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LFV 7 Decays at Belle & Belle IT

® Lepton Flavor Violation (LFV) ® Search for LFV in 52 benchmark 7 decays:
» LFV has long been recognized as unambiguous signature » Radiative decays: T = €y;
of New Physics; » leptonic decays: T — £4¢;
» LFV is allowed in various extensions of the Standard » semi-leptonic decays: T — € + hadron(s);
Model (SM) but it has never been observed. » BNV decays: T = p(p)¢€. © = A(AN)m.
Existing and expected limits on LFV 7 decays [1]
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[1] Snowmass 2021: cLFV in 1 sector - arXiv:2203.14919
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https://arxiv.org/abs/2203.14919

B(7r)-factories: Belle & Belle II

® Clean environment at asymmetric energy e e~ collider ~ hermetic detector:
> at+/s = 10.58 GeV: 0y, = 1.1 nb ~ g, = 0.9 nb, B & 7 factory;

> known initial state + efficient reconstruction of neutrals (7°,7), recoiling system and missing energy;

D Belle: [ L£dt ~ 1000 fb™1
BENIE

D
Do

» specific low-multiplicity triggers (at Belle II).

® Advantages of Belle and Belle II in T LFV searches:

» the increase of the luminosity;

» the increase of the signal detection efficiency and background

Belle II: [ Ldt ~ 427 fb~1

suppression:
% : Eol in Runl (2018 - 2022)
on clean environment, . [Ldt~ 103 fb~!
v" high trigger efficiency, in Run2 (2024 -)

v" zero background searches
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T LFV channels

® Search for various decay models:
SN YT, Simple: good determination of m, and
E., few SM background sources

- T YK, A
- T V%> hh')
- 1> 4P°(> yy) experimentally the
15 PhR most accessible
higher
- Ty background
® Motivation: the decay channels forbidden in the SM but allowed in several new physics scenarios
> LFV decay T - ¢V° Physics Models B(T - pup)
v' The T = u¢ mode is a sensitive probe for leptoquark models SM 10-53~10-55
> BNV decay T - A(A)m SM + Seesaw 10-10
v" BNV is one of the necessary conditions to explain the asymmetry of matter SUSY + Higgs 10-8
v" Beyond SM scenarios allow for BNV and LNV SUSY + SO(10) 10-10
» LFV decay T - uuu (Golden channel) Non-universal Z' 10-8
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® Previous search at Belle on 854 fb~! exploiting 1-prong tag [1]:
> VY =0p w, ¢, K and K*;
» set 90% C.L. upper limits on the branching fractions in the range of
(1.2~8.4) x 1078,
® Latest results [2]:

> full data set of 980 fb~1 : JHEP06(2023)1138

» more decay modes in the tag side;

1 prong tag 3 prong tag

V°>‘—'—><'.1pmg + §H—é3pmng

(vv,, zv,, z(n 7Ov,

» further suppress T — 3mv and ee = qq with BDT;
» Estimate expected background in SR from sideband interpolation.

[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://www.sciencedirect.com/science/article/abs/pii/S0370269311003972?via%3Dihub
https://link.springer.com/article/10.1007/JHEP06(2023)118#preview
https://link.springer.com/article/10.1007/JHEP06(2023)118#preview

Search for LFV decay 7 - ¢V at Belle

® No significant access in all modes — set ULs at 90% C.L. JHE PO6(2023) 118

® 30% improvement over previous measurements:

B(t - eV®) < (1.7~2.4) x 1078

> increased statistics (124 fb™1);
B(t > uV?) < (1.7~4.3) x 1078

» higher signal efficiency (9%) .

Mode e (%) Npc Osyst (%)  Nobs Bobs (x107%)

T+ — T pY 7.78  0.954+0.20(stat.) +0.15(syst.) 4.6 0 < 1.7

7+ = et pY 8.49  0.80+0.27(stat.) 40.04(syst.) 4.4 1 < 2.2
T+ = T 5.59  0.4740.15(stat.) 40.05(syst.) 4.8 0 < 2.3 <
T+ = et 6.45  0.3840.21(stat.) 40.00(syst.) 4.5 0 <20 §g
™ = ptw 3.27  0.3240.23(stat.) +0.19(syst.) 4.8 0 < 3.9 E
T+ — eFTw 5.41  0.7440.43(stat.) 40.06(syst.) 4.5 0 <24 g
7+ = pTK*0 452  0.8440.25(stat.) +0.31(syst.) 4.3 0 <29 =
7+ 5 e K*Y 6.94  0.5440.21(stat.) +0.16(syst.) 4.1 0 < 1.9 U;D
7+ — pTK*Y 458  0.584+0.17(stat.) £0.12(syst.) 4.3 1 <43 £
7+ = eTK*Y 7.45 0.2540.11(stat.) £0.02(syst.) 4.1 0 <17 @
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https://link.springer.com/article/10.1007/JHEP06(2023)118#preview

Search for LFV decay t - #¢ at Belle IT

® Untagged inclusive reconstruction, reconstruct signal side as phi meson + lepton candidate, assign everything else
(neutral clusters, tracks) to the rest of event (ROE):
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» higher signal efficiency (~16% improvement), more background;

arXiv:2305.04759

» backgrounds reduced with pre selections and a BDT trained against qq events.

= MC background = RSB
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Experiment (Lfllir-rll) ot (efff;) /(:bi.o_g) Pt (G/,Z;.)/(:b:‘O‘S)
BaBar [1] | 451 5.0/3.1 8.2/ 19
Belle 854 43/3.1 49/8.4
Belle 1T | 190 15/23 9.9/9.7

Results not competitive yet (Small data set);

First, successfully untagged strategy approach for tau
physics at Belle II;

exploited for other measurements;

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

i
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https://arxiv.org/abs/2305.04759
https://arxiv.org/pdf/0904.0339

Search for BNV decay t —» A(A)w at Belle IT

® A baryon number violation decay that is also an LFV decay.

® Previous search on 154 fb! at Belle [1] set limits at 90% C.L. of 0.72(1.4) x 10~7 for B(t - A(A)m).

® At Belle II: arXiv:2407.05117

» Reconstruct exactly 4 charged tracks (total null charge) in one-prong tag approach;

> A(A) is reconstructed from proton (anti-proton) and pion;
» Signal selection and background suppression using loose pre-selection, followed by Gradient-BDT;

v The flight significance (L/0) of A and A candidates is one of the most discriminant variables.

Belle Il (Preliminary) Data: fﬁdt= 364 fb~t Belle Il (Preliminary) Data: fﬂdt= 364 fb1 \ ] ':ipfﬁ?/\-'
- S AT- | Data mmm ee(y) - > Am- | Data = ee(y) \ .
60 [ Signal uu(y) 1 Signal pu(y) . n,,(u])
-V
v, St i Py i ]P \
Bl qq BN qq {\ el / i . signal side

S
o

o /
-/ tag side ‘

[1]1 Y. Miyazaki, ef al., (Belle Collaboration),
1 Phys. Lett. B 632, 51 (2006).
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https://www.sciencedirect.com/science/article/abs/pii/S0370269305015169?via%3Dihub
https://arxiv.org/abs/2305.04759
https://arxiv.org/abs/2407.05117

Search for BNV decay t —» A(A)w at Belle IT

> Signal efficiencies are 9.5% and 9.9% for T — Am and T - Am; arXiv:2407.05117

> Poisson counting experiment technique in signal region in the M (Am) = \/ EZ — PZ and AE = EY —\/s/2 plane;

> Expected events are 1 and 0.5 for 7 - Am and T - Am;
» No observed events;

> World's best upper limits at 90% C.L. of 4.7 X 1078 for B(t —» Am) and 4.3 x 1078 for B(r - Amn);

Belle Il (Preliminary) Data: [ cdt =364 fb~! Belle Il (Preliminary) Data:[cdt =364 fb™
0.4 —— Signal région ° Simulated bkg 1 0.4 — Signal région ° Simulated bkg '
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https://arxiv.org/abs/2305.04759
https://arxiv.org/abs/2407.05117

Search for LFV decay t - puu at Belle IT

. . -8 . -1 H
® Previous results from Belle: 2.1 X 107 at 90% C.L. with 782 tb~ [1]. | prong ¢ tag sig
> Signal side: three muons; k : ! u
» Tag side: 1-track 7 decay (events with 4 tracks) ; v

® Belle II with 424 fb!
e arXiv:2405.07386

- -t - o : 2
TR R ——. Sidebands - 107

Signal MC onl

0.2

» Extract signal yield from 2D plane (M3, AE3,,):

A-E/T,‘_lu [GBV—/ 82]

0.1

M3, = \/ES?“ — PS?“

— CM CM
AESM— E3u — Ebeam

0.0H: ¥

» For signal:

-0 v' AE3, close to 0 and M3, close to T mass;

100 v" Tails due to initial and final state radiation.

() e

IR0 TR% T80

M3, [GeV/c?]

[1] K. Hayasaka, et al., (Belle Collaboration) Phys. Lett. B 687, 139 (2010).
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https://arxiv.org/abs/2405.07386
https://www.sciencedirect.com/science/article/abs/pii/S0370269310003576?via%3Dihub

Search for LFV decay t - puu at Belle IT

» Main analysis approach: arXiv:2405.07386

v Inclusion of 3 X 1 and 3 X 3 toplogies; > Signal: efficiency: 20.4% (2.7 x Belle efficiency);
v" Selection and background rejection using BDT; > Number of expected BG: 0.5;
H .
1prong tag Sig » 1 event observed inside the SR;
+ > ! : H > B(t - 3u) <1.9x%x1078at90% C.L;
3prongs . ..
R Most stringent limit to date
= o Bellell (Preliminary) 50 SR 3 1.2[ Belle Il (Preliminary) :
S A T mma| O fratbm. 7 Soeectmedn UL at90%C.L. on B(z > 34)
a1 * bagond 0 m Expected CL, & 1o ATLAS 3.8x 1077 (L =203fb1)
o + Data - —4— Observed C'L,
| . . e 05 LHCb 4.6 x107° (L =3.0fb1)
o e e . 0.6 CMS 29 x 1078 (L =131 b1
0.0r . . . { . + /¥ o® )
{ R * .. . 0.4 Belle 2.1x 1078 (L =782~ 1)
B Y LT § + o _ _
AF N 3.3x107% (£ =486 b~
4% 2 R 0.0F, L
[]3-_. 1.700 1.725 1.750 1.775 1.800 1.825 1.850 U 2
| My, [GeV/ <] B(r* — ptuFut) x 1078
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https://arxiv.org/abs/2405.07386

Summary

® New high profile searches:

» LFV decay 7 — £V" at Belle; I World leading results
> LFV decay 7 — pup and BNV decay 7 — A(A) at Belle 1.

® More results are on the way.

Belle Il Online luminosity Exp: 7-33 - All runs
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Search for T — #V° at Belle

Estimate Ng:

F(Mpyo. AE) = f(Mpyo) x + b, (4.2)

1 + explay, (AE — yo)]

r+50 o 2
f (@) x —A—erp [~ ]dl" (V0= p"w)

’

—50 9a’) V2o 252
ci(z —z0)* +co (V=K K*)
| €0 (VO = Qb) (4’3)
(al(e—20)* + k(z —20) + co (x <20, V" = p)
g(:c) = 61(33_3’30)‘1'00 (£C<£C0,V0 =w)
L €0 (LE > 330)

where f(x) represents the background distribution as a function of M,y0; 1, co, 29, and k
are parameters that define the shape of the function; a, represents sharpness of the sigmoid
function along the AE axis; yo is the center of the sigmoid function; and cf2® is a term of
flat background events in the M 0~AE plane. We define f(x) for each V' in eq. (4.3) and
the functions for the £p” (fw) modes are smeared by a Gaussian with standard deviation
(o) of 6.6 (9.6) MeV /c2. This o corresponds to the mass resolution that affects the edge of
the Mo distribution close to the 7 mass for the 777~ background. The edge is broad for
the other modes owing to wrong mass assighment of fake kaons. The 777~ background
events for the £¢ modes are included in ¢y because they are flat along the Mo axis in

1.65GeV/e? < Myyo < 1.9GeV/c2.
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Search for LFV devay 7 - ¢V at Belle

Mode ¢ (%) e Oeyst (%) Nabs  Bobs (x1075)

™t 5 ;Fp“ 778 0.9540.20(stat.) £0.15(syst.) 4.6 0 <17

= = emp” 849 0.80£0.27(stat.) £0.04(syst.) 4.4 1 <22
55T 559 0.47£0.15(stat.) £0.05(syst.) 4.8 0 <23 <
5 setd 645 0.3840.21(stat.) £0.00(syst.) 4.5 0 <20 S
5 s pFw 327 0.3240.23(stat.) £0.19(syst.) 4.8 0 <39 E
T sefw 541 0.74+0.43(stat.) £0.06(syst.) 4.5 0 <24 g
5 = pFKY 452 0.8440.25(stat.) £0.31(syst.) 4.3 0 <29 =
5K 694 0.54£0.21(stat.) £0.16(syst.) 4.1 0 <19 C';D
5 5 pFKY 458 0.5840.17(stat.) £0.12(syst.) 4.3 1 <43 £
55KV 745 0.2540.10(stat.) £0.02(syst.) 4.1 0 <17l 7

2024/7/18

® Reasons why = — £%p0 did not get world
leading results:
> 1% - uEp0: use the Bayesian limits instead of
the Frequentist limits, which are negatively
proportional to Ng; when N, 1s fixed.
> 1% - e*p0: after unblinding, one event is
observed in the signal region and the Np 1s

greater than previously expected.

ICHEP 202




Search for T - uuu at Belle IT W

Expected background in SR and BR
measurement '

D =SR C

BDT output
0.9

Use a data-driven method ‘ABCD’ based on 2 uncorrelated
variables : BDT output and distance to the signal peak

ND = NB x NC / NA =0.514 8 A
Method validated with simulation

>

56
Distance from signal peak
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Search of T — fa at Belle ITI

® ¢« is invisible spin-0 boson. PRL 130 (2023) 181803

» Predicted by many models trying to incorporate neutrino-oscillation, muon 4,

C Belle Il 2\ —+— Data
. . . . . _[Ldt = 62.8 fb o N Total Encertainty
magnetic moment anomaly or indirect evidence of dark matter in SM. 120007 P o

- Other
10000F t—ea, M, = 1.6 GeV/c®
1—e0, M, = 1.2 GeV/c®

8000 s L e 1-e0, M, = 0 GeV/c?
L1

® This direct search probes BSM theories with high sensitivity.
® Previous limits from ARGUS [1]: (Result from 1995)

> 1072 to 1073; 0.5 fb! of data; ]
® Tag tau is reconstructed via t* — h"h " h*v, (h = &, K). 0 . \\r

6000

Events / 0.017

4000}

® Tau momentum is unknown.

> Pseudo rest frame is used (p, = — 3,/ |p3n]); 14000 ﬁ::’e ; o e SR Totd uncertainy
> Look for an excess above 7~ — ¢~ V,v, background; S F o M. = 16 GoVic?
© 10000f 3 3 -4, M. = 1.2 GeVic?
E . S 6000 & ". ------ T—pe, M, =0 GeV/c?
X, = ? where E is the energy of the charged leptoninthe T § oono
£ = seudo rest frame " 4000}
myc4/2 2 '
2000
R .
[1] H. Albrecht, et.al, (ARGUS Collaboration), Z.Phys.C 68, 25 (1995). v X i
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.181803
https://link.springer.com/article/10.1007/BF01579801

Search of T — fa at Belle ITI

® Simulation derived templates fit for different o mass hypotheses.

® ULs are 2 to 14 times more stringent than ARGUS.

® Measure By, /Bpyy = B(t™ - ¢ a)/B(t™ - £ Vvpv,) witht —

€7 V,v, as normalization channel.

® [Ldt=62.8fb '~ 58Million ee - 7.

M, [GeV/c?]

Bea/BeDu (X10_3)

UL at 95% C.L. (x1073)

UL at 90% C.L. (x107%)

0.0 —8.1+£39 5.3(0.94) 4.3(0.76)
0.5 —0.9+43 7.8(1.40) 6.5(1.15)
0.7 1.7 +£4.0 9.0(1.61) 7.6(1.36)
1.0 17442 9.7(1.73) 8.2(1.47)
1.2 ~1.1£26 4.5(0.80) 3.7(0.66)
1.4 —0.3+1.0 1.8(0.32) 1.5(0.26)
1.6 0240.5 1.1(0.19) 0.9(0.16)
M, [GeV/c?] B,u/B,s, (x107%) UL at 95% C.L. (x1073) UL at 90% C.L. (x1073)
0.0 —9.4+37 3.4(0.59) 2.7(0.47)
0.5 32439 6.2(1.07) 5.1(0.88)
0.7 27434 9.0(1.56) 7.8(1.35)
1.0 17454 12.2(2.13) 10.3(1.80)
1.2 —02+24 3.6(0.62) 2.9(0.51)
1.4 0.9 +0.9 2.5(0.44) 2.2(0.38)
1.6 ~03+0.5 0.7(0.13) 0.6(0.10)

2024/7/18
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B(r — (a)/B(r — lvr)

B —»ea)B((T —€ 7V, vV,)

B - Wwa)/B (T —uwv, v

0.06 T
vos = ARGUS electrons (open squares)
i muons (full squares)
004 |- .
003 [ E
0.02 E— —
0.01 E— -
| | v b v b e b v b e e b b w1y
0] 0.2 04 0.6 0.8 1 1.2 1.4 1.6
a Mass [GeV/c?
22 107°
20 Belle Il ——Observed UL [l Expected UL + 1 std. dev.

18F [Ldt=62.8 10"
16F
14
12f
10

--- Expected UL

Expected UL + 2 std. dev.

6
4 -
2 -
0 T S S S S
0 0.5 0.7 1 1.2 14 1.6
M, [GeV/c?]
10°
25 Belle li ——Observed UL [Jll Expected UL + 1 std. dev.
ILdt =628fb" --- Expected UL Expected UL + 2 std. dev.
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