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1§ lever arm, fast electronics

{goal 50 ab™" (now: 213 fb™ 1) !

clean events, good track reconstruction + particle identification, well known missing mass and energy
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LFV 7 decays

hadronic decay others leptonic decay
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Standard Model

® charged LFV decays are possible in the SM with neutrino
oscillations, but highly suppressed:

2\ 2
Br (61 — £7) gy (@) ~107% —107%
My

® higher decay rates (10_10 —107") are key predictions in many
models of physics beyond the SM l\‘\vﬁ\n 4

observation of any LFV 7 decay would be a :
clear sign of new physics! NP
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Selected theory and experimental results

Model Reference T — WY T — (BFs can depend on model parameters)
SUSY seesaw JHEP 11 (2006) 090 10710 10712
£ SUSY Higgs PLB 566 (2003) 217 10710 1077 different BF allow to
£ SM 4 heavy Majvg  PRD 66 (2002) 034008 10~° 10710 ‘disc,iminate NP models
F Non universal ' PLB 547 (2002) 252 10~° 1078
SUSY 50(10) PRD 68 (2003) 033012 10~° 1071 — for more theory see Emilies talk!
mSUGRA + seesaw  PRD 66 (2002) 115013 10~ 107°
coming
Process B Limit (90%CL)  Reference Luminosity in this talk
BaBar _ _ <4.4x1078 PRL 104,021802(2010) 515 fb~ T 4
Belle = M7 <45x1078 PLB 666,16(2008) 535 fb ! updated
.  BaBar _ _ <33x1078 PRL 104,021802(2010) 515 fb~? Belle results!
S Belle | ¢ <12.0 x 1078 PLB 666,16(2008) 535 fb~!
:,E-, LHCb 7~ — W:Ht <33x1077 Phys. Lett. B 724(2013) 1 fb_i new Belle
e LHCb T = ppp < 4.4 %1077 Phys. Lett. B 724(2013) 1fb™ results!
W Belle <21x107°8 PLB 687,139(2010) 782 fb!
BaBar <33x10°8 PRD 81,111101(R)(2010) 468 fb~?
LHCb 7 —p p'p”  <46x1078 JHEP 02,121(2015) 1!
CcMS <8.0x1078 JHEP 01,163(2021) 33.2 fb~ !
ATLAS <38x1077 EPJ C76,232(2016) 20.3 fb~! 5
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https://doi.org/10.1103/PhysRevD.66.034008
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https://doi.org/10.1103/PhysRevD.68.033012
https://doi.org/10.1103/PhysRevD.66.115013
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.104.021802
https://www.sciencedirect.com/science/article/pii/S0370269308007673
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.104.021802
https://arxiv.org/abs/2103.12994
https://arxiv.org/abs/2103.12994
https://www.sciencedirect.com/science/article/pii/S0370269308007673
https://doi.org/10.1016/j.physletb.2013.05.063
https://doi.org/10.1016/j.physletb.2013.05.063
https://doi.org/10.1103/PhysRevD.102.111101
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https://doi.org/10.1140/epjc/s10052-016-4041-9
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® tag side 7: 1-prong decay (1 — fvv, Ty, pv) . CM frame
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o Mbc - \/(Ebcelz\fm pe»y ) ~ M;

o AE= (EM Ebeam) ~0 GeV

® for background M. distribution will vary
smoothly without peaking

= gy ® signal region is blinded during the analysis!

M, [GeV/c?]

signal region defined according to resolution a




75 — (7 (Belle)

main backgrounds

* 5 ¢Fuv with ISR or beam background
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® visible energy, missing momentum/mass
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75 — (7 (Belle)

® Unbinned Extended Maximum @ 0% e 0%
Likelihood fit to the signal region = =
® PDFs determined from MC and 001
sidebands
0
Channel T — Wy T — ey
Signal efficiency 3.7% 2.9% o
Exp. # bkgs. 58+04 51+04 002
Obs. event 5 5 . o A
Neg 2.8 3.0 R T My [Gevic] B ° M [Gevich)
Tt 5 uty T 5 ety
preprint: arXiv:2103.12994, accepted by JHEP
UL .. o —1 _8
Ngg limits set with 988 fb B(r — py) < 4.2 x 10

with B(T — ¢v) < @ 90%CL

2N, € B(r — ey) <5.6 x10~°

<


https://arxiv.org/abs/2103.12994

T — pll’ (Belle)

® r7-lepton is the only lepton that can decay to hadrons
® can potentially give rise to lepton and baryon number violating decays (AB = AL = £1)

® Sakharov formulated three conditions to explain matter-antimatter asymmetry in the universe
@ Baryon number violation
@ C-symmetry and CP-symmetry violation (JETP Lett. 5,24-27,1967)
© Interaction out of thermal equilibrium

® such processes will be a signature for NP e.g., supersymmetry, GUT and models with black holes

JHEP 1501,134 (2015)

‘Instanton-mediated baryon number violation
in non-universal gauge extended models’

&


http://dx.doi.org/10.1070/PU1991v034n05ABEH002497
https://doi.org/10.1007/JHEP01(2015)134

T — pll’ (Belle)

event topology

® signal side: 7 — ptt’ (6(’) =u, e)

e* (3.5 GeV)

® tag side: 1-prong decay (7 — fvv, v, pv)

1-prong decay

O signal region

— 2 ~2
® M = EpM' - PPU/

CM CM
° AE = Epll’ - Ebeam

® sideband region is outside the red box

AE (GeV)

® sideband between two green lines is used to
calculate the expected background yield

e NI
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T — pll’ (Belle)

RLLLN oa T2 P2E * total luminosity: 921 fb™*
_ U _ U ® number of observed events consistent with background prediction
% % ® 90% CL upper limits set at the 1078 level (using Feldman &
N Cousins method, Phys. Rev. D 57, 3873)

SiEeses Cwinmieisiem  ® improving the world's best measurements by an order of
M. (GeV/c?) M,.(GeV/c*) . — — - — - —
magnitude for 7~ — pp p” and 77 — pu T pu’

T pey T pe

- ® first limit set for the other four channels!
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o] o T~ —pee 78 050+035 1 <3.0
e e T~ s pe e’ 80 023+007 1 <3.0
= A T~ > petp” 65 0224006 0 <20
;“;j. : U g“; ; U - T pe T 69 040+£028 0 <1.8
I s T = opuTpT 46 1304046 1 <40
B AR s M > pupt 50 1144043 0 <18

N VRN W 1T JEm Ll .
M GoV/C) M (GeVIc') published at Phys. Rev. D 102, 111101 D


https://doi.org/10.1103/PhysRevD.57.3873
https://link.aps.org/doi/10.1103/PhysRevD.102.111101
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® ATLAS = BaBar ¢ Belle 4 CLEO v LHCb



7= = (Fa (Belle II)

® « is assumed to be an invisible (undetected) long-lived massive boson
® previous searches by Mark Ill with 9.4 pb™* and ARGUS with 476 pb™*

event topology £
3T
* signal side: 75 — ¢* (+ a undetected) B z 3
e tag side: 3-prong decay (7 — 3w(+v)) d
search strategy T pseudo rest frame: E,CM ~+/s/2
® 2 body decay on the signal side 5CM
) method 1 ('ARGUS')  pS3L ~ — Par_
® in 7 rest frame the £ momentum would peak |P5)
at a value depending on the o mass method 2 (‘thrust’) ﬁssig ~ Athrust
® can not access the 7 rest frame due to
undetected particles max D |[7’,-CM - Athrust |
X . Vibrust = T~ =M
® approximation: 7 pseudo rest frame i 1PN



https://doi.org/10.1103/PhysRevLett.55.1842
https://doi.org/10.1080/01422419608223786

7= = (Fa (Belle II)

i 1 4 1
method 1 (‘ARGUS’) method 2 (‘thrust’)
§ 12000} Belle Il § 12000} Belle I
& [ Simulation:I Ldt=2501f" _Li L Simulation:I Ldt=25.01"
o 10000 o 10000~
N C N C
= r = C
S 80001 . S sooof .
E L DT—oEVV.T—oTﬂTﬂV ‘\@ L D(a&W.(aTﬂ'\ﬂV
s L _ . BR(eq) _ s C _ . BR(ea) _
fﬁ 6000~ M0 BRewy O ,_% 6000~ M0 BRew) - Ot
b =V BR(ea) _ L =V BR(ea) _
000F- MEI 14, oo =01 4000 Me14, oo =01
L . Background L . Background
2000~ 20001
0O 02 04 06 08 1 12 14 16 18 2 0O 02 04 06 08 1 12 14 16 18 2
pps-ARGUS [Gevic] pps-mrust [Gevic]



expected sensitivity

® expected upper limit for

® fit lepton momentum spectrum assuming different
« mass hypotheses

BR(T — la)

BR(T — Ivi)

* considerable improvements with only 25 fb™"
(without systematics) + results are coming with

95% CL UL on B(t — ea)/B(t — evv)

107

eBelle Il, ARGUS method
mBelle Il, Thrust method

— [ Lrccoreadt =213.49[fb71]

Total integrated Weekly luminosity [fo="]
Total integrated luminosity [fb~*]

— outdated, can expect update soon!

BELLE2-NOTE-PL-2020-018


https://docs.belle2.org/record/2043/files/BELLE2-NOTE-PL-2020-018.pdf

T — ppp (Belle 1)

1
event topology LFVmode 2
® signal side: 7 — ppp . T .
® tag side: 1-prong decay (1 — fvv, 7y, pv) /]
(including u tag!) /  generic r decay
“
DT
N = 03 - 120
® good determination of 7 mass and energy, few > Belle I .
back d 0} 0.2 F Simulation: P 100
grounds o o © — 3y (10* events) aso
A o A
* new: muon identification optimised in bins of momentum ol ., R -
® new: 3-cluster ECL triggers with > 95% efficiency of - ) 60
® higher efficiency wrt Belle, better limits with smaller “02pt 40
dataset possible (Belle: 2.1 x 107° @ 782 fb™ ') 03} -
04} 2
® 0 background search, limits scale linearly with luminosity .
057 72174176178 18 162184

expected sensitivity with 50 ab™': ~107°—107" M, [GeV/c?] @



Belle Il prospects

1 N P 0 g [ Ihh Ah
50 ab™ " projections g 10 v " ol SR S AR, L P
8 L] - EEEgn " =" - L -
o [ L - - [ ] -
extrapolated results based on s B . . L
’ Z 10 . SRR FOU IoSOOTUORUOTIOTN Wtosbot. | SOOI NV
zero-background scenarios 3 . . e vy e T \CLEO
pouer IS A M . v M M M v BaBar
can expect around two orders £ 107" T A S i : sy TS L Belle
. . £ v N AAyTiaall a4 v Aoatat fatatio
of magnitude improvement 5 Lo s ’ Trtaglles . =LHCb
X . 3 BT o (TETE TTRRRSSSSSS B B A e e = ATLAS
with same efficiency as Belle S . «Belle Il
. . . . _‘ S T AP S L) ®. e e b 8 g e *LHC-HL
optimization of BG reduction & ° P Y A O DI AL P
N . DRI .
3 .

is important to deal with
increased beam background

Belle Il Physics Book, p.514, PTEP 12,123C01 (2019)
HL-LHC and HE-LHC opportunities, arXiv:1812.07638 [hep-ph]


https://doi.org/10.1093/ptep/ptz106
https://arxiv.org/abs/1812.07638

® Belle and Belle Il are 7 factories
* Belle collected ~ 1 ab™! during its lifetime
® set the most stringent limits on more than 50 LFV 7 decays at O (107%)
® new results for 7 — plf and T — £y
e Belle Il collected so far 213 fb~! with the goal of 50 ab™!
® trying to improve 2 orders of magnitude on LFV decays
® search for 7 — fa coming next
L]

many other exciting results to come in the future

Thank you!
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KEKB and SuperKEKB

Be”e + KEKB (1999_2010) Belle Il Online luminosity Exp: 7-18 - All runs
2 1 14

. . 4 — .
® peak luminosity: 2.1 x 10** cm™?s Integrated luminosity

mmm Recorded Weekly
— [ Lrecordeadt =213.49[fb 1]

—
o

-1 .
® collected almost 1 ab™ " at different resonances and
off-resonances

=
)

@

Belle Il + SuperKEKB (first collisions in 2019)

o

® panobeam scheme + increased beam current
— goal is 30 times higher luminosity

IS

Total integrated luminosity [fb™!]

Total integrated Weekly luminosity [fb~1]

® luminosity world record (2.9 x 10> cm™%s™ ")

® goal: collect 50 ab™ " during lifetime (now: 213 fb™ ')

® challenges: dealing with higher machine backgrounds =~ #»#F#PePess
and trigger rates

(LER/HER) | E(GeV)  B; (mm) Bi (cm) ¢ (mrad) I(A) L (cm %)
KEKB 3.5/8.0 5.9/5.9 120/120 11 1.6/1.2 2.1 x 10**
SuperKEKB | 4.0/7.0 0.27/0.30 3.2/2.5 415 3.6/2.6 60 x 10** ~



T physics at B factories

® 7 leptons are produced back to back (in the CMS) and decay products are boosted in opposite

directions

® event can be divided in two hemispheres separated by the plane normal to thrust axis Athrust

® 7 can be reconstructed from visible decay products

o+

1-prong

e

v,

3-prong o

(2

37* +na°

® ;1 — e: stringent bounds exist from MEG
® 7 — u/e: weaker bounds (Belle, BaBar and CLEO)

® 7 could have preferential LFV couplings due to its mass

Vth rust

max Z,‘ |ﬁICM : ﬁthrust|

—‘CM|
2 |B;
z IF
EWE Y&
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sE vey -
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107 g % A
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7 — (o (Belle 1)

10" T T
1Cy|=1Cyy1=1
Mu3e-online/~
10"°F MEGII-fwd (F=100 N -
MEGII-fwd (F=1)
109 - 5 \\ ks - |
= ea | 9
& 108k RG u—ea ,\ E =
= WD L -t
- cooling i Belle-Il @50fH
e cooling of
107 i
sl co e |
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109F { | J
| et
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10° L ! ! il \ I L
102 10° 10* 10° 10° 107 108 10°
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107 " "

0.1 1 10 10* 10°

arXiv:2006.04795 my (GeV)

LFV ALPs
Phys. Lett. B 762 (2016) 389

LFV Z' )


https://arxiv.org/abs/2006.04795
https://doi.org/10.1016/j.physletb.2016.09.046

T — ppp (Belle 1)

background suppression
® signal tracks identified as muons
® new: muon identification optimised in bins of muon momentum

® p, < 0.7 GeV: p do not reach the KLM (muon detector)
® 0.7 < pu <1 GeV: pu reach the KLM but not many layers
® 1 GeV < p,: preach KLM and many layers are crossed

are crossed

o
E ()'6 ‘ [J
1
< CLEO
. | " 5 . o o
.o
signal region y Ay o
10
[ — 2 _ p2
M, =/ Efpy — Phip hd
Belle y | o
cms cms s
* AE=E,,; — Epeam 10 A
® signal box defined in rotated plane to account § A
for correlation 0" Belle Il
0?7 0!

1100
Luminosity (ab™) AD



muonlD (Belle II)

0.82 =6< 1.16 rad, muoniD > 0.9

I
[N}

)

E Belle Il (Preliminary), det= 34.6 fb~t

© 1.0}
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5: . -4 Ks—mm - mis-ID(m - ) x3

5 0.4 | : ¥ D" - DO%Km)n - mis-ID(n - ) x3

E 3 T(1p)T(3p) - mis-ID(m - ) x3

O 0.2} % ¥ D" - D°(Km)m - mis-ID(K - ) x3
0'00 3 4 5 6 7

p [GeV/c]

BELLE2-NOTE-PL-2020-027


https://docs.belle2.org/record/2062?ln=en

T — {7 event selection

TABLE I. Summary of preselection criteria used for the 7+ — #*+ search.

Nirack =2

Total charge =0

PN s <085

pr < 0.1 GeV/e
c080racic > —0.866, < 0.956
£, > 0.1 GeV
€08, > —0.625, < 0.846

TABLE II. Summary of selection criteria used for the ¥ — ¢*~ search.

7% =y~ channel 7+ — e~ channel
Selection criteria  |e chanmel 7 channel  p channel  |g channel 7 channel p channel
ESM/ 5 <0.93 < 0.86 <094 <093 <0.36 <094
ESN /5 <0.93 < 0.86 <0.86 <093 <0.36 < 0.86
0804 rack(signal tag) < 0.0 <00
cosfly, [0.40, 0.80] [0.40, 0.80]
Energy asymimetry < 0.65 < 0.65
COSH (4 ) Aracktag) [0.0, 1.0] [0.0, 1.0]
Prniss > 04 GeV/e > 0.4 GeV/e
€o80miss [~0.866, 0.956] [~0.866, 0.956]
O35 track(tag) [0.4, 0.98] [0.4, 0.99]
m2 [GeV2/c!] [00, 2.8 [-0.1, 1.2 [-0.3, 15] |[0.0, 2.8] [-0.1, 1.2]  [-0.3, 1.5]

®



T — by

systematics

AE distribution in the sideband with BKG PDF

Table 1. Systematic uncertaintics (in %) considered in this analysis.

Source Tty T ety
Track reconstruction efficiency 0.7 0.7 - — - S—
Photon reconstruction efficiency 2.0 2.0 § [ Belle § [ Belle
Photon energy calibration 3.2 3.2 % a0 J‘Ldt =9881b" } data E é 251 J.Lc" -988fb’ { data 4
Integrated luminosity 1.4 1.4 2 L -~ uy function 8 L --- eey function
e . 25 [
Trigger efficiency 2.1 3.4 E — Fit function 2 — Fitfunction
Background PDF modeling 3.3 3.7 200 3 L
E o
15| E [
E 10f
1of- e 3
L s
B(t — ey) i3 ;
comparison to previous measurements B I e R L o T o
E/s 1E/s
| T Expected Observed
BaBar 4.81 x 10° 9.8 33 a) 75 — pt b) 7% — e*
aBa X (a) 75 — pty (b) 7% = e*y
Previous Belle | 4.77 x 10° 12 12
new Belle 9.12 x 10° 6.5 5.6

®



backgrounds: radiative Bhabha, uu, eell, qq, 7

background suppression:

E Two-photon
® proton (antiproton) selected with likelihood o 04 Bhabha
criteria (eff. 90%, mis-id. < 10%) %0-35 E;;
® electron/muon identification eff: 91%/85%, £ —up

o

mis-id: 0.5%/2% 02

0.

)

® cut on max pr of the tracks
0.1

o

?)

~

® event shape variables (thrust)

o

&

CM
® etag-miss and Omiss 0.0

® ~ conversion veto on 77 — pe” e,
T = pe e, 7 — petp and Py (GeV)
T~ — pp” p~ channels (on assuming
electron mass hypothesis)

®



Entries/(0.005 GeV)

Entries/(0.02 GeV)

17 172 174 176 178 18 182 184
Mec(GeV)

un
Two-photon
Lo pe'e

-0.4 -0.3 -0.2 -0.1 0 0.1 0.2
AE(GeV)

Entries/(0.03 GeV)

L e

Ay,

{

1
3
3

02 03 04 05 06 07 08 O.
M, o(GeV)

3 Data

Miec and AE sidebands without v conversion veto applied




T — pll systematics

® The uncertainties due to lepton identification are 2.3% per electron and 2.0% per muon
e Similarly, the proton identification uncertainty is 0.5%
® Tracking efficiency uncertainty is 0.35% per track, totaling 1.4% for four tracks in the final state

® For the systematic uncertainty due to efficiency variation, we take half of the maximum spread in
efficiency with respect to its average value found in the invariant-mass variables: M., Mp., and
Mee/

® The uncertainty in the trigger efficiency studied with a dedicated trigger simulation program is
found to be 1.2%

® The uncertainty associated with integrated luminosity is 1.4%, and that due to the
e"e” — 717 cross section is 0.3%
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