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Search for Lepton Flavor Violating (LFV) B9 !" ' I*(I=eu) Decays

| Forbidden in the Standard Model (SM) without neutrino oscillations, but in principle it can occur via
neutrino mixing. The rate Is signibcantly below current and future experimental sensitivities.
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| New physics models such as leptoquarks [mod. Phys. Lett. A 33, 1850019 (2018)] OF Higgs-mediation in
supersymmetric seesaw models [pnys. Lett. B 549, 159 (2002)] Predict higher rates (~10-° - 10-10), #
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Higgs-mediated LFV processes
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Current Experimental Limits for B9qgs)!" ! ¥ Branching Fractions
‘ 378 M BB 9.6 M BB 3fb't of pp collisions
(90% CL) (90% CL) (90% CL)

BABAR CLEO LHCDb
Phys. Rev. D 77, 091104(R) PRL 93, 241802 (2004) Phys. Rev. Lett. 123, 211801

(2019)
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CLEO
%decay mode Branching Fractic " of F . L;Kib ’
e #:.$y 17:84& 0:05 "u# | "$ %+ PHH
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= L Sy, 10.90& 0:07
u 1" 1 0g,, 25:50& 0:10
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THE BELLE EXPERIMENT (THE FIRST GENERATION B-FACTORY)
5 S ()/OEL'(I')*+ -* */ Q;é Csl Calorimeter ég[lc;]gizerherenkov
| 4 KEK B-FaCtory T, " = , ~ 12 KLM Detector Ly

e Ny
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Superconducting
Solenoid
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Central Drift
Chamber

Silicon Vertex
Detector

Time of Flight
Counter

>1ab™*!
On resonance:
Y(5S): 121 b
800( y(4s): 711 !

-

o

o
|

I Operated at the KEKB collider in Tsukuba, Japan
(1999-2010).#

Y (3S): 3!
. | 600/ Y(28):25M " :
¥ Mostly asymmetric beam energy at " (4S)resonance Y(1S): 6 fb !
Off reson./scan:
(8 GeVe! on 3.5 GeVet).# 400  ~100 b’ i

| Collected about 772 million BB pairs.# 200

-RXIKVEXIH PY@®M

¥ The analyses presented here is based on the full BELLE

O - | | | | | -
) 1998200020022004 2006 200820102012
data sample recorded at the " (4S)resonance of 711 fb$1 —IEV
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ANALY SIS TECHNIQUE
¥In the " (4S) CM frame (" (4S} BB:#

I energy (E) and Momentum (p) of the other B (signal side) is known.#
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I Using E and p conservation, we can reconstruct % mass (missing mass) without seeing any % daughters.

The other B In
the event (Bsig)

~

Fully : : |
reconstructed B N . 6
meson (Btag)

Co— | In an event#
! IW | | !'i'&' N " & I Reconstruct a B meson decaying hadronically ( Biag).#
| =1, 1 | Exclude tracks coming from Biag,#

Qi s T
I In the other B (Bsig) side,#
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| calculate Mmissfor each lepton candidate and#

I obtain the missing mass distribution.
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3 EVENT SELECTION
[Q\|
%L ¥ Biag Side is reconstructed in one of 1104 hadronic decay channels using a hierarchical algorithm based on the Neural
= Network (N N). [M. Feindt, F. Keller, M. Kreps, T. Kuhr, S. Neubauer, D. Zander, A. Zupanc Nucl. Instrum. Methods Phys. Res., Sect. A 654, 432 (2011)]
Z
= o™ or" _ _
Sé ¥ Own>0082# BO!"p , On>0.095# BO!" e. Onn: A single classiber output.#
o ¥ (Buag) |'E | <0.05 GeV . Signibcantly suppresses ete# | qq
g ¥ (Btag) Mc > 5.272 GeV/c? # continuum events.
T | Exclude tracks coming from Biag Side.# . o =1 v
=z Energy dilerence: @ =1, .,
| 1.4 GeVic2 < Mpiss < 2.2 GeV/c2? # #

= | Every lepton candidate is a Bsig candidate. . |
I ' yep > Beam-constrained mass: | .= \/ $ 508 | &
S
S
@ : :

ol 01"
§> BO!™ 1 ( Monte Carlo (MC) using trugqu) Bol" e (Monte Carlo (MC)using true ¢
Icc_é) E 16005_ § 12005—
< gEM _ Window [1.65-1.90] GeV/c? \g\
T g / IS used to hide the number >
= > .0 of events on the data. g oo0f-
X - T
Csﬂ. 200%— 2002_
E 9;44 - 154 - 41-6 1.7 1.8 1.9 Lé_LJ | l21.1l l$12.2 9; | I_ll.iSI_L_‘LLlﬁ | I1.|7I - I1.|8I - I1.9I - I2I | I2.1 2.2
% Missing Mass (GeV/c2) Missing Mass (GeV/c?)
0 6



3 BACKGROUND STUDY
(Q\|
LL
o BO!l" U BOl" e
Z Generic MC + data Generic MC + data
: 1 % [ = o —
é 5 [ $ 40 m- B+
— © [ = :Insu - © - = :Insu T
;<5 8 40 B !;irri:s data 8 - !;iresdat 1 - CC
> o - o
> = L D D* = . B uds
12 . T 2 290 | ——— ulnu
= S 20 | i 3
> ‘ﬂ‘ > S rare
i ]
5 W —a— Onres data
-g. R== _— = = ™ = = = ‘
o E5
1.4 1.5 1.6 . . 2.2 1.4 1.5 1.6 1.7 1.8 1.9 2.2
Mlssmg I\/Iass (GeV/C ) Missing I\/Iass (GeV/C )
4 ¢ O
LEJ CU 2 e CEU
| © 0 +—
< E_L ______ u [ DO — - v a

| Background originates mainly from b!c and b'ul $decays smoothly falling in the Mmiss distributions.#

| BO!" u : Because % is misidentibed as LI* , two small peaks are observed: one at Mmiss &1.869 GeV/c2 (D meson)

and the other Mmiss & 2.010 GeV/c? (D* meson).
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Fit Components

§ UNBINNED MAXIMUM LIKELIHOOD (ML) FIT DESCRIPTION
& Fit Variables Fit Window

< | Missing Mass (Mmiss) | Mmiss [1.4 - 2.2] GeV/c?

é Bl " Bl le

2

¥ Signal BO! © " events that contain correctly identibed

§ U@ (true signal) [95%]# ¥ Signal B2 ! e " events that contain correctly identibed
g ¥ Signal self-cross-feed (SxF) events debPned as events eOs (true signal) [86%]#

g containing mis-identiped @ [5%], ¥ Signal self-cross-feed (SxF) events debned as events
g ¥ Background (Combinatoric BG (4Q), b'ul $, rare B containing mis-identibed eO414%,

lg decays) ¥ Background (Combinatoric BG (q0), b'ul $, rare B

é ¥ Peaking BG-1 (BO'D %# decays)

| ¥ Peaking BG-2(B°!D "%

=

Floating Parameters:

:55 ¥signal, background and B°!D % B°!D *%

=l peaking background yields # | signal, background yields,#

% | background shape parameters. | background shape parameters.
N



: Validation of Analysis Method with Control Sample BOID ) #

%L MC (BO, B+, dq, blul $,rare B decays

= Same BO!" ! prevent selection criteria < F —so iy

Z =600 —

< > B+

O Q B

< Y (Bug) |'E| < 0.05 GeV . o L = °Z 1 i

— | uas a

< ¥ (Btag) Mac >5.272 GeV/c2 . S 400 inu

= ¥ Onn > 0.082. = [ EEE

=z ¥ Exclude tracks coming from Biag Side. %200 - —|_|_|j LFL
¥ 1.4 GeV/c2 < Mniss < 2.2 GeV/c2, Lﬁ -
¥ Every Yrandidate is a Bsig candidate. i

BOI D # 1'580 | D *# Missing Mzass (GeVic?)
(MC using true#) (MC using true#)
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BOID ) # Unbinned ML Fit Description

Fit Variables

| Missing Mass (Mmiss)
Fit Window

| Mmiss [1.4 - 2.2] GeV/c?

Fit Components
¥ Signal B! D ) %events that contain correctly identibed %8 (true signal) [95%]
¥ Signal self-cross-feed (SxF) events debned as events containing mis-identibed %o [5%],

¥ Background (Combinatoric BG (qd), blul $, rare B decays)

Floating Parameters:
| signal, background yields,#
¥means and widths of core Gaussians of BO! D %and B! D *% PDF functions,#

| background shape parameters.
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: BOID () # ML Fit Results
3 ¢ f #
z; E B o BO qD U I n — $),&

© ---B” gD* U ' "
§:§ S 00— Background I #!!—! ]
E e - —— All components
f’é E . —%— Data
b= % Hindf=0894 | SUTHEASR L AS 1 = e Y $="HOR ) &%
Z |

0 Blel le(preliminary )

% i Ldt = 711fb’ 1 Nisig | (signal efficiency including
-g B BoID # - 2136 + 71 tag-side branching fractions and
= e sint eSS BOID *# - 2071 + 74 reconstruction efficiencies) :
= fa Le ) BOID # : 11.2x 104
S BOID *# : 10.3 x 104
(s 4
3 :
I . .
S Branching fraction x 10-3
] Mode World average This measurement| Di! erence

B 1 D I* [252+ 0.13 (stattsys) 2.54+ 0.11 (stat) 0.1"
B I D" I'" | 274+ 0.13 (stat+sys) 2.67% 0.12 (stat) 0.4"
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Events / ( 0.016 GeV/c?)

o
o

N
o

20

B! !'| ML FIT RESULTS

B! 1"

Signal (B ° ) 7)
---B SDux
--- B 5D 7
~ - -- Background v2/ndf = 0.545

u — All components
—¢— Data

: 7> B!elle(prellmlnary) |
i Ldt = 711fb' * A

PN
- W
B2 Y 2SR ERE TR =2~ T %s
@+ )+ ‘ [ [ R |

bbb b T

W

Events / ( 0.016 GeV/c?)

pull

Bl le

- - SignalB° ge Y

- === Background __
40— —— All components H/ndf = 0.702

- —¢— Data

I ==y Belle(preliminary) + | /le

- </ O /
20— Ldt = 711fb" * B

i 4

+ | P
= hd & = ] -t +

_—-|$-—_J-—u;-l_________!__J.'l_‘_J___I___|___|__J__J___J___L__

94 = L | ]

M. (GeVic?)

RN O NB

12



N HYlya ATMACAN N DPF2021

Q
[,
m
]
©
©
@)
-
e
()
=
(@)
=
(@)
&
I_
O
-
@)
| -
©
q8)
1L
i
=
=
i

Search for Bol "

Conclusion

¥ We have searched for the lepton-flavor violating B! * ! |£ (I=e, 1) decays using the full Belle data
set.
¥ We find no evidence for these decays and set the following upperlimits on the branching fractions

at 90% C.L. using frequentist method.:

|
(x 104)
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TWO KINEMATIC VARIABLES USED IN B-FACTORIES TO IDENTIFY B MESON

~
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| To identify B decays, kinematic variables are used: Mgc and 'E

Mgc : beam-constrained mass %E : energy difference

|1 =1 "1
' P g

~

5.20 5.29

5.2 Sy 9.3 -0.2 -0.1 0 0.1 0.2
- Mgc (GeV/e) &E (GeV)
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| Eg and Ps are energy and momentum of B candidate, and#
Ezeam IS the beam energy in the $(4S) center-of-mass frame.

| continuum events [e* e # qq (q = u.,d,s,c)]#

Search for Bol "
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Bolyu " Pdf Fit Using MC

—
S
N | " Background | "
. . . : H+$¢ # : H+PH H#
0 Signal (Tr Double Gaussia Signal (SxF) Double Gaussian ! |
% Igna ue Igna X . ( MC qggbar + ulnu +rare) .
Z N% 3500 — H / ndf = 2.066 N% - ¥2 [ ndf = 0.494 N% 100__ K/ ndf = 0.827
Z O - fe=0.9227 ! 0.0053 O 6ot-f,= 0.350 | 0.082 o T Stream 1 pl=-15.15 ! 3.0
< 5 3000 " .= 1.77525 ! 0.00027 GeVic} S [ "_= 18787 ! 0.0071 GevV/c’ S gol— p2= 5.17 ! 0.80
2 S Js00F- "= 1.7750 ! 0.0031 GeV/c’ = 50 H-" = 2.000 ! 0.053 GeV/c? = i
> % ~ X = 0.03257 ! 0.00027 GeV/c % E o.= 0.0457 ! 0.0086 GeV/c? % _
|<_E it 2000:_ X = 0.1066 ! 0.0032 GeV/c? @ 40 G, = 0.134 | 0.030 GeV/c? i 60—
- - H pl1=-249! 14 - ’
P 1500 — P p2= 78136 T 01— )
D= m - frac_mMissSig_sxf= 0.81 ! 0.1 | - ‘
L 1000— 201—= T + -
2 - - 20— +
500{— 10— u +
— I U S A Y ¥+, < S B + e, 2vag
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S - S 350[—
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g § 300f+ " .= 1.86858 ! 0.00083 GeV/cf § - | "= 2.00862 ! 0.00088 GeV/c’
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Bo! "ePdf Fit Using MC

—
N N N " [ 1} "
o ( ) + - . : | " H+SH #
al N S F
2500— _
D % B H/ ndf = 1.230 % 90 H- B/ ndf = 0.556
= < - = 1.931! 0.012 GeV/c® O Hf.,=0151011
= § 2000 — X= 0.1864 ! 0.0084 GeV/c® § 80% = 1.7648 ! 0.0068 GeV/cq|m .
< > L fe= 0277 1 0.033 = 70 E—" = 1.890 ! 0.023Gev/ic® | N | LA
2 - — 2 = ]
2 : - = 1.7954 | 0.0037 GeV/c 2 S ol >$‘ 0.029 1 0.024 GeV/c? |
= T 1500 = 1.77720 ! 0.00049 GeV/¢ 3 H x = 010411 0.0091 Gevidf
— - X. = 0.0649 ! 0.0040 GeVi/c? 508 p1= 28 1 10 |
?é - X = 0.03076 ! 0.00076 GeV/¢f 40H-p2=-6.24 1 2.7 y +
P B frac_sig= 0.8778 ! 0.0086 30§ frac_exp_sxf= 0.639 ! § 1078 x
:E B ———————— e +
500_— 20;_
Z : e —
R o K l-illl‘lllllllllllllllllllllllll
() 9.4 15 1.6 1.7 1.8 1.9 2 2.1 2.2 Q.4 15 1.6 1.7 1.8 1.9 2 2.1 2.2
g mlss (GEV/C ) mlss (GeV/C )
+—J 4 4
cd :II 2 :ll 2
© o 0 o 0
(@) a a
S 4 4
B
=
(@) o —
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e > F R/ ndf=0.716
c) o) [ 1]
= o F | p1=-095136 , Background | "+ #
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n — ~ 40_
- % B
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. | "H+PH #
< - i 01 SxF 1
S e BO Il D # (true signal) Double Gaussian BOI D # SxF signal!
=} Pdf Fit using MC : 9
LL S ~ “: 12— -
al S a5of[ A/ndf=0.868 s 1| H/ndf=0.504
a 6 F|f.= 087310017 © [[|pl=09!31
- — — —
Z S 3000 "_= 1.86858 | 0.00083 GeV/cf S 10| p2=099 ! 081
o N N—r —
= = C| "= 1.8714 ! 0.0084 GeV/c? = L
6 € 25017 x = 0.02858 | 0.00084 GeV/c] 5 8 t+
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2 200;- 61— §- //»0
|<_( 150 B T // T
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Search for BOl' "

¥Generated 10000 experiments with different number of possible signal yields (Nsig?e") varying from 0 to 16.

Linearity Plots

=
o

Ny, Measured
=
AN

=
N

UPPER LIMIT ESTIMATION

(systematic uncertainties are not included)
¥Using the frequentist method.

Boly "

" Mode - N Measured vs NSig Generated

10/

Sig
- H/ndf ' 1683/7 ................. ................. "
— | pO 0.08477 ! 0.04987 | .. . .. T S e o
- | Pl 0.9886 ! 0.005457 | f e : ;

..................................................................................................................................................

0 2 4 6 38 10 12 14 16

Ny, Generated

Bole ~

e Mode - NSig Measured vs NSig Generated

o
<& — : : :
§ 16:? a7 ndf 5627/ 7 ............................................................................
S 1404 PO 0.002171! 0.05296 ... . i i i
F Flpl  0.9981! 0.005833 |

g ] TR S S S SOt SUREEEP RN *<a SN OURRUUUURS SOOPPPPURPPPPRRI -

...................................................................................................................................................

0 2 4 6 38 10 12 14 16

Ny, Generated
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Search for BOl' "

Confidence Levels

o
o

o)
o

80

70

60

50

UPPER LIMIT ESTIMATION

(systematic uncertainties are not included)

¥Fit the generated toy experiments and, for each input signal value, calculate the fraction of the ensemble
which gives a fitted signal yield less than what we observe in the Belle data set.

l Mode - Confidence Levels vs NSig Generated

...........................................

2 4 6 8 10 12 14 16
Ny, Generated

|°/(&:|||
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e Mode - Confidence Levels vs NSig Generated
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SYSTEMATIC UNCERTAINTIES

Source B°" "*u [B°" "*e
PDF shapes 0.7 0.3
Self-cross-feed fraction < 0.1 0.1
Total (events) 0.7 0.3
B tag 4.5 4.5
Track reconstruction 0.3 0.3
Lepton identibcation 1.6 1.8
MC statistics < 0.1 < 0.1
Number of BB Pairs 1.4 1.4
f° (@B " B°BP fraction) 1.2 1.2
Total (%) 5.1 5.2
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FINAL RESULTS

UPPER LIMIT ESTIMATION
(systematic uncertainties are included)
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