O ©
Q 2 Q
0 | | | | ] | | | ] | | | | | O ] | | | | | | | | | | | | |
0 0.5 0.7 1 1.2 1.4 1.6 0 0.5 0.7 1 1.2 1.4 1.6
M, [GeV/c?] M, [GeV/c]
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Physics: T analyses

tag 3prongs

BF~15%
3x1 topology | ) 1x1 topology

et ! e §
» < » <«
T ﬁzhrus T ﬁzlzrus
/ signal / signal
lprong ' (gr-gs5% lprong " . (BF-g5%)
V V v 1%
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