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BELLE EXPERIMENT @ KEKB
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Belle detector

* Good momentum and vertex resolution
* Well-known initial state (up to ISR)
* Excellent calorimetry
* Sophisticated particle ID
K/rr separation
Lepton identification (u/rr mis-ID)

Operation finished >10 years ago -
but still steady flow of results

KEK
Tsukuba
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OUTLINE

Largest Y(nS) (n = 1,2, 4, 5) samples collected so far! Y = {bf)}

¢ Lepton Flavor Violation Resonance On-resonance Off-resonance 7 number
Searches Luminosity (fb~!)  Luminosity (fb=!)  (10°)
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(charged) LEPTON FLAVOR VIOLATION

* Neutrino mass and neutrino oscillations — the accidental lepton family symmetry in
the SMis broken — family lepton number can be violated

* Charged LFV can occur through oscillations in loops but it is suppressed by
(Am, ;/my)* - b.r.~105

e Deviations from LFU have been measured in charged AND neutral current B-decays

 No known symmetry principle protects lepton flavor conservation in the presence of
lepton non-universality PRL114,091801

\\Y%
b l
t 1%
d ] l’
PhySReVD 70.113011
electron muon tau
neutrino neutrino neutrino
©:0-0
electron muon tau

LFV searches in many sectors and many experiments... (LEP, LHC, BEPCII, B-factories)

p—> ey, pu—3e, uN— el c |
. overed by K.Unoin

t=3u,t—>uV Ve {p,Q, ¢ K "Tau physics at Belle"

Ho

B—KzZ,B, — 1 LFV in final states

Vort' ¢V e {e,u,t), Ve {Y(@S),Z, J/y...}

.. not observed yet, though!

It would be a clear signal
of new physics!


https://agenda.infn.it/event/28874/contributions/169344/
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.091801
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Y(1S) — ££’ - MOTIVATION&STRATEGY

 Y(18) = £*¢*: Two-body vector meson cLFV process
— probing the vector and tensor operators of the effective Lagrangian for NP

+ Y(1S)— yZ*¢ *: First study of three-body radiative cLFV
— complementary access to NP Hazard, Petroy, PRD 94, 074023 (2016)

Y (25) — Y(1S)zmevents preferred over Y (1S5)
PROS

-higher trigger efficiency (two more tracks in the event)
- easier QED background suppression

CONS

- Smaller statistics (28M vs 119M) due to
BY2S)—>nta"Y(18)) ~ 18%

T number
Resonance 5

(10°)
T(2S) 158 X 0.18~28M

T (1S) 119

S

JHEP 05 2022, 095

PhysRevD.91.113013
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https://link.springer.com/content/pdf/10.1007/JHEP05(2022)095.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.94.074023
https://arxiv.org/pdf/1503.04159.pdf
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JHEP 05 2022,095 6

Y(1S)— ¢’ - THE ANALYSIS n
“%400005_ |
el case AM = My 55 — My(gg, ~ 560 MeV §3°°°°§‘ - N
LFC decays are used for calibration; = Monipee = Mpyee gzoooo;— |
The b.r.'s are compared to world average 10000 k_h

LFV decays Y(1S) — eu: signal events will still peak in AM

COPIEC 2 \_ LELY
00 520 540 560 580 600 620
AM (MeV/c?)

25 1 Fitted |
Expected ~9 peaklng bg &L-; 6? ——— SIGNAL (5 evts) > CH |
events from Y (1S5) — upu E, ji
(1 <> € mis-ID evaluated from &l | ‘ }
£'T case di-muon events) ‘% 25 ‘ l \ \ H ,_ \ i \ l
The 7 cannot be fully reconstructed: oo st 311211 11319] 17l Leee
¢ cannot be 1uTly reconstry g v L8 g i il
-The following modes are chosen to reduce - | | 1 I 1
Y(1S) — ## background 500 520 540 560 580 600 620
A M (MeV/c?)
et: 71— uvv/3nv
Ut: T— evvl/3rv G 160
>
-The 4-momentum of the 7 is inferred from initial e T~ 9
and ZzC (y) system =
yrecoil o Dominant bg from 3
7t (y) 4 Y(1S) = 1= fvlnv)t

Miseo! (GeV/c?)


https://link.springer.com/content/pdf/10.1007/JHEP05(2022)095.pdf
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Y (15S) — ¢’ - THE RESULTS

Signal is not found in any of the channels and the upper limit on the b.r’s are estimated as:

N
BIY(1S)— 1] < e
Ny o5 X BIY(28) = 2+2-Y(1S)] X €

(y)eu: 20—30 %
()¢t 5-9%

Generation model: VLL vs PHSP
The first is chosen as it is more conservative (8% lower efficiency)

* Allthe U.L's are dominated by statistical

“' ." .
uncertaint
Decay e (%) Ngé :. Ngy ,: BUE PDG result y
¥am . .
T(1S) e uT 325 -13437 38 39x107 - * The largest source of systematic uncertainty
T(1S) - ptrF 88  —15+43 68 [27x107% 6.0x 10°° (2%) comes from Ny g,
T(1S) —» exrF 71 —35+27 53 27x10°° _
T(1S) - yetu® 246 +08+15 29 4.2x 1077 _
T(1S) = yurT 58 421459 100 6.1 x 1078 _
T(1S) = vetrF 50  —95+63 91 6.5x 107 - ~2x more stringent than the previous result from CLEQ

The other modes are searched for the first time


https://inspirehep.net/literature/790943
https://link.springer.com/content/pdf/10.1007/JHEP05(2022)095.pdf
https://inspirehep.net/literature/790943
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b— d,7Z' TRANSITIONS did.s

By — £’ 2-body dynamics

b 4 Leptons energy is monochromatic
¢ has p* almost beyond endpoint of SL B decays
di f, / H
B — KZZ'  3-body dynamics
0,0 =1ep,7) The final states resemble b — cW* modes
d; = {d, s} = large backgrounds
When?, ¢ #71 best limits
Limits are very stringent Bt>Ktey 1079 LHCb
Competitive or better than BO>K%u 1078 Belle
LHCb (neutral modes) B 5Ky 108 LHCb
Otherwise...

Limits are much less precise G(107°) o
B-tagging is commonly used

7's generally require special techniques due to the presence of (full reconstruction of one B)

missing energy and lack of a distinctive signature


https://doi.org/10.1103/PhysRevLett.123.241802
https://arxiv.org/pdf/1908.01848.pdf
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.98.071101
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B — 77 SEARCH
~

f;/

BY. B,

@ B-factories we exploit the knowledge of the initial 4-momentum
Beam energy transferred to BB pair:
ete” —>Y(48)—>BSlg tag
Full reconstruction of one of the B and look for signal signature in the
other B <> the 4-momentum of the ¢

=% Full Reconstruction (Belle tagging algorithm)

Hadronic B-modes are reconstructed in a hierarchical approach
1104 decay cascades
Use of neural networks

Typical efficiencies 0.28% (0.18%) for B (BY)

FR: 1102.3876

PRD 104, 1091105 (2021)

NBB =772x 106

. ‘
""angpgupgmuunnnn®

HAD
FR
Reminaer
Ef =Ef =1/s2
P = 5’

tag

mlss = [(\/_ 0) - (EB’ pB) — (Ef, pf)]2

_ EM-Cluster )

9


https://arxiv.org/abs/1102.3876
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.104.L091105
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B — 77 SEARCH

500_—
- ¢ Data
Y| HE BZ —-D rn*
: 2 Y o [ B 5D " m+
Biog? With M, €[1.4,2.2]GeV/c S Backeround
: = F — All
(Smooth) Background mainly fromb — cW*/ufv ° components
T\/J/ 200_—
Peaking background due to B® — D™~z% in zu channel 5
M 00—
BY — DM~z as control sample. Reconstruct rr+ instead of -
leptons. High efficiency because of high b.r. . — of
5 0F
Used to determine correction factors for data fit (LFV case) ~aF
14 1.5 1.6 1.7 1.8 19 2 2.1 22
Miniss (GeV/cz)
Unbinned extended MLfitto M_, . distribution N
> 0 e Data
> [ SG+BG Fit ———-
— 2 L BG
— q0-4L 2 a0 SG (b.r.107%)
O § CLEO (9fb71) [11 & B’ - Dz
o ® BaBar(342fb-Y)[2] M |
o ® LHCb(3fb~Y) [3] 2
) . O Belle (711 fb™?) AU T SO S gy 4
_! O O ?.4 7 1.6 1.8 “2‘““#““&“““‘?2.2
D0 5L0 L M_.  (GeV/c?)
N 2
A Vs -5
S ) BB — ) < 1.5x10 [1] - [PRL93, 241802 (2004)]

B -
B(B — te) < 1.6 x 107> Bestlimit [2] - [PRD 77,091104(R) (2008)]

[3] = [PRL123,211801 (2019)]


https://journals.aps.org/prd/pdf/10.1103/PhysRevD.104.L091105
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LFU TEST IN 2_ DECAYS

» Theoretical predictions of B(Q° — Q~£Fv,) are uncertain
» Only previous observation of Q0 — Q~e™v_was performed by CLEO  PRL89.171803

The study of charmed baryon decays is statistically limited due to low production rates and/or high background

Search for Q0 from c in the decay chain: ete™ > ct— QX
LQ‘L”J“W
NS
Lpﬂ_

Background sources
1. Mis-reconstructed €2~ (shape obtained from Mg, sidebands)

2. BB combinatorial ete” > Y(nS)— BB
(s) (s)

rxd box

3. Q 7 X with g <> £ mis-ID —


https://journals.aps.org/prd/pdf/10.1103/PhysRevD.105.L091101
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.89.171803
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LFU TEST IN 2_ DECAYS

Binned maximum-likelihood fits to the spectra Mgy, Mgy, Mgy,

First observation!

Dat () A— Data Data
o, 200F ¢ " Ta 2 : O B + — Total Fit No F + — Total Fit
RS, - —Total Fit < 100 ] . = s ) . [ £ (e All Fitted Bk
S > All Fitted Bkg S 100 _ g
> ; --BKG g : Bkg from B{.) § i g-lztgl?:(s)l::l) B{)
S 150 . | Wrong Q p I Wrong Q
S B | 3 |
[ - i
@ 100 @ 50 & 50 L
S | [ c | = I
g | | s | g |
5 i il O | o g
2.6 2.65 2.7 2.75 2.8 0 2 2.5 3 0 2 2.5 ) 3
M,. (GeV/c?) M, (GeV/c?) My, (GeVi/c?)

The significances for the 2 — Q™7 v, modes are both larger than 106

BQY—Q e'y,)
BQL—Q uty,)

=1.02x0.10(stat) £ 0.02(syst)
Agrees with the expectation of LFU !

This ratio will help constraining the parameters of phenomenological models and lattice QCD calculations
More inputs will be given from absolute b.r. measurements


https://journals.aps.org/prd/pdf/10.1103/PhysRevD.105.L091101
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Baryonic B decays can be used to search for
1. Baryon Number Violation (BNV)

CP violation as described in SM does not explain the matter-antimatter asymmetry, which is at the basis of
baryogenesis. One of the conditions for baryogengesis is BNV (A. Sakharov)

Theory suggests that baryon number violation could arise from charmed baryon oscillations
— study it via decays of B mesons

20 Of QL/E
5/d —0
ale N°TA,
d/a d/a

Expected sensitivities of B = A°Q{7° and B~ — AZE2 ~(2-5) x 105 (from MC studies)
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PRD.105.1051101 14

BARYON STUDIES .
. us = YpsPus  ¢ps
Baryonic B decays can be used to search for XL s
: : ¢ _ < S
1. Baryon Number Violation (BNV) R K
b A L
2. Dark Matter (DM) L ‘A
d > d
Current bound from ALEPH's input: B(B® — Aygpg) S 2 X 107*
[Alvarez, Elor, Escudero PRD 104.035028]
Biag Candidates are reconstructed in hadronic channels using the
Full Event Interpretation (Belle Il tagging algorithm) CZZ3 Signal
C()Ilti]llllllll
b—c
101, 1 + %:“111.(1. s
[ Observed 90%
C.L. upper limit
£ 4 4
<= | e—e— o
T _,m“”vxr;r / il ——
% -5k 9 mass hypotheses(1,3.9) GeV for yps ‘L *
Q |
= 9 U.L.in the range (2.2-3.8)x105
©n : 15 20 25 30 35 10 45
£ (Events?/r,e”produced with a PHSP model) oo (GeV)
£ ,

_____ Ol = (¥psb)(us)

Oz, = (Ypss)(ub)
O, = (¥psu)(sb)

10—6 1 ] 1 ] 1 ] ]
1.0 1.5 2.0 2.5 3.({) 3.9 4.0
Myps (GeV /)

Sum of the energies of ECL clusters that are not
associated with the reconstructed B.g + A candidates

FEI: Comput Softw Big Sci 3, 6(2019)



https://journals.aps.org/prd/pdf/10.1103/PhysRevD.105.L051101
https://link.springer.com/article/10.1007/s100520100612
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.035028
https://link.springer.com/content/pdf/10.1007/s41781-019-0021-8.pdf
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SUMMARY

Belle is still delivering physics results which are sensitive to BSM
LFVin Y, B
First U.L'sfor Y(1S) — (y)/ 7
First Search for BY — 7/ @ Belle (U.L. ©(107%))
Baryon sector: LFU, BNV
Q_— Q7 "w, First observation for £ =
BY — Ay Best limits

Soon * More LFV test in B decays el I » larger datasize (x50)
elle
fromBelle . Qg, 52 oscillations (BNV) * Improved B-tagging
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PID PERFORMANCE - |

dE/dx (CDC) .

A dE/dX ~ 5 %
TOF (only Barrel) (Y ’

AT~100ps (r=125cm)

Barrel ACC U n=1.010 ~1.028
Endcap ACC N "= 1080
( only flavor tagging )
| % j ! —
0 1 2 3 4
p (GeV/c) .
@

W . om K P

15—

1 1 I 1 1 L 1 1 1 1 1
-1.5 -1 -0.5 0 0.5

10g,,(P)
dE/dx vs log,,(p)
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PID PERFORMANCE - li
1
S 09 - °
= ; ® 4 S K
5 ORARRAKIIN
0.8 : ‘ ++ H +
. |
06 - P(K)>O.6
0.5 :— ® K efficiency
04 g X 7 fake rate
0.3 —
0.2 -
0.1 - X XL Lo L >‘<
: KRR T TR o T T
) Y T AU BRI B NN
0 05 1 15 2 25 3 35 4

P (GeVic)

R(K)>0.6:
Efficiency: ~90%
Pion fake rate: ~7%
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PID PERFORMANCE - 1li

> 1 @ 0.16
= 09 ¢ S 014 |
= 08 | ¥ o .
é 07 | 5 0.12 : Z,>0.9:
= 0.6 = 0.1 - o - Efficiency: ~89%
05 2 008 | o) - Pion fake rate: ~2%
04 5 006 | Sy
02 F SS— 0.04 O, OoO o
o1l A 0.02 [ wes 20000000 o
- | | L | e L L L
0 0 1 2 3 0 0 1 2 3
P, [GeV/c] Pran [ GeV/c]
< TR Seseian TR LS NP
i S0 =
&ﬁ f“i _j o MC Z>0.9:
*L%’ " Data 10 o s Efficiency: ~93%
oo MC oo Pion fake rate: ~0.3%

04 ‘%

0.2

0 0.5 1 1.5 2 25 3
Piap (GeV/c)
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FEI PERFORMANCE

Tagging efficiency: the fraction of Y(4S) events which can be tagged)

Tag-side efficiency: the fraction of Y(4S) events with a correct tag

Tag-side purity: the fraction of the tagged Y(4S) events with a correct tag

B+ B
Hadronic
FEI with FR channels 0.53 % 0.33 %
FEI 0.76 % 0.46 %
FR 0.28% 0.18%
SER 0.4 % 0.2 %
Semileptonic

FEI 1.80 % 2.04 %
FR 031 % 034 %
SER 0.3 % 0.6 %

arXiv:hep-ex/1807.08680v4

~10% purity

~5% purity

Tracks {

Displaced
Vertices

I

Neutral
Clusters

———

peOnee 6

I
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PhysRevD.91.113013

V— ¢’ PREDICTIONS

Vv bl | my=1TeV 10 TeV 100 TeV | ms=1TeV 10 TeV 100 TeV

¢ ep | 1x107#  5x107% 3 x107* 1x1072 6x10728 5x107%
J/ e 2 x 1072 3 x 10720 6 x 1072 2x10720  9x 1072 7x107%
et 5x107¥  8x 10717  2x 1071 1x107Y 3x1071® 1x1071°

pr | 8x 1071 6x1071%  3x107%° | 4x107Y¥ 4x107® 8x 107

»(2S) eu 9x 1072 15x1072° 3x 1072 4x10720 3x107% 2x10°%
er 5x 10718 2 x 10717 9 x 1072 4%x1072°  1x107® 4x107%

UT 8 x 10718 3x 10717 1.2x10°% 1x107® 1x107® 2x1071

T e | Tx107®  2x10717  6x107® | 2x107Y 2x107Y7 2x 10717
er | 5x107  2x1078  9x 1077 | 6x107® 4x107'% 5x 1077

T 5x 10716 25x1071% 1.2x10°'6 1x10717 8x 10716 3x 10716

T(2S) ew | 5x107¥® 5x107® 15x107¥| 2x107* 2x10717 2x107Y
er | 1.8x107" 3x107* 3x107¥ | 8x107*® 5x107 5x 1077

pr | 2x1071% 2x 1078 2x 10717 | 2x107Y7  8x 10716 3 x 10716

T(3S) eu | 1.5x10717 3x107Y7 15x107Y7 | 5x107Y¥ 5x 1077 4x 10717
er | 5.5x107% 3x107 4x 1077 2x 1077 1x107% 1x10°16

pr | 2x107%  2x107% 4x107Y7 | 3x 10717 2x 107 6x1071°

Z ep | 1.2x107%  7x10°13 4x 10713 I9x 107" 8x107 6x10°%
er 2 x 10710 9x107° 4x 10713 7Tx 1071 4x107'1 2x 10712

pur | 5.5 x 10719 35x107® 1.6x1072| 3x1072 6x10°M 1x107H

Table 1: Upper bound on B(V — £,3) for three values of the mass my4 5. The numbers in three column
referring to my4 are obtained by using the effective model discussed in the text, while the other three,
referring to ms, are results of the (2,3)-ISS model (also discussed in the text).


https://arxiv.org/pdf/1503.04159.pdf
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BELLE Il LUMINOSITY PLAN

10 ' ' , 60
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EXPERIMENTAL STATUS

1999

“Belle: 711 fb e*e- @ Y(4S)

B+— K"'l]'E"'
§B+—>K+p+e-
ule

: O~ Kope

7/t

BaBar, Belle, LHCb,
K¢ K% Ktetu~
I >
2010 2012 2018 2021
LHCb, Belle,
PG ) > + +/0
LHCb: 3fb 1 pp@7,8TeV LHCh: 6fbTpp@8Tev | KTpe K™ e

U.L. (90% CL)

BaBar

LHCh  :9fb-t

LFV searches containing 1stand 2nd generation leptons
are often performed as “incidental” studies along with
related non-LFV modes

Experimental limits on i/ LFV modes (©0(10~")) are
more stringent than /2 (6(1079))

Models of LFV can produce signatures with different
charge configurations (£ =, £=¢ ) = both limits

are provided, in addition to the sum

K*+=4: Same Sign
K¥r*4~: Opposite Sign
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B? — K™eu AT BELLE [Belle, PRD98, 0711001]

D>

Updated the BaBar result with ~3x larger statistics and provides the most stringent limits to date

Vertex information of the four tracks Kzue

2 Multivariate analyzers constructed from NN

1. Distinguish BB events from qq using event topology and
flavor-tagging information of the non-signal B

2. Reduce BB background  Both B's decay SL
B — DY - Xfv)XAv
Hadronic decay with mis-ID

Peaking background Krpe combined
BYSK™ O KT 27) /w1 7) (reduced with vetoes) 45 B decays
40 + B 3-charmiess
1-D MLfit to the M, . distribution S 3 + + Bl 473 continuum
Q 30
BT ety
Mode |U.L.(90%CL G : bl
2)2 2 ( = ) g’ 15 + + + +++ +
Mo = 3/ Eneaa/ )’ = (p3/c) BO—K*0u+e| 1.2x107 10 + ++
Epean = V/5/2 BO—K*0pet| 1.6x107 5 1
BO—’K*Ope 18 X 107 0 5.21 522 523 524 525 526 5.27 5.28 5.29

M, (GeV/c?)


https://journals.aps.org/prd/pdf/10.1103/PhysRevD.98.071101
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B — Keu AT BELLE Mode | U.L.(90%CL) [Belle,1908.01848]

B+ K+pte 8.5x 1038

B+—K+pet 3.0x1038

Come as a by-product of LFU tests and benefit from Ry BO— KOpe 3.8x10°8
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https://arxiv.org/pdf/1908.01848.pdf
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TABLES

Decay Mode

Lepton flavor violating modes (light flavors):
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Limits on Lepton Flavor Violating Decays
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LHCH) MEASUREMENT JHEP 06 (2020) 129

4 o 0 S. Weber - ICHEP 2020
B™ = K"u™t" lwing B.S)

9tb1@7,8and 13TeV(Run1 & Run2
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*0 +0— . 0 + ;
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SHAPE VARIABLES FOR CONTINUUM SUPPRESSION

Variables related to the B meson direction: the spin-1 Y(4S) decaying into two spin-0 B mesons results in a sin2 8 angular distribution with respect to the beam axis; in contrast for e*e~ — ff events, the
spin-1/2 fermions f, and its two resulting jets, are distributed following a 1 + cos? Bz distribution. Using the angle B between the reconstructed momentum of the B candidate (computed in the Y (4S5 )
reference frame) and the beam axis, the variable |cosBg] allows one to discriminate between signal B decays and the B candidates from continuum background.

The Fox-Wolfram moments: for a collection of N particles with momenta pj, the k-th order Fox-Wolfram moment Hy s defined as

Hy = Z P | |?J | Py(cos 6; ;)
1]

where Bjis the angle between piand pj, and Py is the k-th order Legendre polynomial. Notice that in the limit of vanishing particle masses, Ho= 1; thatis why the _ Hn
normalized ratio Ry = Hi/Ho is often used, so that for events with two strongly collimated jets, Rk takes values close to zero (one) for odd (even) values of k. These n
sharp signatures provide a convenient discrimination between events with different topologies. 0

Thrust: for a collection of N momenta pi(i = 1,--N), the thrust axis T is defined as the unit vector along which their total projection is maximal; the thrust scalar T (or thrust) is a derived quantity defined as

Zle |T> ’ ?1'
le\T:l |?1|

For a BB event, both B mesons are produced almost at rest in the Y(4S) rest frame, so their decay particles are isotropically distributed, their thrust axes are randomly distributed, and thus |cos B1| follows

a uniform distribution in the range [0,1]. In contrast for g events, the momenta of particles follow the direction of the jets in the event, and as a consequence the thrusts of both the B candidate and the
ROE are strongly directional and collimated, yielding a |cos 81| distribution strongly peaked at large values.

T =

-
Cleo Cones: Set of nine variables corresponding to the momentum flow around the thrust axis of the B candidate, binned in nine cones of 10° around %

the thrust axis as illustrated M
hv+
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SUPERKEKB ACCELERATOR
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y/7 LFV AND LEPTOQUARKS (€. Comell tal, 210316558
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https://arxiv.org/abs/2103.12504
https://arxiv.org/abs/2103.16558

