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1he Belle || experiment

Main experiments at B-factories of the past:

Important results: confirmation of the CKM
—» mechanism in the SM, CP violation
observation in the B meson system etc..

e Belle (KEK Laboratory, Japan)
e BaBar (SLAC Laboratory, California)
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1he Belle |l experiment |

Main experiments at B-factories of the past:

Important results: confirmation of the CKM
—» mechanism in the SM, CP violation
observation in the B meson system etc..

Nano-beam scheme| Q

\ 100;|mf
S5mm
100||m/

e Belle (KEK Laboratory, Japan)
e BaBar (SLAC Laboratory, California)

et4GeV 3.6 A
e 7GeV 26 A

Beam section at the
interaction point:
_ ~42 nminy
(e ~6 um in X

Source
position

Expected improvement of integrated luminosity of a factor ~50 w.r.t. Belle: 50 ab1

Belle 1II
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T — 31 motivations
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Status of the ¢ LFV @Belle ||

Belle Il expectations:

Improvement of =2 order of magnitude w.r.t. the actual limits
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Analysis motivations: ¢ — 3

Lepton Flavor Violation (LFV) are allowed in various extensions of the
Standard Model (SM) but it has never been observed

T5— P*Tu*u* decay is predicted to be non vanishing by New Physics (NP) models:

e Supersymmetric models;
 Models with Higgs/little Higgs;
* Non-universal Z’

e [eft-right symmetric models;
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Analysis motivations: ¢ — 3

Lepton Flavor Violation (LFV) are allowed in various extensions of the
Standard Model (SM) but it has never been observed

T5— P*Tu*u* decay is predicted to be non vanishing by New Physics (NP) models:

e Supersymmetric models;
 Models with Higgs/little Higgs;
* Non-universal Z’

e [eft-right symmetric models;

Branching Fraction predictions down to ~10-10

¢

accessible by Belle Il

Experimental upper limits from Belle and BaBar:
e Belle: 2.1 x 10-8 @90% confidence level
e BaBar: 3.3 x 10-8 @90% confidence level

...improved limits would further constrain the phase space of parameters of the models.

$ An observation of LFV in 7 decays would be a clear signature of NP |

Belle 1II
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LV new physics models

Ratios of BFs of T LFV decays allow to discriminate NP models!

Physics models B(t — uy) B(t—uupu)
SM + v mixing 107 ~ 1072 | 1073 ~ 107° [1] | \ goret
SM+heavy Majorana Vg 10~ 10~19 Flavour Viotation
Non-universal Z’ 10~ 10~° est Higge Mode
with T-Parity: a clear
SUSY SO(10) 1078 10~19 Distincton from
mSUGRA + seesaw 10~/ 10~° T oo,
SUSY Higgs 10-10 10~/
L —
Decay reference /
Signal side
T—>Mn 7Y
€ -
> | Tag side
/D \\ T-3€e V.V,

Belle 1II
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Analysis strategy
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Decay description and advantages
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Belle II

Analysis involving 7 in Belle Il are challenging because of:

* |ot of missing energy
* |eptons in the final state — lot of background sources
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Decay description and advantages

Analysis involving 7 in Belle Il are challenging because of:

* |ot of missing energy
* |eptons in the final state — lot of background sources

T—> 3 U

Tau sample:
T — 1 prong

‘ Signal side
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Decay description and advantages

Analysis involving 7 in Belle Il are challenging because of:

* |ot of missing energy
* |eptons in the final state — lot of background sources

T—> 3 U

Tau sample:
T — 1 prong

Signal side completely reconstructed Strong signal side signature

} }

D

@ good measurement of r mass and energy | | few physical background sources

Belle II
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Signal preselection

Requirement adopted to reconstruct the decay:
e thrust: discriminate between spherical and boosted events;

/"

</
Angle 180° means
Thrust ~ 1
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Signal preselection

Requirement adopted to reconstruct the decay:

* thrust: discriminate between spherical and boosted events;
* the two 7 point to opposite hemispheres;

| Hemisphere 2

<IB7
Angle 180° means

\ Thrust ~ 1
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Signal preselection

Requirement adopted to reconstruct the decay:

* thrust: discriminate between spherical and boosted events;

* the two 7 point to opposite hemispheres;
* Exactly 4 tracks coming nearby the IP;

Hemisphere 1

1p=1prong

&« Ik
Angle 180°

Belle II

Alberto Martini - z—3p analysis - Bormio 2019

".

means

Thrust ~ 1

16



Signal preselection

Requirement adopted to reconstruct the decay:

thrust: discriminate between spherical and boosted events;

the two 7 point to opposite hemispheres;
Exactly 4 tracks coming nearby the IP;

Signal tracks loosely identified as muons

Belle II

Hemisphere 1

Alberto Martini

- @
e I
Angle 180° means
Thrust ~ 1

- 7— 3 analysis - Bormio 2019
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Signal determination: signal region

The best way to identify the signal is
to look at the r mass and AE

AE = fr o Ebeam a

S/2
ks, Vs

T mass’ _ cos@ sin6 T mass’
7 AL’ —sin@ cosO T AE’

with @ ~ 75°
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Signal determination: signal region

The best way to identify the signal is

to look at th d AE
O look at the 7 mass an AE’ VS T mass’ of signal T

AE=E_—E; .. N ~1.66 . _
E¢ \/3’/2 % _Belle Il 2020 (preliminary). —35
3/1 g —168:_ . " .
: Ll 3 —30
T mass’ _ [ cos@ sin0\ (v mass'\ Q 1.7
T AE’ —sin@ cos6 T AE’ = - B P
, . -1.72— '
with @ ~ 75 - o
~1.74f 20
e . -1.761 15
5 30 window: | - .
~ 0.4GeV <m < 0.5GeV 178 T 10
'/_1 '734Ge~v.<A~E<_1~'7.06GeVJ 1 85.5#:‘ * Simulation: 10000 5
o e ? generated events
‘n 30 WindOW chosen as i 01| L1 |O.|2| L1 |O!3| L1 |O{4| L1 |0_|5| L1 IO_|6I L1 |0_7 0

> t{ - signal rgin J

Belle 1II

T mass’ [GeV]

Alberto Martini - 7—3p analysis - Bormio 2019 19



Signal-background rejection: signal side

1

The most powerful discriminating variable between signal and background is the plD

\\g) : 2 1.0 ! y 0 2 3/5/ 111111111111
I — _,_'j'_ NI~ 472
KLM detector= H9-H0
37°
BO-E13
— | I
N J \\\\ 250
s S T 7 =
CDC tracker o
o 17°
—] — ] CDC edge
/O
SS9 Alberto Martini - —3pu analysis - Bormio 2019 20



Signal-background rejection: signal side

1

The most powerful discriminating variable between signal and background is the plD

Momentum ranges: =/ 11
KLM detector = 59-£0
» Pp<0.7 GeV: p do not 37°
reach the p detector (KLM) e
 0.7<Pp<1 GeV: p reach — : = LAk .
KLM but not many layers | [l N 1 E =S
are crossed CDC tracker .
« Pu>1 GeV: p reach KLM =10
and many layers are ! - — ] CD&?;dge
crossed -
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Signal-background rejection: signal side

1

The most powerful discriminating variable between signal and background is the plD

Momentum ranges:

« Pu<0.7 GeV: p do not
reach the p detector (KLM)

« 0.7<Pp<1 GeV: py reach
KLM but not many layers
are crossed

« Pu>1 GeV: p reach KLM
and many layers are
crossed

11111111111111

< D> Extract the best combination of tight cuts for the analysis

O

=11l I~ 47
KLM detector = L
BO-E13
\\ . ! ) D | Il 1
A NN L T =
CDC tracker o
L 170
— — ] CDC edge
Optimization of the pyID cuts depending on 3 momentum ranges
Alberto Martini - 7—3p analysis - Bormio 2019 22
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Signal-background rejection: tag side

Signal-background discrimination depends on the tag-side track

Leptonic tag

In case of leptonic tag the missing energy on the tag side is high (2 neutrinos)
and leptonlD performances come into play
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Signal-background rejection: tag side

Signal-background discrimination depends on the tag-side track

Hadronic tag

In case of hadronic tag the missing energy on the tag side is lower (1 neutrino)
and hadronlID performances come into play
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Signal-background rejection: tag side

Backgroud sources: uii, dd, c¢, s§ (continuum) + TT,UUY, AU, eeup

{ Most discriminating variables are:

| « Tagsidet AE=FE_ —E,,  — suppress continuum background (mostly hadronic tag) |

tag

. Missing momentum of the event — suppress continuum background and eTe™ — 4u
| « Tag side 7 mass — suppress continuum background (mostly leptonic tag)
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Signal-background rejection: tag side

Backgroud sources: uii, dd, c¢, s§ (continuum) + TT,UUY, AU, eeup

{ Most discriminating variables are:

| « Tagsidet AE=FE_ —E,,  — suppress continuum background (mostly hadronic tag) |

tag

. Missing momentum of the event — suppress continuum background and eTe™ — 4u
| « Tag side 7 mass — suppress continuum background (mostly leptonic tag)

Punzi fom optimization:
Independently vary the last 3

variables (together with pID) to fom = S1err a=1.64 at 90% CL
maximise a Figure Of Merit (fom) al/2 + +/#Bkg |

D

O

Belle 1II

Alberto Martini - 7—3p analysis - Bormio 2019 20



Final results and conclusions

Alberto Martini - 7—3p analysis - Bormio 2019
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Optimized cut results

1 Simulation: f L dt = 500 fb”

§

Belle Il 2020 (preliminary) Leptonic tag

— Signal

e Background
1

|

< 10°
>
o
Q)
Al 10° E
=
=5
E) 10° E
cC -
8 -
O 10 3
TE
1071 =

O 02 04 06 08 1

12 14 16 18 2
Tag side Tt mass [GeV]

Leptonic tag
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Belle IT

HID probability cuts:
p<0.7 GeV: piD>0.6
0.7<Pu<1 GeV: pID>0.5
p>1 GeV: piD>0.7

Alberto Martini - 7—3L

’L(-)\ _
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LO L Simulation: | Ldt =500 fb — Signal
S 50}
= : e Background
L 40
- i
8 30 :
©
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Optimized cut results

< 10°

>

o

Q)

Al 10° E

=

=5

E) 10° E

cC -

8 -

O 105—
TE

1071 ——u

Simulation: f Ldt = 500 fb” _ Signal

Belle Il 2020 (preliminary) Hadronic tag

e Background

11

O 02 04 06 08 1 12 14 16 18 2

Tag side Tt mass [GeV]

Hadronic tag

D
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Belle IT

HID probability cuts:
p<0.7 GeV: plD>0.7
0.7<Pu<1 GeV: pID>0.5
p>1 GeV: piD>0.9

Alberto Martini - 7—3L

Counts/(0.005)

Counts/(0.05 GeV)

10%

10

-1

0.8 0.82 0.84 0.86 0.88 0.9 0.92 0.94 0.96 0.98 1

50 |

10* E

10° |

Belle Il 2020 (preliminary)

Simulation: f L dt = 500 fb”

Hadronic tag

— Signal

e Background
1

thitysd

(-;

Thrust

40 |

30

20

Belle Il 2020 (preliminary)

Simulation: f L dt = 500 fb”

.b.b*.lﬁ.tl.ibfl....

Hadronic tag

— Signal

e Background

TR YT W L

1 15 2 25

3 35 4 45

p miss [GeV]
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Preliminary MC results

ANELTTLEERRRNRD DLW # expected bkg  Sig Efficiency (%)  Punzi fom value

leptonic tag
hadronic tag

Total

No data-MC discrepancies are taken into account but...
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Preliminary MC results

ANELTTLEERRRNRD DLW # expected bkg  Sig Efficiency (%)  Punzi fom value

leptonic tag
hadronic tag

Total

No data-MC discrepancies are taken into account but...

BaBar estimation of the same fom 0.44 6.6 0.044
Belle estimation of the same fom 0.13 7.6 0.064

The efficiency is high: ~3 times than Belle/BaBar but still very preliminary
— a deeper understanding of the differences is needed for next results
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Preliminary MC results

ANELTTLEERRRNRD DLW # expected bkg  Sig Efficiency (%)  Punzi fom value

leptonic tag
hadronic tag

Total

No data-MC discrepancies are taken into account but...

BaBar estimation of the same fom 0.44 6.6 0.044
Belle estimation of the same fom 0.13 7.6 0.064

The efficiency is high: ~3 times than Belle/BaBar but still very preliminary
— a deeper understanding of the differences is needed for next results

No systematics are taken into account yet — BF limit estimation
will come after a complete systematic study
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Conclusion and future prospects

# expected bkg Sig Efficiency (%)

Belle Il preliminary results L 22.4
BaBar 0.44 6.6
Belle 0.13 7.6
the preliminary efficiency if ~3 times wrt " . R—
Belle/BaBar — a deeper understanding of =——p> BF limit coming soon with
: . systematics studies
the differences is needed for next results ——
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Conclusion and future prospects

# expected bkg Sig Efficiency (%)

Belle Il preliminary results L 22.4

BaBar 0.44 6.6
Belle 0.13 7.6

The preliminary efficiency if ~3 times wrt fBF Vlimi!t llcorﬁin soon with )
Belle/BaBar — a deeper understanding of =——p> : 9 : |
: : systematics studies

the differences is needed for next results — :

NEXT STEP

® Use a larger MC sample — get a more stable optimisation procedure
and reduce uncertainties on expected background events;

® |nsertion of data-MC discrepancies;

® ook at the data outside and inside the signal region.
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Dataset

MC signal sample: 10000 events T—> 3 U
_ Tau sample:
Signal channel: ete—— 1 [~ 1prong] 7 [—31] T —> 1 prong

| MC background samples:

* _  Low multiplicity:
| « Continuum: uii, dd, cc, s§ e ete- = ete-U+l-

o e+e-— L+u- (y) Weighted |
10500 1b7 |

 Low multiplicity weights:
e e+e- = e+e-u+y- 100M evts & Int Lumi:5.29fb-1  — Weight: 94.5
* e+e- = u+u-u+u- 2M evts & Int Lumi: 5.88ab-1 — Weight: 0.085
e e+e-— u+u-(y) 55Mevts & IntLumi:47.91tb-1 = Weight: 10.4
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Comparison with Belle result

Deeper investigation of the variables used by Belle/BaBar:
It seems that there are no more powerful variables available

Applying Belle cuts | got ~8% efficiency, the main reasons are:
e upID and p,>0.6;
e track on the tag side not identified as p.

— — —_— —_—

= — _ Ep— .

s e

/" A better pID algorithm is a key role in the analysis final results

Belle pID efficiency ~ 85 %
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U identification

/ M track

piD
algo KL&p detector-KLM
When the track reaches the KLM layers the plD

-" Track detector-cDC | @lgorithm provides the probability of the track to be a p.

Muon identification process
Geant4 is used to extrapolate tracks reconstructed
from the inner detectors by the tracking software
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U identification

/ M track

Muon identification process

D Geant4 is used to extrapolate tracks reconstructed
;go K.&u detector-KLM from the inner detectors by the tracking software

When the track reaches the KLM layers the plID
' Track detector-CDC

algorithm provides the probability of the track to be a p.
Muon ID hit Ln+1

Llong = Lin:

No muon ID hit Ln Liong *= 1- Lin * EffLn

Muon ID hit Ln-1 Llong *= Lin-1

L n= probability of having a hit in the Ln layer, for a particle hypothesis (MC pre-calculation)

nOuterExt

Liong= H L, Is the longitudinal probability of a track to be the hypothesised particle.

n=1

In order to correctly treat inefficient layers, if there are no hits in the
@ layer — take into account efficiencies and store: 1- L.n * EffL,

Belle 1II
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