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MOTIVATION

Search for Lepton Flavor Violating (LFV) B/ — = I+ (I=e,u) Decays

e Forbidden in the Standard Model (SM) without neutrino oscillations, but in principle it can occur via
neutrino mixing. The rate is significantly below current and future experimental sensitivities.

d w e, u’
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W+

o

e New physics models such as leptoquarks mod. phys. Lett. A 33, 1850019 (2018)] Or Higgs-mediation In
supersymmetric seesaw models [phys. Lett. B 549, 159 (2002)] predict higher rates (~10-9 - 10-10),

d. e+,l,l+ V € ,u
0 0 0
h IH IA- I_IO - ‘,7
| - DN

b T
Higgs-mediated LFV processes
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Current Experimental Limits for B/,,) — = I* Branching Fractions

378 M BB 9.6 M BB 3fb-1 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)

BABAR CLEO LHCDb
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T—€Vr Ve T—T T T Vi
7 decay mode Branching Fraction —
T_)HVI Vu
e v, 17.84 = 0.05
T 7 17.36 = 0.05
TV, 10.90 = 0.07
a7 7y, 25.50 = 0.10
a7 maly_ 0.25 =0.12
T T, 9.33 = 0.08




ANALYSIS TECHNIQUE

* In the Y(4S) CM frame (Y (4S)—BB):
» energy (E) and Momentum (p) of the other B (signal side) is known.

» Using E and p conservation, we can reconstruct T mass (missing mass) without seeing any T daughters.

The other B Iin —
the event (Bsig)

Fully
reconstructed B
meson (Biag)

* In an event

» Reconstruct a B meson decaying hadronically (Btag).

» Exclude tracks coming from Btag,
» In the other B (Bsig) side,

» calculate Mmiss for each lepton candidate and

» obtain the missing mass distribution.
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EVENT SELECTION

e PBiag side is reconstructed in one of 1104 hadronic decay channels using a hierarchical algorithm based on the Neural
Network (NN) package in BASF. m. Feindt, F. Keller, M. Kreps, T. Kuhr, S. Neubauer, D. Zander, A. Zupanc Nucl. Instrum. Methods Phys. Res., Sect. A 654, 432 (2011)]

e Onn>0.082 > B > 7u,Onn>0.095 > Bl > re.

Onn: A single classifier output.
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> * (Btag) IAEI <0.05 GeV . Significantly suppresses ete~ — gg

> * (Btag) Mac>5.272 GeV/c? . continuum events.

T e Exclude tracks coming from Bi.g side. .

| clude tracks coming from Breg side Energy difference: AE=F _—F

o e ulD>09->B'—>7u,elD>09->B0—>re

O

m o 2 . 2 - -
- 1.4 GeV/c? < Mmlss.< 2.2. GeV/c? . | Beam-constrained mass: M :\/EZ _pz
3 * Every lepton candidate is a Bsjy candidate. BC BEAM © B
[ B — t u (Monte Carlo (MC) using true p) BV — v e (Monte Carlo (MC)using true e)
=l R 1800 - -

o) - S B

= I 1600 § 1200:

ey O - o) i

g © 4400 8 1000 —

S =g _— Window [1.65-1.90] GeV/c? \5%_

: IERLS / IS used to hide the number > T

';;' T ool of events on the data. .j'ij e

E 6002— 400:—

QT 400;_ 200:—

% 200 -

"_E 9.4}4 15 16 1.7 1.8 1.9 %44 | 121.11 EpY ?.:1' | I_l1.i51_LJLL1.6 | |1.|7| - |1.|8| 19 2 21 2.2
% Missing Mass (GeV/c?) Missing Mass (GeV/c?)
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B — T u

BACKGROUND STUDY

Generic MC + data

Bl —> Te

Generic MC + data

c\’,c'; 60 c\flc')\ L BO
> e = > == D
@ B @ ) 40 B QD
(D BB uds (D BB uds 1 ] B+
© B uinu | © B uinu
5 40 B rare 5 B rare 1 - CC
O. B O. -e- onres data
= = uds
~ - D D* - B J -
2 - 2 20 - | —— ulnu
S 20 T S
u ‘ I
> > 3
o f Y 3 - e
. vl bt —— Onres data
» i + it 4 i -
O = =hd M i=a _— o SmE O [y
1.4 1.5 1.6 1.7 1.8 19 2 2.1 2.2 1.4 1.5 1.6 1.7 1.8 19 2 2.1 2.2
Missing Mass (GeV/c9) Missing Mass (GeV/c9)
4 = %
% : i TS S
Sl I--.‘-._-L: *.-I-'-L.——J ©
CDU ) ;_ ....................................................................................................................................................... D
aE—_

* Background originates mainly from b—c and b—ulv decays smoothly falling in the Mmiss distributions.

e B0 — 7 u : Because r'is misidentified as u* , two small peaks are observed: one at Mmiss ~1.869 GeV/c2 (D meson)

and the other Mmiss = 2.010 GeV/c2 (D* meson).
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UNBINNED MAXIMUM LIKELIHOOD (ML) FIT DESCRIPTION

Fit Variables Fit Window
o MiSSiﬂg Mass (Mmiss) ® Mmiss [1 4 - 22] GeV/c2
B—otu B—ote

Fit Components

e Signal BY — 7 u events that contain correctly identified

w’'s (true signal) [95%)] e Signal BY — t e events that contain correctly identified
e Signal self-cross-feed (SxF) events defined as events e’s (true signal) [86%]

containing mis-identified u’s [5%], e Signal self-cross-feed (SxF) events defined as events
e Background (Combinatoric BG (gq), b—ulv, rare B containing mis-identified e’s [14 %],

decays) e Background (Combinatoric BG (ggq), b—ulv, rare B
e Peaking BG-1 (B9 —»D n) decays)

e Peaking BG-2 (B —D*n)
Floating Parameters:

e signal, background and B -Dx [/ B —-D*xn

background yields, e signal, background yields,

» background shape parameters. * background shape parameters.
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Validation of Analysis Method with Control Sample B? —- D™ x

MC (B B*, qq, b—ulv, rare B decays)

Same B! — 77 u*event selection criteria < F — 8o L
S6OO B B+
¢ (Btag) |IAEl < 0.05 GeV . 8 : B cc J_L
e (Biag) Mg >5.272 GeV/c? . © | [ us 1
e Onn>0.082. \8_;400 :J:::

e EXxclude tracks coming from Btag Side.

e 1.4 GeV/c2< Mniss < 2.2 GeV/c2.
e (1-KID)=0.1,uID<0.9, eID <0.9.

®* Every  candidate is a Bsjy candidate.

Events /
N
S
| | | | | | |

1.5 2
B Dnr B0 — D* Missing Mass (GeV/c?)
(MC using true n) (MC using true n)

= - < 300
%) 300— J_L %) -
% - O ol
© 250 © r 1 L
o - o -
o 200 — - S L
"\E/ 1505— | ?E/ 1502_
O — () N _
> - > — B
L 100 LI 100:—

503_ \_:HJ e e | ey 503_

?iLIIII—LIII' |||||||||||| Q_I_I_I_I—L-I-_L—l_I_LHIII;L*;IIHﬂH_’r_lJr—LI_Lm

1.5 1.6 1.7 1.8 1.9 2 2.1 2.2 1.7 1.8 1.9 2 2.1 2.2

Missing Mass (GeV/c?) Missing Mass (GeV/c?)
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B’ — D™ 7 Unbinned ML Fit Description

Fit Variables

e Missing Mass (Mmiss)
Fit Window

* Mmiss [1.4 - 2.2] GeV/c2

Fit Components
e Signal B’ — D™ m events that contain correctly identified z’s (true signal) [95%]
e Signal self-cross-feed (SxF) events defined as events containing mis-identified z’s [5%],

e Background (Combinatoric BG (¢q), b—ulv, rare B decays)

Floating Parameters:
e signal, background yields,
* means and widths of core Gaussians of B — Dz and B — D*r PDF functions,

e background shape parameters.
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B? — D 7 ML Fit Results

L 0 0 N
o . ---B">Dn BR = Sl9
© 4ol - BoDm 2XN _x f¥xe
o - - = Background BB
e ~ = All components
P  —¢— Data
C —0
T © y2ndf=0.894 N, =(771£10.6)x10° % =BR(Y(4S)— B°B )=(48.6+0.6)%
e Belle(preliminary)
5 / Ldt = 711fb1 Nsig & (signal efficiency including
i B > Dmx : 2136 + 71 tag-side branching fractions and

reconstruction efficiencies) :

BO—>Dmx : 11.2 x 104
BY— D*7w : 10.3 x 104

B — Dz : 207174

pull

| |
= N O N P

Branching fraction x 10-3
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Mode World average This measurement | Difference
BY — D~ xt | 2.5240.13 (stat+sys) 2.5440.11 (stat) 0.1c
BY — D* % | 2.744+0.13 (stat+sys) 2.67 £ 0.12 (stat) 0.40




B— 7l ML FIT RESULTS
B—>tu B—r1e

> >
G 80— g/gni/gBﬂ 2K 3 ~ - Signal (B " Se 7)
- - ---B°SD'n © - -=-= Background T
Q - --- Background x*/ndf = 0.545 -- S 40— —— All components x*/ndf = 0.702 :
— - — All components ' — .
E, 40l —%— Data " E: - —t Data |
L%J N - Belle(preliminary) B Lcllij - - Belle(preliminary) T T
i — / Ldt = T11fb1 A ol — / Ldt = T11fb ! oA
20— / B 44
v + + ..‘_-1 -l + . sadhadd e +
mzm!!ﬂ.ﬁn ':_:l_-._-._:.:.:-i-. | ! ! ! q__.-Is.-__J__..;..I_________l__J.'l_‘_J___I___'___'__J__J.__J___I___
' 1.6 1.8 2 2.2 4 1.6 1.8 2 2.2
2
mISS (GeV/C ) Mmiss (GeV/C )

N — 1.8+8.2 N _ O 3+88

Sig —7.6 Sig —3.2
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Conclusion

* We have searched for the lepton-flavor violating B0 — 7+ [* ([=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:
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TWO KINEMATIC VARIABLES USED IN B-FACTORIES TO IDENTIFY B MESON

- To identify B decays, kinematic variables are used: Msc and AE

Mpsc : beam-constrained mass AE : energy difference
_ 2 _ R — —
M BC \/E peam ~ Pp AE EB EBEAM

5.20 5.29

0.2 5.25 9.3 -0.2 -0.1 0 0.1 0.2
Mpc (GeV/c?) AE (GeV)

e Ep and p*B are energy and momentum of B candidate, and
Erbpan  is the beam energy in the Y(4S) center-of-mass frame.

e continuum events [et e- = qq (g = u,d,s,C)]

14



B9 — u v Pdf Fit Using MC

(bx+cx?) ~ Background (bx+cx?)
Signal (True) Double Gaussian Signal (SxF) Double Gaussian + € (MC Sream 1+ ulnu +rare) €
c\T\ — (\T\ — c\T\ 100 I
% 3500 = v2/ ndf = 2.066 % - v2/ ndf = 0.494 % B v2 / ndf = 0.827
O - fc = 0.9227 +0.0053 O 6ot fo = 0.350 +0.082 o T Strea m 1 p1 =-15.15 + 3.0
5 000 u, = 1.77525 +0.00027 GeV/cf & [ u_ = 1.8787 £0.0071 GeV/c? S g0l p2 = 5.17 +0.80
o — (@) - o
= - u_= 1.7750 + 0.0031 GeV/c® < 500 p_= 2.000 +0.053 GeV/c’ = T
2500 — | B
'% — Oc = 0.03257 + 0.00027 GeV/C,2| '% H . = 0.0457 + 0.0086 GeV/02 % L
N c; = 0.1066 +0.0032 GeV/c’ T 40 = 0.134 +0.030 GeV/c? @ 60—
- H p1=-24.9 +14 - ’
1500 :_ 30T p2=7.8 £3.6 ' 40 B
- - frac_mMissSig_sxf= 0.81 + 0.1 Tl - '
1000~ 201~ T + i
n - 20— 4 +
500 — 10— - +
: I A S U (Y ¥ o < T B . + ) oo -
Lo Iz - : l' 'r'l-'l-'l-II-.I_II-I_I‘-Il-I‘—I | | | | | | 1 1 1 1 -- I | "E"I | | | | | | | |F;1 | 1 1 | 1 1 | | | | | 1 1 | | | | | | | | | |
q 4 1.5 1.6 1.7 1.8 1.9 2 2.1 2.2 94 1.5 1.6 1.7 1.8 1.9 2 2.1 2.2 9.4 1.5 1.6 1.7 1.8 1.9 2 2.1 2.2
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t 2507 6, = 0.02858 +0.00084 GeV/cl |5 ~ | o.= 0.0256 + 0.0012 GeV/c®
i ~| o.= 0.1153 +0.0084 GeV/c® T 500[-| o= 0.068 +0.014 GeV/c?
2001 - T
- - | u= 1.98 £0.61 GeV/c’
150 — 10| 6= 0.29 +0.18 GeV/c?
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B0 — 1 e Pdf Fit Using MC

—
N . . . 2
) + . . ( bx+cx )
X Slgnal (True) Smgle Double Gaussian Signal (SxF) Double Gaussian + €
o R & —
2500 —
0 % B x2/ ndf =1.230 % o0 - +2/ ndf = 0.556
| & - u= 1.931 + 0.012 GeV/c? & " Ht,= 015 +0.11
Z g 2000 __ o= 0.1864 +0.0084 (59\,/(;2 g 80 g_ HC = 1.7648 + 0.0068 GeV/c ' \ N
g - fo= 0.277 £0.033 < 70-u_= 1.890 +0.023 GeV/c? | [N | A
2] - - 2 2 ]

< § | HC — 1.7954 i 0-0037 GeV/C 2 § 50 =3 Gc - 0.029 i 0.024 GeV/CZ [

E - 6. = 0.0649 + 0.0040 GeV/c? 500 p1= 28 +10 |

- 10001 o, = 0.03076 +0.00076 GeV/¢f 400 p2=-6.24 +2.7 < +

2\ - frac_sig = 0.8778 + 0.0086 305 frac_exp_sxf = 0.639 + § 0718 y
S - - e +

:Il: 500 :— 20—

§ N e

Q B = £ -

= - . ' 1 -1 11 I 11 11 I 1 1 1 I 1 1 1 I 1 1 11 I 11 |
8 q 4 1.5 1.6 1.7 1.8 1.9 2 2.1 2.2 9.4 1.5 1.6 1.7 1.8 1.9 2 2.1 2.2

2 2

- M. (GeV/c?) M_... (GeV/c?)
©

O - -

3 ; :

=

(@)

= ~

o) L

> > [ [@/ndf=0716 Stream 1

IS o °F | p1=-0.95+36 Background (bx+cx2)
T & F | p2=379+096 (MC Sream 1+ ulnu +rare) €

c > 40—

= 5

o) o[

:CI:U 30—

= -

:Ié 20 — + ‘
4, : + J[

i is P b T T

8 - -

At L
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S 9.4 1.6 1.8 1.9 2 2.1 2.2
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(bx+cx*)

B0 — D 7t (true signal) Double Gaussian B0 — D 7w SxF signal €

Pdf Fit using MC
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2
0 % : : . (bx-+cx?) Background (bx+cx?)
B0 — D (true signal) Double + Single Gaussian B D* : . .
T g g 0 — 7T SxF signal € (Combinatorial + ulnu +rare) €
% 0 % L0 % 200
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UPPER LIMIT ESTIMATION
(systematic uncertainties are not included)

» Using the frequentist method.

* Generated 10000 experiments with different number of possible signal yields (Nsig9e") varying from 0 to 16.

Linearity Plots Byt BO 01

u Mode - NSi Measured vs NSig Generated e Mode - NSig Measured vs NSig Generated

g

..............................................................................
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o 0.9886 + 0.005457 | f f = f | P1 0.9981+0.005833 |
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« Mode - Confidence Levels vs N Generated
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UPPER LIMIT ESTIMATION
(systematic uncertainties are not included)

* Generated 10 K experiments with different number of possible signal yields (Nsig9en) varying from O to 16.

* 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.

e Mode - Confidence Levels vs NSig Generated
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SYSTEMATIC UNCERTAINTIES

Source — T U — T e
PDF shapes 0.7 0.3
Self-cross-feed fraction < 0.1 0.1
Total (events) 0.7 0.3
Biag 4.5 4.5
Track reconstruction 0.3 0.3
Lepton identification 1.6 1.8
MC statistics < 0.1 < 0.1
Number of BB Pairs 1.4 1.4
f°° (BB — BB 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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