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Two B Factories from 1999

Doris Yangsoo Kim @ KPS-
DPF, Dec. 16, 2022
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Belle / KEKB BABAR / PEP II

• CP Violation in the B section confirmed.

• Precision measurement of the CKM
matrix.  X(3872) and exotic particles.

• 2008 Nobel Prize, Kobayashi-Maskawa

• 2017 Hoam Prize (Korea), Sookyung Choi



Belle: Excellent Data Set

• The largest data samples at Υ(5s),
Υ(4s),  Υ(2s),  Υ(1s)

Doris Yangsoo Kim @ KPS-
DPF, Dec. 16, 2022
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Energy Size
 Υ(5s) 121 fb−1

 Υ(4s) 711fb−1

 Υ(3s) 3 fb−1

 Υ(2s) 25 fb−1

 Υ(1s) 6 fb−1

Off-resonance/
Scan

155 fb−1

1.02 ab−1



KEKB to SuperKEKB: Accomplished
• Nano beam scheme + Crab waist optics
• Target: vertical beta function 𝛽𝛽𝑦𝑦∗ 5.9 mm (KEKB) to 0.3 mm (SuperKEKB)
• Increase beam currents Ie±

• Increase beam-beam interaction ξy

Doris Yangsoo Kim @ KPS-
DPF, Dec. 16, 2022
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KEKB beams SuperKEKB
nanobeams

Beam crossing 
angle 22mrad

Beam crossing 
angle 83mrad

4

electrons
(7GeV)

positrons
(4GeV)

https://en.wikipedia.org/wiki/Beta_function_(accelerator_physics)



The Belle II Detector

electrons
(7GeV)

positrons
(4GeV)

KL and muon detector:
Resistive Plate Counter (barrel outer layers)

Scintillator + WLSF + MPPC (end-caps, inner 
2 barrel layers)

Particle Identification 
Time-of-Propagation counter (barrel)

Prox. focusing Aerogel RICH (forward)

Central Drift Chamber
(He + C2H6) small cells, long lever arm

EM Calorimeter:
CsI(Tl), waveform sampling

Vertex Detector
1 to 2 layers Si Pixels (DEPFET)

4 layers Si double sided strip DSSD

Beryllium beam pipe
2cm diameter

7.4 m

Doris Yangsoo Kim @ KPS-DPF, 
Dec. 16, 2022
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Pixelated photo sensors in TOP/ARICH/KLM
Front-end ASICs in many subsystems.

Vertexing and Tracking Improved

Particle ID improved

Better background insensitivity

Higher event rate



Belle II Physics Prospects
• Charm decays
• Next precision CKM matrix

– Semileptonic B decays
(CKM elements)

– Hadronic B decays
(angles and CPV)

– Time dependent CP violation
• 𝜏𝜏 physics
• Hadron spectroscopy
• Rare decays, FCNC
• New physics

– Lepton flavor violation
– Dark sector, Long lived particles

6Belle II Physics Book, PTEP 2019, 123C01

https://confluence.desy.de/display/BI/Snowmass+2021

Doris Yangsoo Kim @ KPS-
DPF, Dec. 16, 2022

https://doi.org/10.1093/ptep/ptz106
https://confluence.desy.de/display/BI/Snowmass+2021


Belle (II) and LHCb
• Belle (II) and LHCb have different systematics

− Two experiments are required to establish NP.
− LHCb: large 𝑏𝑏�𝑏𝑏 cross-section (LHCb 1 fb−1 ~ Belle II 1 ab−1 ). Good sensitivity and

S/N with di-muon modes and charged tracks with a vertex.

Doris Yangsoo Kim @ KPS-
DPF, Dec. 16, 2022
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The Belle II Collaboration (This is not Belle!)

• As of December 2022, approximately
• 1,100 members, 120 institutes, 27

countries

Doris Yangsoo Kim @ KPS-
DPF, Dec. 16, 2022
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SuperKEKB Luminosity: Current Status

Doris Yangsoo Kim @ KPS-
DPF, Dec. 16, 2022

• After the commission phases, physics
runs started spring 2019.

• Reclaimed the luminosity record June
2020! (Previously held by LHC.)

• Spring/summer 2022 run ended June.
– Peak luminosity at 𝑳𝑳𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑 = 𝟒𝟒.𝟕𝟕 ×

𝟏𝟏𝟏𝟏𝟑𝟑𝟑𝟑𝒄𝒄𝒄𝒄−𝟐𝟐𝒔𝒔−𝟏𝟏, the current world
record on June 22nd.

– Current integrated luminosity at
∫ 𝐿𝐿𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑑𝑑𝑑𝑑 = 424 𝑓𝑓𝑓𝑓−1.
(~ Babar, ~ ½ Belle)

• Long shutdown 1 (LS1) just started for
upgrades (pixel, TOP PMT, etc).

9https://confluence.desy.de/display/BI/Belle+II+Luminosity 

Run 2019 a/b

On/Off-resonance

Run 2019 c

Run 2022 a/b

Run 2020 c

Run 2021 c

Run 2021 a/b

Run 2020 a/b

D lifetimes

Λ𝑐𝑐,Ω𝑐𝑐 lifetimes

https://confluence.desy.de/display/BI/Belle+II+Luminosity


Charm Particle Lifetime
• Charm particles @ low-energy QCD

calculation (non-perturbative and high order
correction). The effective models do have
uncertainties.

• Measurements of charm lifetimes can test
the models.

• SuperKEKB gives a great opportunity to
measure the world best charm lifetimes.

10Phys. Rev. Lett. 127 (2021), 211801

BABAR

Belle II, 10𝑓𝑓𝑓𝑓−1
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Belle to Belle II:
2 times better vertex resolution,
20 times smaller beam spot size

𝐷𝐷0 lifetime distribution comparison

https://cerncourier.com/a/new-charmed-baryon-lifetime-hierarchy-
cast-in-stone/

Doris Yangsoo Kim @ KPS-
DPF, Dec. 16, 2022

https://doi.org/10.1103/PhysRevLett.127.211801
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Doris Yangsoo Kim @ KPS-
DPF, Dec. 16, 2022

Mode Belle II (fs) Previous WA (fs) Ref.
D0 410.5 ± 1.1 ± 0.8 410.1 ± 1.5

Phys. Rev. Lett. 127 (2021), 211801
D+ 1030.4 ± 4.7 ± 3.1 1040 ± 7

Λc
+ 203.2 ± 0.9 ± 0.8 202.4 ± 3.1 arXiv: 2206.15227v1,  PRL accepted

Ωc
0 243 ± 48 ± 11 268 ± 24 ± 10 LHCb

69 ± 12 pre-LHCb arXiv: 2208.08573, PRD accepted

https://doi.org/10.1103/PhysRevLett.127.211801
https://arxiv.org/pdf/2206.15227
https://doi.org/10.48550/arXiv.2208.08573


Dark Higgsstrahlung: e+e− → A′ h′
BELLE

arXiv:2207.00509 
accepted to PRL
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We also include systematic uncertainties due to dis-
crepancies in the dimuon and recoil mass resolutions in
data and simulation. A modified µµ� control sample is
used to check the mass distributions in the region of the
J/ resonance: the requirement on the opening angle �
is released and an ECL-only trigger is used, allowed by
the presence of the photon. This trigger requires that the
total energy deposition in the barrel and in the forward
endcap exceed 1 GeV. The search µ+µ� sample is also
used to check the mass distributions in the region where
the dimuon mass is close to

p
s/c2. We find differences

between data and simulation in the dimuon and recoil
mass resolutions of no more than 10%. Their effects on
the relative signal efficiency range between 1 and 5%,
depending on the masses, with an average of 2.4%.

We evaluate a systematic uncertainty on the signal effi-
ciency due to MA0 and Mh0 not coinciding with a window
center by recalculating the efficiency with the two mass
values randomly varied to points near the window cen-
ter. The signal efficiency varies 2% on average, and no
more than 5%, which we assign as a relative systematic
uncertainty.

Finally, a relative systematic uncertainty of 4% on the
theoretical prediction of the A0 decay branching fraction
to muons is used when interpreting results in terms of
the coupling product "2 ⇥ ↵D. This uncertainty comes
dominantly from uncertainties on the measured ratio of
cross sections for the production of hadrons or muons in
e+e� collisions, which enter in the A0 width theoretical
calculation [11].

The average total relative systematic uncertainties are
2.2 and 5.4% on the background and signal efficiencies,
respectively. They rise up to 12.7 and 11.3% in the region
MA0 > 9 GeV/c2.

We search for excesses in data in each window sepa-
rately with both a Bayesian technique based on Bayes
factors [47] and a frequentist technique based on signif-
icances from one-sided Gaussian integral transformation
of p-values. Background expectations and signal efficien-
cies are assumed from the simulation. Systematic un-
certainties are taken into account as correlated Gaussian
smearings of background expectations and signal efficien-
cies, with widths equal to the estimated uncertainties.
We choose thresholds of 80 for the Bayes factor and of
3.5� for the significance before inspecting the data: they
are larger than normally used, because we expect a rele-
vant look-elsewhere effect [48, 49] due to the high num-
ber of search windows. We find only one case of a local
significance above the threshold, 3.7�, which also cor-
responds to the highest Bayes factor of 45.6. It is in
the search window centered at Mµµ = 5.44 GeV/c2 and
Mrecoil = 3.18 GeV/c2. Taking into account the look-
elsewhere effect, this excess has a global significance be-
low 1�, showing no evidence for signal.

We compute upper limits at 90% Bayesian credibil-
ity level (CL) on the cross section for the dark Hig-

gsstrahlung process e+e� ! A0 h0 with A0 ! µ+µ�

and h0 invisible as a function of MA0 and Mh0 using the
Bayesian Analysis Toolkit software package [50]. We as-
sume uniform priors for all positive values of the cross
section, Poissonian likelihoods for the number of ob-
served and simulated events, and Gaussian smearing to
model systematic uncertainties, accounting for their cor-
relations. The result is shown in Fig. 2.

Figure 2: Observed 90% CL upper limit on the cross section
of e+e� ! A0 h0 with A0 ! µ+µ� and h0 invisible as a func-
tion of the A0 and h0 masses. Values are computed at search
window centers and then interpolated to points of the search
plane.

We translate the cross section result into 90% CL up-
per limits on "2 ⇥ ↵D. These limits are shown in Fig. 3
as functions of MA0 for four different values of Mh0 and
as functions of Mh0 for four different values of MA0 .

Our results are dominated by their statistical uncer-
tainties. In most of the search plane, systematic uncer-
tainties degrade the upper limits by less than 1%. Only
in the small region where MA0 > 9 GeV/c2 are system-
atic uncertainties significant, worsening the upper limits
by 25%. We test for prior dependence of the results by
using logarithmic priors for the cross section and find dif-
ferences smaller than 3%. Additional plots and detailed
numerical results are provided in the supplemental ma-
terial [51].

In summary, we search for the dark Higgsstrahlung
process e+e� ! A0 h0 with A0 ! µ+µ� and h0 invisible in
a data sample of electron-positron collisions at 10.58 GeV
collected by Belle II at SuperKEKB in 2019, correspond-
ing to an integrated luminosity of 8.34 fb�1. We find
no significant excess above expected background and set
upper limits on the cross section and coupling "2 ⇥ ↵D

for MA0 between 1.65 and 10.51 GeV/c2 and Mh0 < MA0 .
Our limits are the first in this mass range. The excluded
region is much larger than that previously covered by
other experiments [27]. Our 90% CL upper limits range
between 1.7 and 5.0 fb for the cross section and between
1.7⇥10�8 and 200⇥10�8 for the coupling for 4.0 GeV/c2

• No excess found
• upper limits on 
• most sensitive for 

σ
4 < MA′ < 9.7 GeV/c2

DD

E. Graziani ʹ Dark sector in Belle II - eeFACT2022 20

Dark Higgsstrahlung: e+e-ї A’h’

KLOE

Belle II

MA’

M
h’

�Dark photon + dark Higgs
• daƌk HiggƐ h͛

¾ gives maƐƐ ƚo A͛ through SSB
¾ no miǆing of h͛ ǁiƚh SM HiggƐ 
¾ coupling DD in the dark sector, H2 DD overall

�Mass hierarchy scenarios
• Mh͛ > MA͛

¾ h͛ ї AA͕͛͛  e+e-ї AA͛A͛͛
¾ probed by Babar and Belle

• Mh͛ <  MA͛ this search
¾ Invisible h͛ ;long-lived), missing energy
¾ 2d peak in MPP and Mrecoil
¾ Probed by KLOE
¾ Largely unconstrained

e+e- ї P+P- + missing energy

𝑒ା𝑒ି → 𝐴ᇱ∗ → ℎ′ 𝐴‘

𝜇ା𝜇ି

12



Dark Higgsstrahlung: e+e− → A′ h′
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We also include systematic uncertainties due to dis-
crepancies in the dimuon and recoil mass resolutions in
data and simulation. A modified µµ� control sample is
used to check the mass distributions in the region of the
J/ resonance: the requirement on the opening angle �
is released and an ECL-only trigger is used, allowed by
the presence of the photon. This trigger requires that the
total energy deposition in the barrel and in the forward
endcap exceed 1 GeV. The search µ+µ� sample is also
used to check the mass distributions in the region where
the dimuon mass is close to

p
s/c2. We find differences

between data and simulation in the dimuon and recoil
mass resolutions of no more than 10%. Their effects on
the relative signal efficiency range between 1 and 5%,
depending on the masses, with an average of 2.4%.

We evaluate a systematic uncertainty on the signal effi-
ciency due to MA0 and Mh0 not coinciding with a window
center by recalculating the efficiency with the two mass
values randomly varied to points near the window cen-
ter. The signal efficiency varies 2% on average, and no
more than 5%, which we assign as a relative systematic
uncertainty.

Finally, a relative systematic uncertainty of 4% on the
theoretical prediction of the A0 decay branching fraction
to muons is used when interpreting results in terms of
the coupling product "2 ⇥ ↵D. This uncertainty comes
dominantly from uncertainties on the measured ratio of
cross sections for the production of hadrons or muons in
e+e� collisions, which enter in the A0 width theoretical
calculation [11].

The average total relative systematic uncertainties are
2.2 and 5.4% on the background and signal efficiencies,
respectively. They rise up to 12.7 and 11.3% in the region
MA0 > 9 GeV/c2.

We search for excesses in data in each window sepa-
rately with both a Bayesian technique based on Bayes
factors [47] and a frequentist technique based on signif-
icances from one-sided Gaussian integral transformation
of p-values. Background expectations and signal efficien-
cies are assumed from the simulation. Systematic un-
certainties are taken into account as correlated Gaussian
smearings of background expectations and signal efficien-
cies, with widths equal to the estimated uncertainties.
We choose thresholds of 80 for the Bayes factor and of
3.5� for the significance before inspecting the data: they
are larger than normally used, because we expect a rele-
vant look-elsewhere effect [48, 49] due to the high num-
ber of search windows. We find only one case of a local
significance above the threshold, 3.7�, which also cor-
responds to the highest Bayes factor of 45.6. It is in
the search window centered at Mµµ = 5.44 GeV/c2 and
Mrecoil = 3.18 GeV/c2. Taking into account the look-
elsewhere effect, this excess has a global significance be-
low 1�, showing no evidence for signal.

We compute upper limits at 90% Bayesian credibil-
ity level (CL) on the cross section for the dark Hig-

gsstrahlung process e+e� ! A0 h0 with A0 ! µ+µ�

and h0 invisible as a function of MA0 and Mh0 using the
Bayesian Analysis Toolkit software package [50]. We as-
sume uniform priors for all positive values of the cross
section, Poissonian likelihoods for the number of ob-
served and simulated events, and Gaussian smearing to
model systematic uncertainties, accounting for their cor-
relations. The result is shown in Fig. 2.

Figure 2: Observed 90% CL upper limit on the cross section
of e+e� ! A0 h0 with A0 ! µ+µ� and h0 invisible as a func-
tion of the A0 and h0 masses. Values are computed at search
window centers and then interpolated to points of the search
plane.

We translate the cross section result into 90% CL up-
per limits on "2 ⇥ ↵D. These limits are shown in Fig. 3
as functions of MA0 for four different values of Mh0 and
as functions of Mh0 for four different values of MA0 .

Our results are dominated by their statistical uncer-
tainties. In most of the search plane, systematic uncer-
tainties degrade the upper limits by less than 1%. Only
in the small region where MA0 > 9 GeV/c2 are system-
atic uncertainties significant, worsening the upper limits
by 25%. We test for prior dependence of the results by
using logarithmic priors for the cross section and find dif-
ferences smaller than 3%. Additional plots and detailed
numerical results are provided in the supplemental ma-
terial [51].

In summary, we search for the dark Higgsstrahlung
process e+e� ! A0 h0 with A0 ! µ+µ� and h0 invisible in
a data sample of electron-positron collisions at 10.58 GeV
collected by Belle II at SuperKEKB in 2019, correspond-
ing to an integrated luminosity of 8.34 fb�1. We find
no significant excess above expected background and set
upper limits on the cross section and coupling "2 ⇥ ↵D

for MA0 between 1.65 and 10.51 GeV/c2 and Mh0 < MA0 .
Our limits are the first in this mass range. The excluded
region is much larger than that previously covered by
other experiments [27]. Our 90% CL upper limits range
between 1.7 and 5.0 fb for the cross section and between
1.7⇥10�8 and 200⇥10�8 for the coupling for 4.0 GeV/c2
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Figure 3: Observed 90% CL upper limits on "2 ⇥ ↵D (top)
as functions of MA0 for four values of Mh0 and (bottom) as
functions of Mh0 for four values of MA0 .

< MA0 < 9.7 GeV/c2 and Mh0 < MA0 . For specific val-
ues of ↵D and assuming the existence of a light invisble
dark Higgs, our results can be interpreted as upper limits
on "2 and compared with limits obtained by other exper-
iments. With ↵D = 1, our constraints would improve on
previous searches [22] across almost the full mass range.
For ↵D = 0.1, this conclusion would still hold in a sub-
stantial part of the mass range. These results can be
interpreted in a wider class of models compared to that
of Ref. [11], for example those with a long-lived invisible
h0 that mixes with the SM Higgs boson [52, 53].

This work, based on data collected using the Belle
II detector, which was built and commissioned prior to
March 2019, was supported by Science Committee of
the Republic of Armenia Grant No. 20TTCG-1C010;
Australian Research Council and research Grants
No. DE220100462, No. DP180102629, No. DP170102389,
No. DP170102204, No. DP150103061, No. FT130100303,
No. FT130100018, and No. FT120100745; Austrian
Federal Ministry of Education, Science and Research,
Austrian Science Fund No. P 31361-N36 and No. J4625-
N, and Horizon 2020 ERC Starting Grant No. 947006
“InterLeptons”; Natural Sciences and Engineering
Research Council of Canada, Compute Canada and

CANARIE; Chinese Academy of Sciences and re-
search Grant No. QYZDJ-SSW-SLH011, National
Natural Science Foundation of China and research
Grants No. 11521505, No. 11575017, No. 11675166,
No. 11761141009, No. 11705209, and No. 11975076,
LiaoNing Revitalization Talents Program under
Contract No. XLYC1807135, Shanghai Municipal
Science and Technology Committee under Contract
No. 19ZR1403000, Shanghai Pujiang Program under
Grant No. 18PJ1401000, and the CAS Center for
Excellence in Particle Physics (CCEPP); the Ministry
of Education, Youth, and Sports of the Czech Republic
under Contract No. LTT17020 and Charles University
Grant No. SVV 260448 and the Czech Science Founda-
tion Grant No. 22-18469S; European Research Council,
Seventh Framework PIEF-GA-2013-622527, Horizon
2020 ERC-Advanced Grants No. 267104 and No. 884719,
Horizon 2020 ERC-Consolidator Grant No. 819127,
Horizon 2020 Marie Sklodowska-Curie Grant Agree-
ment No. 700525 "NIOBE" and No. 101026516, and
Horizon 2020 Marie Sklodowska-Curie RISE project
JENNIFER2 Grant Agreement No. 822070 (European
grants); L’Institut National de Physique Nucléaire et
de Physique des Particules (IN2P3) du CNRS (France);
BMBF, DFG, HGF, MPG, and AvH Foundation (Ger-
many); Department of Atomic Energy under Project
Identification No. RTI 4002 and Department of Science
and Technology (India); Israel Science Foundation Grant
No. 2476/17, U.S.-Israel Binational Science Foundation
Grant No. 2016113, and Israel Ministry of Science Grant
No. 3-16543; Istituto Nazionale di Fisica Nucleare and
the research grants BELLE2; Japan Society for the Pro-
motion of Science, Grant-in-Aid for Scientific Research
Grants No. 16H03968, No. 16H03993, No. 16H06492,
No. 16K05323, No. 17H01133, No. 17H05405,
No. 18K03621, No. 18H03710, No. 18H05226,
No. 19H00682, No. 22H00144, No. 26220706, and
No. 26400255, the National Institute of Informatics,
and Science Information NETwork 5 (SINET5), and
the Ministry of Education, Culture, Sports, Science,
and Technology (MEXT) of Japan; National Research
Foundation (NRF) of Korea Grants No. 2016R1D1A1B-
02012900, No. 2018R1A2B3003643, No. 2018R1A6A1A-
06024970, No. 2018R1D1A1B07047294, No. 2019K1-
A3A7A09033840, No. 2019R1I1A3A01058933, and
No. 2022R1A2C1003993, Radiation Science Research In-
stitute, Foreign Large-size Research Facility Application
Supporting project, the Global Science Experimental
Data Hub Center of the Korea Institute of Science and
Technology Information and KREONET/GLORIAD;
Universiti Malaya RU grant, Akademi Sains Malaysia,
and Ministry of Education Malaysia; Frontiers of Science
Program Contracts No. FOINS-296, No. CB-221329,
No. CB-236394, No. CB-254409, and No. CB-180023,
and No. SEP-CINVESTAV research Grant No. 237
(Mexico); the Polish Ministry of Science and Higher Ed-

BELLE

arXiv:2207.00509 
accepted to PRL

• No excess found
• upper limits on  as well 
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•  model, initially motivated by  

• could also be a channel for sterile neutrinos as a dark
matter candidate, as well as a potential sol. to 

• Search for  (Belle) 

• Search for “invisible” (Belle II) 
(Belle II)
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before the Punzi-net application, and between the Punzi-
net e�ciencies in the three M2

recoil ranges are summed in
quadrature and found to be 2.7%, 6.5%, and 8.3%, re-
spectively. These di↵erences are assigned as systematic
uncertainties on the signal e�ciency.
The recoil mass resolution is studied using the µµ�

sample. The width of theM2
recoil distribution is 8% larger

in data than in simulation. This translates to a system-
atic uncertainty of 10% on the signal template shape.
Systematic uncertainties due to background shapes are

evaluated on the µµ� and eµ samples. We compute
the average data-to-simulation ratios for the number of
events in each search window. We assign twice the largest
standard deviation on these averages in each of the three
M2

recoil ranges as an uncertainty for the shape in the re-
spective M2

recoil ranges. We use the µµ� control sample
for M2

recoil up to 56GeV2/c4 and the eµ control sample
above. The resulting uncertainties are 3.2%, 8.6%, and
25% in the three M2

recoil ranges.
Uncertainties on the background template shape from

the photon-veto ine�ciency are studied on the ee control
sample and are on average 34% for M2

recoil< 1 GeV2/c4

decreasing to 5% above 1GeV2/c4. We assign a system-
atic uncertainty of 1% to the measured integrated lumi-
nosity [20].
The observed and expected M2

recoil distributions are
shown in Fig. 1. We find no significant excess of data
above the expected background. The �2 value describ-
ing the goodness of the two-dimensional fit is acceptable
for each test Z 0 mass with the largest incompatibility
corresponding to a p-value of 0.05. The largest local sig-
nificance is 2.8� for MZ0 = 2.352 GeV/c2. The global
significance of this excess after correcting for the look-
elsewhere e↵ect [40] is 0.7�.

FIG. 1: Squared recoil mass spectrum of the µ+µ� sample,
compared with the stacked contributions from the various
simulated background samples normalized to the integrated
luminosity.

The 90% CL upper limits on the cross sec-
tion for the process e+e� ! µ+µ�Z 0 with Z 0

invisible, �(e+e� ! µ+µ�Z 0, Z 0 ! invisible) =
�(e+e� ! µ+µ�Z 0)⇥ B(Z 0 ! invisible), are shown
in Fig. 2 as functions of MZ0 , along with the expected
1� and 2� bands of expected limits (median limits from
background-only simulated samples). We set upper
limits as small as 0.2 fb. In addition, we show upper
limits for the benchmark scenario in which we assume
non-negligible �Z0 .

Cross section results are translated into 90% CL up-
per limits on the coupling g0 and shown in Fig. 3 in the
fully invisible Lµ � L⌧ model for the cases of negligi-
ble and non-negligible �Z0 . For the case of negligible
�Z0 , these constraints hold for MZ0 <⇠ 6.5 GeV/c2. For
MZ0 > 6.5 GeV/c2, the assumption B(Z0 ! ��̄) ⇡ 1 is
not valid: numerical values in Fig. 3 can still be used,
but need to be rescaled by 1/

p
B(Z0 ! ��̄), which de-

pends on ↵D. We also show limits from NA64-e [18]
and the previous Belle II search [19]. Figure 4 presents
limits in the vanilla Lµ � L⌧ model, together with lim-
its from Belle [16], BABAR [15], and CMS [17] searches
for Z 0 ! µ+µ� and the constraints from NA64-e and
Belle II [19]. In both fully invisible and vanilla models,
we focus on the direct-search results and do not show con-
straints obtained from reanalyses of data from neutrino
experiments [7, 41, 42]. Additional plots, including indi-
rect constraints from neutrino experiments and detailed
numerical results, are provided in the supplemental ma-
terial [43].

FIG. 2: Observed 90% CL upper limits on the cross sec-
tion (e+e� ! µ+µ�Z0, Z0 ! invisible) as functions of the
Z0 mass for the cases of negligible Z0 and for Z0 = 0.1MZ0 .
Also shown are previous limits from Belle II [19].

In summary, we search for an invisibly decaying Z 0

boson in the process e+e� ! µ+µ�Z 0 using data corre-
sponding to 79.7 fb�1 collected by Belle II at SuperKEKB
in 2019–2020. We find no significant excess above the ex-
pected background and set 90% CL upper limits on the
coupling g0 ranging from 3⇥ 10�3 at low Z 0 masses to 1
for masses at 8 GeV/c2. These are world-leading direct-
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FIG. 3: Observed 90% CL upper limits on the coupling g0 for
the fully invisible Lµ �L⌧ model as functions of the Z0 mass
for the cases of negligible Z0 and for Z0 = 0.1MZ0 . Also
shown are previous limits from NA64-e [18] and Belle II [19]
searches. The red band shows the region that explains the
muon anomalous magnetic moment (g � 2)µ ± 2� [2]. The
vertical dashed line indicates the limit beyond which the hy-
pothesis B(Z0 ! ��̄) ⇡ 1 is not respected in the negligible
Z0 case.

FIG. 4: Observed 90% CL upper limits on the coupling g0

for the vanilla Lµ � L⌧ model as functions of the Z0 mass.
Also shown are previous limits from Belle II [19] and NA64-
e [18] searches for invisible Z0 decays, and from Belle [16],
BaBar [15], and CMS [17] searches for Z0 decays to muons
(at 95% CL). The red band shows the region that explains
the muon anomalous magnetic moment (g � 2)µ ± 2� [2].

search results for Z 0 masses above 11.5 MeV/c2 in the
fully invisible Lµ L⌧ model and for masses in the range
11.5 to 211 MeV/c2 in the vanilla Lµ L⌧ model. These
limits are the first direct-search results that exclude at
90% CL a fully invisible Z 0 boson as an explanation of
the (g 2)µ anomaly for 0.8 < MZ0 < 5.0 GeV/c2.
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• for  being an invisible particle  

• previous searches by Mark III (1985) and ARGUS (1995)

• event topology
✓ 1-vs-3 (3-prong for tag side) 

•  pseudo-rest-frame by approx. 

α

τ ECM
τ ≃ s /2

17

Search for τ → ℓ+α
⌧± ! `±↵ (Belle II)

• ↵ is assumed to be an invisible (undetected) long-lived massive boson

• previous searches by Mark III with 9.4 pb 1 and ARGUS with 476 pb 1

event topology

• signal side: ⌧± ! `± (+ ↵ undetected)

• tag side: 3-prong decay (⌧ ! 3⇡(+⌫))

search strategy

• 2 body decay on the signal side

• in ⌧ rest frame the ` momentum would peak
at a value depending on the ↵ mass

• can not access the ⌧ rest frame due to
undetected particles

• approximation: ⌧ pseudo rest frame

⌧ pseudo rest frame: ECM
⌧ ⇡

p
s/2

method 1 (‘ARGUS’) p̂CM
⌧,sig ' � ~p CM

3⇡

|~p CM
3⇡ |

method 2 (‘thrust’) p̂CM
⌧,sig ' n̂thrust

Vthrust
max
=

P
i |~p

CM
i · n̂thrust |P
i |~p CM

i |
13

The pseudo rest frame (ps)
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‣ Search for the two body decay !→e/µ+" where
" is an unobserved particle (missing energy) 

‣ The tag is the three body SM decay !→3π#

‣ The signal will manifest as a peak in the lepton momentum spectrum in the rest frame of the !

‣ However, we do not know the ! momentum. Approximated by assuming:

→ "Pseudo-rest frame" built from the tag decay products

MPP Colloquium | 3 Dec 2019 | Francesco Tenchini !33

Search for !→$+" (invisible)

E⌧ ⇡ ECMS/2
<latexit sha1_base64="4VLn7zJSn/dtStsGiwczhm14z/k=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYvEVJIuMFZUSCxIRdCH1ESR4zqtVceJbAdRRRlY+BUWBhBi5SPY+BvcNgO0HOlKx+fcK997/JhRqSzr2yisrK6tbxQ3S1vbO7t75v5BR0aJwKSNIxaJno8kYZSTtqKKkV4sCAp9Rrr+uDn1u/dESBrxOzWJiRuiIacBxUhpyTPL1UsvdRRKMgfFsYgeoH43r2+z03rVMytWzZoBLhM7JxWQo+WZX84gwklIuMIMSdm3rVi5KRKKYkaykpNIEiM8RkPS15SjkEg3nR2RwWOtDGAQCV1cwZn6eyJFoZST0NedIVIjuehNxf+8fqKCczelPE4U4Xj+UZAwqCI4TQQOqCBYsYkmCAuqd4V4hATCSudW0iHYiycvk069Zls1+6ZeaVzkcRRBGRyBE2CDM9AAV6AF2gCDR/AMXsGb8WS8GO/Gx7y1YOQzh+APjM8fU+6XNw==</latexit><latexit sha1_base64="4VLn7zJSn/dtStsGiwczhm14z/k=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYvEVJIuMFZUSCxIRdCH1ESR4zqtVceJbAdRRRlY+BUWBhBi5SPY+BvcNgO0HOlKx+fcK997/JhRqSzr2yisrK6tbxQ3S1vbO7t75v5BR0aJwKSNIxaJno8kYZSTtqKKkV4sCAp9Rrr+uDn1u/dESBrxOzWJiRuiIacBxUhpyTPL1UsvdRRKMgfFsYgeoH43r2+z03rVMytWzZoBLhM7JxWQo+WZX84gwklIuMIMSdm3rVi5KRKKYkaykpNIEiM8RkPS15SjkEg3nR2RwWOtDGAQCV1cwZn6eyJFoZST0NedIVIjuehNxf+8fqKCczelPE4U4Xj+UZAwqCI4TQQOqCBYsYkmCAuqd4V4hATCSudW0iHYiycvk069Zls1+6ZeaVzkcRRBGRyBE2CDM9AAV6AF2gCDR/AMXsGb8WS8GO/Gx7y1YOQzh+APjM8fU+6XNw==</latexit><latexit sha1_base64="4VLn7zJSn/dtStsGiwczhm14z/k=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYvEVJIuMFZUSCxIRdCH1ESR4zqtVceJbAdRRRlY+BUWBhBi5SPY+BvcNgO0HOlKx+fcK997/JhRqSzr2yisrK6tbxQ3S1vbO7t75v5BR0aJwKSNIxaJno8kYZSTtqKKkV4sCAp9Rrr+uDn1u/dESBrxOzWJiRuiIacBxUhpyTPL1UsvdRRKMgfFsYgeoH43r2+z03rVMytWzZoBLhM7JxWQo+WZX84gwklIuMIMSdm3rVi5KRKKYkaykpNIEiM8RkPS15SjkEg3nR2RwWOtDGAQCV1cwZn6eyJFoZST0NedIVIjuehNxf+8fqKCczelPE4U4Xj+UZAwqCI4TQQOqCBYsYkmCAuqd4V4hATCSudW0iHYiycvk069Zls1+6ZeaVzkcRRBGRyBE2CDM9AAV6AF2gCDR/AMXsGb8WS8GO/Gx7y1YOQzh+APjM8fU+6XNw==</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="ePJ1mX5mSnGy43LNQRKp9f+z8cE=">AAAB+XicbZBNS8MwHMb/nW9zTq1edwlugqfZ7qJHYQhehIluE9ZS0izdwtK0JKk4yg5e/CpePCjiF/HmtzF7OejmA4Enz5OQ/H9hypnSjvNtFdbWNza3itulnfLu3r59UO6oJJOEtknCE3kfYkU5E7Stmeb0PpUUxyGn3XDUnPbdByoVS8SdHqfUj/FAsIgRrE0U2JXaZZB7GmcTD6epTB6R2TevbyenjVpgV526MxNaNe7CVGGhVmB/ef2EZDEVmnCsVM91Uu3nWGpGOJ2UvEzRFJMRHtCesQLHVPn5bIgJOjZJH0WJNEtoNEt/38hxrNQ4Ds3JGOuhWu6m4X9dL9PRuZ8zkWaaCjJ/KMo40gmaEkF9JinRfGwMJpKZvyIyxBITbbiVDAR3eeRV02nUXafu3jhQhAocwQm4cAYXcAUtaAOBJ3iBN3i3nq1X62OOq2AtuB3CH1mfP9RClco=</latexit><latexit sha1_base64="ePJ1mX5mSnGy43LNQRKp9f+z8cE=">AAAB+XicbZBNS8MwHMb/nW9zTq1edwlugqfZ7qJHYQhehIluE9ZS0izdwtK0JKk4yg5e/CpePCjiF/HmtzF7OejmA4Enz5OQ/H9hypnSjvNtFdbWNza3itulnfLu3r59UO6oJJOEtknCE3kfYkU5E7Stmeb0PpUUxyGn3XDUnPbdByoVS8SdHqfUj/FAsIgRrE0U2JXaZZB7GmcTD6epTB6R2TevbyenjVpgV526MxNaNe7CVGGhVmB/ef2EZDEVmnCsVM91Uu3nWGpGOJ2UvEzRFJMRHtCesQLHVPn5bIgJOjZJH0WJNEtoNEt/38hxrNQ4Ds3JGOuhWu6m4X9dL9PRuZ8zkWaaCjJ/KMo40gmaEkF9JinRfGwMJpKZvyIyxBITbbiVDAR3eeRV02nUXafu3jhQhAocwQm4cAYXcAUtaAOBJ3iBN3i3nq1X62OOq2AtuB3CH1mfP9RClco=</latexit><latexit sha1_base64="sw6oCjqrWE51bbfRE1xqJOsSH2s=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYvEVJIuMFZUSCxIRdCH1ESR4zqtVceJbAdRRRlY+BUWBhBi5SPY+BvcNgO0HOlKx+fcK997/JhRqSzr2yisrK6tbxQ3S1vbO7t75v5BR0aJwKSNIxaJno8kYZSTtqKKkV4sCAp9Rrr+uDn1u/dESBrxOzWJiRuiIacBxUhpyTPL1UsvdRRKMgfFsYgeoH43r2+z03rVMytWzZoBLhM7JxWQo+WZX84gwklIuMIMSdm3rVi5KRKKYkaykpNIEiM8RkPS15SjkEg3nR2RwWOtDGAQCV1cwZn6eyJFoZST0NedIVIjuehNxf+8fqKCczelPE4U4Xj+UZAwqCI4TQQOqCBYsYkmCAuqd4V4hATCSudW0iHYiycvk069Zls1+8aqNC7yOIqgDI7ACbDBGWiAK9ACbYDBI3gGr+DNeDJejHfjY95aMPKZQ/AHxucPU06XNQ==</latexit><latexit sha1_base64="4VLn7zJSn/dtStsGiwczhm14z/k=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYvEVJIuMFZUSCxIRdCH1ESR4zqtVceJbAdRRRlY+BUWBhBi5SPY+BvcNgO0HOlKx+fcK997/JhRqSzr2yisrK6tbxQ3S1vbO7t75v5BR0aJwKSNIxaJno8kYZSTtqKKkV4sCAp9Rrr+uDn1u/dESBrxOzWJiRuiIacBxUhpyTPL1UsvdRRKMgfFsYgeoH43r2+z03rVMytWzZoBLhM7JxWQo+WZX84gwklIuMIMSdm3rVi5KRKKYkaykpNIEiM8RkPS15SjkEg3nR2RwWOtDGAQCV1cwZn6eyJFoZST0NedIVIjuehNxf+8fqKCczelPE4U4Xj+UZAwqCI4TQQOqCBYsYkmCAuqd4V4hATCSudW0iHYiycvk069Zls1+6ZeaVzkcRRBGRyBE2CDM9AAV6AF2gCDR/AMXsGb8WS8GO/Gx7y1YOQzh+APjM8fU+6XNw==</latexit><latexit sha1_base64="4VLn7zJSn/dtStsGiwczhm14z/k=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYvEVJIuMFZUSCxIRdCH1ESR4zqtVceJbAdRRRlY+BUWBhBi5SPY+BvcNgO0HOlKx+fcK997/JhRqSzr2yisrK6tbxQ3S1vbO7t75v5BR0aJwKSNIxaJno8kYZSTtqKKkV4sCAp9Rrr+uDn1u/dESBrxOzWJiRuiIacBxUhpyTPL1UsvdRRKMgfFsYgeoH43r2+z03rVMytWzZoBLhM7JxWQo+WZX84gwklIuMIMSdm3rVi5KRKKYkaykpNIEiM8RkPS15SjkEg3nR2RwWOtDGAQCV1cwZn6eyJFoZST0NedIVIjuehNxf+8fqKCczelPE4U4Xj+UZAwqCI4TQQOqCBYsYkmCAuqd4V4hATCSudW0iHYiycvk069Zls1+6ZeaVzkcRRBGRyBE2CDM9AAV6AF2gCDR/AMXsGb8WS8GO/Gx7y1YOQzh+APjM8fU+6XNw==</latexit><latexit sha1_base64="4VLn7zJSn/dtStsGiwczhm14z/k=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYvEVJIuMFZUSCxIRdCH1ESR4zqtVceJbAdRRRlY+BUWBhBi5SPY+BvcNgO0HOlKx+fcK997/JhRqSzr2yisrK6tbxQ3S1vbO7t75v5BR0aJwKSNIxaJno8kYZSTtqKKkV4sCAp9Rrr+uDn1u/dESBrxOzWJiRuiIacBxUhpyTPL1UsvdRRKMgfFsYgeoH43r2+z03rVMytWzZoBLhM7JxWQo+WZX84gwklIuMIMSdm3rVi5KRKKYkaykpNIEiM8RkPS15SjkEg3nR2RwWOtDGAQCV1cwZn6eyJFoZST0NedIVIjuehNxf+8fqKCczelPE4U4Xj+UZAwqCI4TQQOqCBYsYkmCAuqd4V4hATCSudW0iHYiycvk069Zls1+6ZeaVzkcRRBGRyBE2CDM9AAV6AF2gCDR/AMXsGb8WS8GO/Gx7y1YOQzh+APjM8fU+6XNw==</latexit><latexit sha1_base64="4VLn7zJSn/dtStsGiwczhm14z/k=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYvEVJIuMFZUSCxIRdCH1ESR4zqtVceJbAdRRRlY+BUWBhBi5SPY+BvcNgO0HOlKx+fcK997/JhRqSzr2yisrK6tbxQ3S1vbO7t75v5BR0aJwKSNIxaJno8kYZSTtqKKkV4sCAp9Rrr+uDn1u/dESBrxOzWJiRuiIacBxUhpyTPL1UsvdRRKMgfFsYgeoH43r2+z03rVMytWzZoBLhM7JxWQo+WZX84gwklIuMIMSdm3rVi5KRKKYkaykpNIEiM8RkPS15SjkEg3nR2RwWOtDGAQCV1cwZn6eyJFoZST0NedIVIjuehNxf+8fqKCczelPE4U4Xj+UZAwqCI4TQQOqCBYsYkmCAuqd4V4hATCSudW0iHYiycvk069Zls1+6ZeaVzkcRRBGRyBE2CDM9AAV6AF2gCDR/AMXsGb8WS8GO/Gx7y1YOQzh+APjM8fU+6XNw==</latexit><latexit sha1_base64="4VLn7zJSn/dtStsGiwczhm14z/k=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYvEVJIuMFZUSCxIRdCH1ESR4zqtVceJbAdRRRlY+BUWBhBi5SPY+BvcNgO0HOlKx+fcK997/JhRqSzr2yisrK6tbxQ3S1vbO7t75v5BR0aJwKSNIxaJno8kYZSTtqKKkV4sCAp9Rrr+uDn1u/dESBrxOzWJiRuiIacBxUhpyTPL1UsvdRRKMgfFsYgeoH43r2+z03rVMytWzZoBLhM7JxWQo+WZX84gwklIuMIMSdm3rVi5KRKKYkaykpNIEiM8RkPS15SjkEg3nR2RwWOtDGAQCV1cwZn6eyJFoZST0NedIVIjuehNxf+8fqKCczelPE4U4Xj+UZAwqCI4TQQOqCBYsYkmCAuqd4V4hATCSudW0iHYiycvk069Zls1+6ZeaVzkcRRBGRyBE2CDM9AAV6AF2gCDR/AMXsGb8WS8GO/Gx7y1YOQzh+APjM8fU+6XNw==</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="ePJ1mX5mSnGy43LNQRKp9f+z8cE=">AAAB+XicbZBNS8MwHMb/nW9zTq1edwlugqfZ7qJHYQhehIluE9ZS0izdwtK0JKk4yg5e/CpePCjiF/HmtzF7OejmA4Enz5OQ/H9hypnSjvNtFdbWNza3itulnfLu3r59UO6oJJOEtknCE3kfYkU5E7Stmeb0PpUUxyGn3XDUnPbdByoVS8SdHqfUj/FAsIgRrE0U2JXaZZB7GmcTD6epTB6R2TevbyenjVpgV526MxNaNe7CVGGhVmB/ef2EZDEVmnCsVM91Uu3nWGpGOJ2UvEzRFJMRHtCesQLHVPn5bIgJOjZJH0WJNEtoNEt/38hxrNQ4Ds3JGOuhWu6m4X9dL9PRuZ8zkWaaCjJ/KMo40gmaEkF9JinRfGwMJpKZvyIyxBITbbiVDAR3eeRV02nUXafu3jhQhAocwQm4cAYXcAUtaAOBJ3iBN3i3nq1X62OOq2AtuB3CH1mfP9RClco=</latexit><latexit sha1_base64="ePJ1mX5mSnGy43LNQRKp9f+z8cE=">AAAB+XicbZBNS8MwHMb/nW9zTq1edwlugqfZ7qJHYQhehIluE9ZS0izdwtK0JKk4yg5e/CpePCjiF/HmtzF7OejmA4Enz5OQ/H9hypnSjvNtFdbWNza3itulnfLu3r59UO6oJJOEtknCE3kfYkU5E7Stmeb0PpUUxyGn3XDUnPbdByoVS8SdHqfUj/FAsIgRrE0U2JXaZZB7GmcTD6epTB6R2TevbyenjVpgV526MxNaNe7CVGGhVmB/ef2EZDEVmnCsVM91Uu3nWGpGOJ2UvEzRFJMRHtCesQLHVPn5bIgJOjZJH0WJNEtoNEt/38hxrNQ4Ds3JGOuhWu6m4X9dL9PRuZ8zkWaaCjJ/KMo40gmaEkF9JinRfGwMJpKZvyIyxBITbbiVDAR3eeRV02nUXafu3jhQhAocwQm4cAYXcAUtaAOBJ3iBN3i3nq1X62OOq2AtuB3CH1mfP9RClco=</latexit><latexit sha1_base64="sw6oCjqrWE51bbfRE1xqJOsSH2s=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYvEVJIuMFZUSCxIRdCH1ESR4zqtVceJbAdRRRlY+BUWBhBi5SPY+BvcNgO0HOlKx+fcK997/JhRqSzr2yisrK6tbxQ3S1vbO7t75v5BR0aJwKSNIxaJno8kYZSTtqKKkV4sCAp9Rrr+uDn1u/dESBrxOzWJiRuiIacBxUhpyTPL1UsvdRRKMgfFsYgeoH43r2+z03rVMytWzZoBLhM7JxWQo+WZX84gwklIuMIMSdm3rVi5KRKKYkaykpNIEiM8RkPS15SjkEg3nR2RwWOtDGAQCV1cwZn6eyJFoZST0NedIVIjuehNxf+8fqKCczelPE4U4Xj+UZAwqCI4TQQOqCBYsYkmCAuqd4V4hATCSudW0iHYiycvk069Zls1+8aqNC7yOIqgDI7ACbDBGWiAK9ACbYDBI3gGr+DNeDJejHfjY95aMPKZQ/AHxucPU06XNQ==</latexit><latexit sha1_base64="4VLn7zJSn/dtStsGiwczhm14z/k=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYvEVJIuMFZUSCxIRdCH1ESR4zqtVceJbAdRRRlY+BUWBhBi5SPY+BvcNgO0HOlKx+fcK997/JhRqSzr2yisrK6tbxQ3S1vbO7t75v5BR0aJwKSNIxaJno8kYZSTtqKKkV4sCAp9Rrr+uDn1u/dESBrxOzWJiRuiIacBxUhpyTPL1UsvdRRKMgfFsYgeoH43r2+z03rVMytWzZoBLhM7JxWQo+WZX84gwklIuMIMSdm3rVi5KRKKYkaykpNIEiM8RkPS15SjkEg3nR2RwWOtDGAQCV1cwZn6eyJFoZST0NedIVIjuehNxf+8fqKCczelPE4U4Xj+UZAwqCI4TQQOqCBYsYkmCAuqd4V4hATCSudW0iHYiycvk069Zls1+6ZeaVzkcRRBGRyBE2CDM9AAV6AF2gCDR/AMXsGb8WS8GO/Gx7y1YOQzh+APjM8fU+6XNw==</latexit><latexit sha1_base64="4VLn7zJSn/dtStsGiwczhm14z/k=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYvEVJIuMFZUSCxIRdCH1ESR4zqtVceJbAdRRRlY+BUWBhBi5SPY+BvcNgO0HOlKx+fcK997/JhRqSzr2yisrK6tbxQ3S1vbO7t75v5BR0aJwKSNIxaJno8kYZSTtqKKkV4sCAp9Rrr+uDn1u/dESBrxOzWJiRuiIacBxUhpyTPL1UsvdRRKMgfFsYgeoH43r2+z03rVMytWzZoBLhM7JxWQo+WZX84gwklIuMIMSdm3rVi5KRKKYkaykpNIEiM8RkPS15SjkEg3nR2RwWOtDGAQCV1cwZn6eyJFoZST0NedIVIjuehNxf+8fqKCczelPE4U4Xj+UZAwqCI4TQQOqCBYsYkmCAuqd4V4hATCSudW0iHYiycvk069Zls1+6ZeaVzkcRRBGRyBE2CDM9AAV6AF2gCDR/AMXsGb8WS8GO/Gx7y1YOQzh+APjM8fU+6XNw==</latexit><latexit sha1_base64="4VLn7zJSn/dtStsGiwczhm14z/k=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYvEVJIuMFZUSCxIRdCH1ESR4zqtVceJbAdRRRlY+BUWBhBi5SPY+BvcNgO0HOlKx+fcK997/JhRqSzr2yisrK6tbxQ3S1vbO7t75v5BR0aJwKSNIxaJno8kYZSTtqKKkV4sCAp9Rrr+uDn1u/dESBrxOzWJiRuiIacBxUhpyTPL1UsvdRRKMgfFsYgeoH43r2+z03rVMytWzZoBLhM7JxWQo+WZX84gwklIuMIMSdm3rVi5KRKKYkaykpNIEiM8RkPS15SjkEg3nR2RwWOtDGAQCV1cwZn6eyJFoZST0NedIVIjuehNxf+8fqKCczelPE4U4Xj+UZAwqCI4TQQOqCBYsYkmCAuqd4V4hATCSudW0iHYiycvk069Zls1+6ZeaVzkcRRBGRyBE2CDM9AAV6AF2gCDR/AMXsGb8WS8GO/Gx7y1YOQzh+APjM8fU+6XNw==</latexit><latexit sha1_base64="4VLn7zJSn/dtStsGiwczhm14z/k=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYvEVJIuMFZUSCxIRdCH1ESR4zqtVceJbAdRRRlY+BUWBhBi5SPY+BvcNgO0HOlKx+fcK997/JhRqSzr2yisrK6tbxQ3S1vbO7t75v5BR0aJwKSNIxaJno8kYZSTtqKKkV4sCAp9Rrr+uDn1u/dESBrxOzWJiRuiIacBxUhpyTPL1UsvdRRKMgfFsYgeoH43r2+z03rVMytWzZoBLhM7JxWQo+WZX84gwklIuMIMSdm3rVi5KRKKYkaykpNIEiM8RkPS15SjkEg3nR2RwWOtDGAQCV1cwZn6eyJFoZST0NedIVIjuehNxf+8fqKCczelPE4U4Xj+UZAwqCI4TQQOqCBYsYkmCAuqd4V4hATCSudW0iHYiycvk069Zls1+6ZeaVzkcRRBGRyBE2CDM9AAV6AF2gCDR/AMXsGb8WS8GO/Gx7y1YOQzh+APjM8fU+6XNw==</latexit><latexit sha1_base64="4VLn7zJSn/dtStsGiwczhm14z/k=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYvEVJIuMFZUSCxIRdCH1ESR4zqtVceJbAdRRRlY+BUWBhBi5SPY+BvcNgO0HOlKx+fcK997/JhRqSzr2yisrK6tbxQ3S1vbO7t75v5BR0aJwKSNIxaJno8kYZSTtqKKkV4sCAp9Rrr+uDn1u/dESBrxOzWJiRuiIacBxUhpyTPL1UsvdRRKMgfFsYgeoH43r2+z03rVMytWzZoBLhM7JxWQo+WZX84gwklIuMIMSdm3rVi5KRKKYkaykpNIEiM8RkPS15SjkEg3nR2RwWOtDGAQCV1cwZn6eyJFoZST0NedIVIjuehNxf+8fqKCczelPE4U4Xj+UZAwqCI4TQQOqCBYsYkmCAuqd4V4hATCSudW0iHYiycvk069Zls1+6ZeaVzkcRRBGRyBE2CDM9AAV6AF2gCDR/AMXsGb8WS8GO/Gx7y1YOQzh+APjM8fU+6XNw==</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="ePJ1mX5mSnGy43LNQRKp9f+z8cE=">AAAB+XicbZBNS8MwHMb/nW9zTq1edwlugqfZ7qJHYQhehIluE9ZS0izdwtK0JKk4yg5e/CpePCjiF/HmtzF7OejmA4Enz5OQ/H9hypnSjvNtFdbWNza3itulnfLu3r59UO6oJJOEtknCE3kfYkU5E7Stmeb0PpUUxyGn3XDUnPbdByoVS8SdHqfUj/FAsIgRrE0U2JXaZZB7GmcTD6epTB6R2TevbyenjVpgV526MxNaNe7CVGGhVmB/ef2EZDEVmnCsVM91Uu3nWGpGOJ2UvEzRFJMRHtCesQLHVPn5bIgJOjZJH0WJNEtoNEt/38hxrNQ4Ds3JGOuhWu6m4X9dL9PRuZ8zkWaaCjJ/KMo40gmaEkF9JinRfGwMJpKZvyIyxBITbbiVDAR3eeRV02nUXafu3jhQhAocwQm4cAYXcAUtaAOBJ3iBN3i3nq1X62OOq2AtuB3CH1mfP9RClco=</latexit><latexit sha1_base64="ePJ1mX5mSnGy43LNQRKp9f+z8cE=">AAAB+XicbZBNS8MwHMb/nW9zTq1edwlugqfZ7qJHYQhehIluE9ZS0izdwtK0JKk4yg5e/CpePCjiF/HmtzF7OejmA4Enz5OQ/H9hypnSjvNtFdbWNza3itulnfLu3r59UO6oJJOEtknCE3kfYkU5E7Stmeb0PpUUxyGn3XDUnPbdByoVS8SdHqfUj/FAsIgRrE0U2JXaZZB7GmcTD6epTB6R2TevbyenjVpgV526MxNaNe7CVGGhVmB/ef2EZDEVmnCsVM91Uu3nWGpGOJ2UvEzRFJMRHtCesQLHVPn5bIgJOjZJH0WJNEtoNEt/38hxrNQ4Ds3JGOuhWu6m4X9dL9PRuZ8zkWaaCjJ/KMo40gmaEkF9JinRfGwMJpKZvyIyxBITbbiVDAR3eeRV02nUXafu3jhQhAocwQm4cAYXcAUtaAOBJ3iBN3i3nq1X62OOq2AtuB3CH1mfP9RClco=</latexit><latexit sha1_base64="sw6oCjqrWE51bbfRE1xqJOsSH2s=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYvEVJIuMFZUSCxIRdCH1ESR4zqtVceJbAdRRRlY+BUWBhBi5SPY+BvcNgO0HOlKx+fcK997/JhRqSzr2yisrK6tbxQ3S1vbO7t75v5BR0aJwKSNIxaJno8kYZSTtqKKkV4sCAp9Rrr+uDn1u/dESBrxOzWJiRuiIacBxUhpyTPL1UsvdRRKMgfFsYgeoH43r2+z03rVMytWzZoBLhM7JxWQo+WZX84gwklIuMIMSdm3rVi5KRKKYkaykpNIEiM8RkPS15SjkEg3nR2RwWOtDGAQCV1cwZn6eyJFoZST0NedIVIjuehNxf+8fqKCczelPE4U4Xj+UZAwqCI4TQQOqCBYsYkmCAuqd4V4hATCSudW0iHYiycvk069Zls1+8aqNC7yOIqgDI7ACbDBGWiAK9ACbYDBI3gGr+DNeDJejHfjY95aMPKZQ/AHxucPU06XNQ==</latexit><latexit sha1_base64="4VLn7zJSn/dtStsGiwczhm14z/k=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYvEVJIuMFZUSCxIRdCH1ESR4zqtVceJbAdRRRlY+BUWBhBi5SPY+BvcNgO0HOlKx+fcK997/JhRqSzr2yisrK6tbxQ3S1vbO7t75v5BR0aJwKSNIxaJno8kYZSTtqKKkV4sCAp9Rrr+uDn1u/dESBrxOzWJiRuiIacBxUhpyTPL1UsvdRRKMgfFsYgeoH43r2+z03rVMytWzZoBLhM7JxWQo+WZX84gwklIuMIMSdm3rVi5KRKKYkaykpNIEiM8RkPS15SjkEg3nR2RwWOtDGAQCV1cwZn6eyJFoZST0NedIVIjuehNxf+8fqKCczelPE4U4Xj+UZAwqCI4TQQOqCBYsYkmCAuqd4V4hATCSudW0iHYiycvk069Zls1+6ZeaVzkcRRBGRyBE2CDM9AAV6AF2gCDR/AMXsGb8WS8GO/Gx7y1YOQzh+APjM8fU+6XNw==</latexit><latexit sha1_base64="4VLn7zJSn/dtStsGiwczhm14z/k=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYvEVJIuMFZUSCxIRdCH1ESR4zqtVceJbAdRRRlY+BUWBhBi5SPY+BvcNgO0HOlKx+fcK997/JhRqSzr2yisrK6tbxQ3S1vbO7t75v5BR0aJwKSNIxaJno8kYZSTtqKKkV4sCAp9Rrr+uDn1u/dESBrxOzWJiRuiIacBxUhpyTPL1UsvdRRKMgfFsYgeoH43r2+z03rVMytWzZoBLhM7JxWQo+WZX84gwklIuMIMSdm3rVi5KRKKYkaykpNIEiM8RkPS15SjkEg3nR2RwWOtDGAQCV1cwZn6eyJFoZST0NedIVIjuehNxf+8fqKCczelPE4U4Xj+UZAwqCI4TQQOqCBYsYkmCAuqd4V4hATCSudW0iHYiycvk069Zls1+6ZeaVzkcRRBGRyBE2CDM9AAV6AF2gCDR/AMXsGb8WS8GO/Gx7y1YOQzh+APjM8fU+6XNw==</latexit><latexit sha1_base64="4VLn7zJSn/dtStsGiwczhm14z/k=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYvEVJIuMFZUSCxIRdCH1ESR4zqtVceJbAdRRRlY+BUWBhBi5SPY+BvcNgO0HOlKx+fcK997/JhRqSzr2yisrK6tbxQ3S1vbO7t75v5BR0aJwKSNIxaJno8kYZSTtqKKkV4sCAp9Rrr+uDn1u/dESBrxOzWJiRuiIacBxUhpyTPL1UsvdRRKMgfFsYgeoH43r2+z03rVMytWzZoBLhM7JxWQo+WZX84gwklIuMIMSdm3rVi5KRKKYkaykpNIEiM8RkPS15SjkEg3nR2RwWOtDGAQCV1cwZn6eyJFoZST0NedIVIjuehNxf+8fqKCczelPE4U4Xj+UZAwqCI4TQQOqCBYsYkmCAuqd4V4hATCSudW0iHYiycvk069Zls1+6ZeaVzkcRRBGRyBE2CDM9AAV6AF2gCDR/AMXsGb8WS8GO/Gx7y1YOQzh+APjM8fU+6XNw==</latexit><latexit sha1_base64="4VLn7zJSn/dtStsGiwczhm14z/k=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYvEVJIuMFZUSCxIRdCH1ESR4zqtVceJbAdRRRlY+BUWBhBi5SPY+BvcNgO0HOlKx+fcK997/JhRqSzr2yisrK6tbxQ3S1vbO7t75v5BR0aJwKSNIxaJno8kYZSTtqKKkV4sCAp9Rrr+uDn1u/dESBrxOzWJiRuiIacBxUhpyTPL1UsvdRRKMgfFsYgeoH43r2+z03rVMytWzZoBLhM7JxWQo+WZX84gwklIuMIMSdm3rVi5KRKKYkaykpNIEiM8RkPS15SjkEg3nR2RwWOtDGAQCV1cwZn6eyJFoZST0NedIVIjuehNxf+8fqKCczelPE4U4Xj+UZAwqCI4TQQOqCBYsYkmCAuqd4V4hATCSudW0iHYiycvk069Zls1+6ZeaVzkcRRBGRyBE2CDM9AAV6AF2gCDR/AMXsGb8WS8GO/Gx7y1YOQzh+APjM8fU+6XNw==</latexit><latexit sha1_base64="4VLn7zJSn/dtStsGiwczhm14z/k=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYvEVJIuMFZUSCxIRdCH1ESR4zqtVceJbAdRRRlY+BUWBhBi5SPY+BvcNgO0HOlKx+fcK997/JhRqSzr2yisrK6tbxQ3S1vbO7t75v5BR0aJwKSNIxaJno8kYZSTtqKKkV4sCAp9Rrr+uDn1u/dESBrxOzWJiRuiIacBxUhpyTPL1UsvdRRKMgfFsYgeoH43r2+z03rVMytWzZoBLhM7JxWQo+WZX84gwklIuMIMSdm3rVi5KRKKYkaykpNIEiM8RkPS15SjkEg3nR2RwWOtDGAQCV1cwZn6eyJFoZST0NedIVIjuehNxf+8fqKCczelPE4U4Xj+UZAwqCI4TQQOqCBYsYkmCAuqd4V4hATCSudW0iHYiycvk069Zls1+6ZeaVzkcRRBGRyBE2CDM9AAV6AF2gCDR/AMXsGb8WS8GO/Gx7y1YOQzh+APjM8fU+6XNw==</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="ePJ1mX5mSnGy43LNQRKp9f+z8cE=">AAAB+XicbZBNS8MwHMb/nW9zTq1edwlugqfZ7qJHYQhehIluE9ZS0izdwtK0JKk4yg5e/CpePCjiF/HmtzF7OejmA4Enz5OQ/H9hypnSjvNtFdbWNza3itulnfLu3r59UO6oJJOEtknCE3kfYkU5E7Stmeb0PpUUxyGn3XDUnPbdByoVS8SdHqfUj/FAsIgRrE0U2JXaZZB7GmcTD6epTB6R2TevbyenjVpgV526MxNaNe7CVGGhVmB/ef2EZDEVmnCsVM91Uu3nWGpGOJ2UvEzRFJMRHtCesQLHVPn5bIgJOjZJH0WJNEtoNEt/38hxrNQ4Ds3JGOuhWu6m4X9dL9PRuZ8zkWaaCjJ/KMo40gmaEkF9JinRfGwMJpKZvyIyxBITbbiVDAR3eeRV02nUXafu3jhQhAocwQm4cAYXcAUtaAOBJ3iBN3i3nq1X62OOq2AtuB3CH1mfP9RClco=</latexit><latexit sha1_base64="ePJ1mX5mSnGy43LNQRKp9f+z8cE=">AAAB+XicbZBNS8MwHMb/nW9zTq1edwlugqfZ7qJHYQhehIluE9ZS0izdwtK0JKk4yg5e/CpePCjiF/HmtzF7OejmA4Enz5OQ/H9hypnSjvNtFdbWNza3itulnfLu3r59UO6oJJOEtknCE3kfYkU5E7Stmeb0PpUUxyGn3XDUnPbdByoVS8SdHqfUj/FAsIgRrE0U2JXaZZB7GmcTD6epTB6R2TevbyenjVpgV526MxNaNe7CVGGhVmB/ef2EZDEVmnCsVM91Uu3nWGpGOJ2UvEzRFJMRHtCesQLHVPn5bIgJOjZJH0WJNEtoNEt/38hxrNQ4Ds3JGOuhWu6m4X9dL9PRuZ8zkWaaCjJ/KMo40gmaEkF9JinRfGwMJpKZvyIyxBITbbiVDAR3eeRV02nUXafu3jhQhAocwQm4cAYXcAUtaAOBJ3iBN3i3nq1X62OOq2AtuB3CH1mfP9RClco=</latexit><latexit sha1_base64="sw6oCjqrWE51bbfRE1xqJOsSH2s=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYvEVJIuMFZUSCxIRdCH1ESR4zqtVceJbAdRRRlY+BUWBhBi5SPY+BvcNgO0HOlKx+fcK997/JhRqSzr2yisrK6tbxQ3S1vbO7t75v5BR0aJwKSNIxaJno8kYZSTtqKKkV4sCAp9Rrr+uDn1u/dESBrxOzWJiRuiIacBxUhpyTPL1UsvdRRKMgfFsYgeoH43r2+z03rVMytWzZoBLhM7JxWQo+WZX84gwklIuMIMSdm3rVi5KRKKYkaykpNIEiM8RkPS15SjkEg3nR2RwWOtDGAQCV1cwZn6eyJFoZST0NedIVIjuehNxf+8fqKCczelPE4U4Xj+UZAwqCI4TQQOqCBYsYkmCAuqd4V4hATCSudW0iHYiycvk069Zls1+8aqNC7yOIqgDI7ACbDBGWiAK9ACbYDBI3gGr+DNeDJejHfjY95aMPKZQ/AHxucPU06XNQ==</latexit><latexit sha1_base64="4VLn7zJSn/dtStsGiwczhm14z/k=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYvEVJIuMFZUSCxIRdCH1ESR4zqtVceJbAdRRRlY+BUWBhBi5SPY+BvcNgO0HOlKx+fcK997/JhRqSzr2yisrK6tbxQ3S1vbO7t75v5BR0aJwKSNIxaJno8kYZSTtqKKkV4sCAp9Rrr+uDn1u/dESBrxOzWJiRuiIacBxUhpyTPL1UsvdRRKMgfFsYgeoH43r2+z03rVMytWzZoBLhM7JxWQo+WZX84gwklIuMIMSdm3rVi5KRKKYkaykpNIEiM8RkPS15SjkEg3nR2RwWOtDGAQCV1cwZn6eyJFoZST0NedIVIjuehNxf+8fqKCczelPE4U4Xj+UZAwqCI4TQQOqCBYsYkmCAuqd4V4hATCSudW0iHYiycvk069Zls1+6ZeaVzkcRRBGRyBE2CDM9AAV6AF2gCDR/AMXsGb8WS8GO/Gx7y1YOQzh+APjM8fU+6XNw==</latexit><latexit sha1_base64="4VLn7zJSn/dtStsGiwczhm14z/k=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYvEVJIuMFZUSCxIRdCH1ESR4zqtVceJbAdRRRlY+BUWBhBi5SPY+BvcNgO0HOlKx+fcK997/JhRqSzr2yisrK6tbxQ3S1vbO7t75v5BR0aJwKSNIxaJno8kYZSTtqKKkV4sCAp9Rrr+uDn1u/dESBrxOzWJiRuiIacBxUhpyTPL1UsvdRRKMgfFsYgeoH43r2+z03rVMytWzZoBLhM7JxWQo+WZX84gwklIuMIMSdm3rVi5KRKKYkaykpNIEiM8RkPS15SjkEg3nR2RwWOtDGAQCV1cwZn6eyJFoZST0NedIVIjuehNxf+8fqKCczelPE4U4Xj+UZAwqCI4TQQOqCBYsYkmCAuqd4V4hATCSudW0iHYiycvk069Zls1+6ZeaVzkcRRBGRyBE2CDM9AAV6AF2gCDR/AMXsGb8WS8GO/Gx7y1YOQzh+APjM8fU+6XNw==</latexit><latexit sha1_base64="4VLn7zJSn/dtStsGiwczhm14z/k=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYvEVJIuMFZUSCxIRdCH1ESR4zqtVceJbAdRRRlY+BUWBhBi5SPY+BvcNgO0HOlKx+fcK997/JhRqSzr2yisrK6tbxQ3S1vbO7t75v5BR0aJwKSNIxaJno8kYZSTtqKKkV4sCAp9Rrr+uDn1u/dESBrxOzWJiRuiIacBxUhpyTPL1UsvdRRKMgfFsYgeoH43r2+z03rVMytWzZoBLhM7JxWQo+WZX84gwklIuMIMSdm3rVi5KRKKYkaykpNIEiM8RkPS15SjkEg3nR2RwWOtDGAQCV1cwZn6eyJFoZST0NedIVIjuehNxf+8fqKCczelPE4U4Xj+UZAwqCI4TQQOqCBYsYkmCAuqd4V4hATCSudW0iHYiycvk069Zls1+6ZeaVzkcRRBGRyBE2CDM9AAV6AF2gCDR/AMXsGb8WS8GO/Gx7y1YOQzh+APjM8fU+6XNw==</latexit><latexit sha1_base64="4VLn7zJSn/dtStsGiwczhm14z/k=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYvEVJIuMFZUSCxIRdCH1ESR4zqtVceJbAdRRRlY+BUWBhBi5SPY+BvcNgO0HOlKx+fcK997/JhRqSzr2yisrK6tbxQ3S1vbO7t75v5BR0aJwKSNIxaJno8kYZSTtqKKkV4sCAp9Rrr+uDn1u/dESBrxOzWJiRuiIacBxUhpyTPL1UsvdRRKMgfFsYgeoH43r2+z03rVMytWzZoBLhM7JxWQo+WZX84gwklIuMIMSdm3rVi5KRKKYkaykpNIEiM8RkPS15SjkEg3nR2RwWOtDGAQCV1cwZn6eyJFoZST0NedIVIjuehNxf+8fqKCczelPE4U4Xj+UZAwqCI4TQQOqCBYsYkmCAuqd4V4hATCSudW0iHYiycvk069Zls1+6ZeaVzkcRRBGRyBE2CDM9AAV6AF2gCDR/AMXsGb8WS8GO/Gx7y1YOQzh+APjM8fU+6XNw==</latexit><latexit sha1_base64="4VLn7zJSn/dtStsGiwczhm14z/k=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYvEVJIuMFZUSCxIRdCH1ESR4zqtVceJbAdRRRlY+BUWBhBi5SPY+BvcNgO0HOlKx+fcK997/JhRqSzr2yisrK6tbxQ3S1vbO7t75v5BR0aJwKSNIxaJno8kYZSTtqKKkV4sCAp9Rrr+uDn1u/dESBrxOzWJiRuiIacBxUhpyTPL1UsvdRRKMgfFsYgeoH43r2+z03rVMytWzZoBLhM7JxWQo+WZX84gwklIuMIMSdm3rVi5KRKKYkaykpNIEiM8RkPS15SjkEg3nR2RwWOtDGAQCV1cwZn6eyJFoZST0NedIVIjuehNxf+8fqKCczelPE4U4Xj+UZAwqCI4TQQOqCBYsYkmCAuqd4V4hATCSudW0iHYiycvk069Zls1+6ZeaVzkcRRBGRyBE2CDM9AAV6AF2gCDR/AMXsGb8WS8GO/Gx7y1YOQzh+APjM8fU+6XNw==</latexit><latexit sha1_base64="4VLn7zJSn/dtStsGiwczhm14z/k=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYvEVJIuMFZUSCxIRdCH1ESR4zqtVceJbAdRRRlY+BUWBhBi5SPY+BvcNgO0HOlKx+fcK997/JhRqSzr2yisrK6tbxQ3S1vbO7t75v5BR0aJwKSNIxaJno8kYZSTtqKKkV4sCAp9Rrr+uDn1u/dESBrxOzWJiRuiIacBxUhpyTPL1UsvdRRKMgfFsYgeoH43r2+z03rVMytWzZoBLhM7JxWQo+WZX84gwklIuMIMSdm3rVi5KRKKYkaykpNIEiM8RkPS15SjkEg3nR2RwWOtDGAQCV1cwZn6eyJFoZST0NedIVIjuehNxf+8fqKCczelPE4U4Xj+UZAwqCI4TQQOqCBYsYkmCAuqd4V4hATCSudW0iHYiycvk069Zls1+6ZeaVzkcRRBGRyBE2CDM9AAV6AF2gCDR/AMXsGb8WS8GO/Gx7y1YOQzh+APjM8fU+6XNw==</latexit>

~p⌧ ⇡ ~p3⇡ =
P3

i=1 ~pi
<latexit sha1_base64="fRXUV3A0x7g/X/kDdFB1TdqoC9A=">AAACJnicbVDLSsNAFJ3UV62vqEs3wVZwVZJ2oZtC0Y3LCvYBTQ2T6aQdOkmGeRRLyNe48VfcuKiIuPNTnLZRtPXAhcM593LvPT6jREjb/jBya+sbm1v57cLO7t7+gXl41BKx4gg3UUxj3vGhwJREuCmJpLjDOIahT3HbH13P/PYYc0Hi6E5OGO6FcBCRgCAoteSZtZI7xihhqZe4EqrUhYzx+OFHrLqMpDVXqNBLSM1J75Nq+m2SkmcW7bI9h7VKnIwUQYaGZ07dfoxUiCOJKBSi69hM9hLIJUEUpwVXCcwgGsEB7moawRCLXjJ/M7XOtNK3gpjriqQ1V39PJDAUYhL6ujOEciiWvZn4n9dVMrjsJSRiSuIILRYFiloytmaZWX3CMZJ0oglEnOhbLTSEHCKpky3oEJzll1dJq1J27LJzWynWr7I48uAEnIJz4IALUAc3oAGaAIFH8Aym4NV4Ml6MN+N90Zozsplj8AfG5xdOp6d4</latexit><latexit sha1_base64="fRXUV3A0x7g/X/kDdFB1TdqoC9A=">AAACJnicbVDLSsNAFJ3UV62vqEs3wVZwVZJ2oZtC0Y3LCvYBTQ2T6aQdOkmGeRRLyNe48VfcuKiIuPNTnLZRtPXAhcM593LvPT6jREjb/jBya+sbm1v57cLO7t7+gXl41BKx4gg3UUxj3vGhwJREuCmJpLjDOIahT3HbH13P/PYYc0Hi6E5OGO6FcBCRgCAoteSZtZI7xihhqZe4EqrUhYzx+OFHrLqMpDVXqNBLSM1J75Nq+m2SkmcW7bI9h7VKnIwUQYaGZ07dfoxUiCOJKBSi69hM9hLIJUEUpwVXCcwgGsEB7moawRCLXjJ/M7XOtNK3gpjriqQ1V39PJDAUYhL6ujOEciiWvZn4n9dVMrjsJSRiSuIILRYFiloytmaZWX3CMZJ0oglEnOhbLTSEHCKpky3oEJzll1dJq1J27LJzWynWr7I48uAEnIJz4IALUAc3oAGaAIFH8Aym4NV4Ml6MN+N90Zozsplj8AfG5xdOp6d4</latexit><latexit sha1_base64="fRXUV3A0x7g/X/kDdFB1TdqoC9A=">AAACJnicbVDLSsNAFJ3UV62vqEs3wVZwVZJ2oZtC0Y3LCvYBTQ2T6aQdOkmGeRRLyNe48VfcuKiIuPNTnLZRtPXAhcM593LvPT6jREjb/jBya+sbm1v57cLO7t7+gXl41BKx4gg3UUxj3vGhwJREuCmJpLjDOIahT3HbH13P/PYYc0Hi6E5OGO6FcBCRgCAoteSZtZI7xihhqZe4EqrUhYzx+OFHrLqMpDVXqNBLSM1J75Nq+m2SkmcW7bI9h7VKnIwUQYaGZ07dfoxUiCOJKBSi69hM9hLIJUEUpwVXCcwgGsEB7moawRCLXjJ/M7XOtNK3gpjriqQ1V39PJDAUYhL6ujOEciiWvZn4n9dVMrjsJSRiSuIILRYFiloytmaZWX3CMZJ0oglEnOhbLTSEHCKpky3oEJzll1dJq1J27LJzWynWr7I48uAEnIJz4IALUAc3oAGaAIFH8Aym4NV4Ml6MN+N90Zozsplj8AfG5xdOp6d4</latexit><latexit sha1_base64="fRXUV3A0x7g/X/kDdFB1TdqoC9A=">AAACJnicbVDLSsNAFJ3UV62vqEs3wVZwVZJ2oZtC0Y3LCvYBTQ2T6aQdOkmGeRRLyNe48VfcuKiIuPNTnLZRtPXAhcM593LvPT6jREjb/jBya+sbm1v57cLO7t7+gXl41BKx4gg3UUxj3vGhwJREuCmJpLjDOIahT3HbH13P/PYYc0Hi6E5OGO6FcBCRgCAoteSZtZI7xihhqZe4EqrUhYzx+OFHrLqMpDVXqNBLSM1J75Nq+m2SkmcW7bI9h7VKnIwUQYaGZ07dfoxUiCOJKBSi69hM9hLIJUEUpwVXCcwgGsEB7moawRCLXjJ/M7XOtNK3gpjriqQ1V39PJDAUYhL6ujOEciiWvZn4n9dVMrjsJSRiSuIILRYFiloytmaZWX3CMZJ0oglEnOhbLTSEHCKpky3oEJzll1dJq1J27LJzWynWr7I48uAEnIJz4IALUAc3oAGaAIFH8Aym4NV4Ml6MN+N90Zozsplj8AfG5xdOp6d4</latexit>

π
⌧tag

<latexit sha1_base64="RMm5raAS/qNw6Yya13wjGg8drII=">AAAB9XicjVC7SgNBFL0bX3F9RS1tBoNgFXZttBGDNpYRzAOyMcxOZpMhM7vLzF0lLAE/w8ZCEVs/w97Ov3GSWKgoeODC4Zx7uYcTplIY9Lx3pzA3v7C4VFx2V1bX1jdKm1sNk2Sa8TpLZKJbITVcipjXUaDkrVRzqkLJm+HwbOI3r7k2IokvcZTyjqL9WESCUbTSVYA06+aBVgRpf9wtlf2KNwX5m5RPXt3jWwCodUtvQS9hmeIxMkmNafteip2cahRM8rEbZIanlA1pn7ctjanippNPU4/JnlV6JEq0nRjJVP16kVNlzEiFdlNRHJif3kT8zWtnGB11chGnGfKYzR5FmSSYkEkFpCc0ZyhHllCmhc1K2IBqytAW5f6vhMZBxfcq/oVXrp7CDEXYgV3YBx8OoQrnUIM6MNBwBw/w6Nw4986T8zxbLTifN9vwDc7LBxw5lGY=</latexit><latexit sha1_base64="DgSFKWBwLNT1oxrRRxRfcFpdOOI=">AAAB9XicjVC7SgNBFJ31GddX1NJmMAhWYddGGzFoYxnBPCAbw93JbDJkdnaZuauEJf9hY+EDWz/D3kb8GyeJhYqCBy4czrmXezhhKoVBz3t3Zmbn5hcWC0vu8srq2npxY7NukkwzXmOJTHQzBMOlULyGAiVvpppDHEreCAenY79xxbURibrAYcrbMfSUiAQDtNJlgJB18kDHFKE36hRLftmbgP5NSscv7lH68OZWO8XXoJuwLOYKmQRjWr6XYjsHjYJJPnKDzPAU2AB6vGWpgpibdj5JPaK7VunSKNF2FNKJ+vUih9iYYRzazRiwb356Y/E3r5VhdNjOhUoz5IpNH0WZpJjQcQW0KzRnKIeWANPCZqWsDxoY2qLc/5VQ3y/7Xtk/90qVEzJFgWyTHbJHfHJAKuSMVEmNMKLJDbkj9861c+s8Ok/T1Rnn82aLfIPz/AENyJXa</latexit><latexit sha1_base64="DgSFKWBwLNT1oxrRRxRfcFpdOOI=">AAAB9XicjVC7SgNBFJ31GddX1NJmMAhWYddGGzFoYxnBPCAbw93JbDJkdnaZuauEJf9hY+EDWz/D3kb8GyeJhYqCBy4czrmXezhhKoVBz3t3Zmbn5hcWC0vu8srq2npxY7NukkwzXmOJTHQzBMOlULyGAiVvpppDHEreCAenY79xxbURibrAYcrbMfSUiAQDtNJlgJB18kDHFKE36hRLftmbgP5NSscv7lH68OZWO8XXoJuwLOYKmQRjWr6XYjsHjYJJPnKDzPAU2AB6vGWpgpibdj5JPaK7VunSKNF2FNKJ+vUih9iYYRzazRiwb356Y/E3r5VhdNjOhUoz5IpNH0WZpJjQcQW0KzRnKIeWANPCZqWsDxoY2qLc/5VQ3y/7Xtk/90qVEzJFgWyTHbJHfHJAKuSMVEmNMKLJDbkj9861c+s8Ok/T1Rnn82aLfIPz/AENyJXa</latexit><latexit sha1_base64="OHg8lUQRtjoa4kmwIEXzR3QafqM=">AAAB9XicjVDLSgNBEJz1GeMr6tHLYBA8hV0vegx68RjBPCC7ht7JbDJkZnaZ6VXCkv/w4kERr/6LN//GyeOgomBBQ1HVTRcVZ1JY9P0Pb2l5ZXVtvbRR3tza3tmt7O23bJobxpsslanpxGC5FJo3UaDkncxwULHk7Xh0OfXbd9xYkeobHGc8UjDQIhEM0Em3IULeK0KjKMJg0qtUg5o/A/2bVMkCjV7lPeynLFdcI5NgbTfwM4wKMCiY5JNymFueARvBgHcd1aC4jYpZ6gk9dkqfJqlxo5HO1K8XBShrxyp2mwpwaH96U/E3r5tjch4VQmc5cs3mj5JcUkzptALaF4YzlGNHgBnhslI2BAMMXVHl/5XQOq0Ffi249qv1i0UdJXJIjsgJCcgZqZMr0iBNwoghD+SJPHv33qP34r3OV5e8xc0B+Qbv7ROs8pKZ</latexit>

e+
<latexit sha1_base64="rLc6ULkuVOE7MppFfCePMo1qCQI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjxWtB/QxrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RRWVtfWN4qbpa3tnd298v5BU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm6nfekKleSwfzDhBP6IDyUPOqLHSPT6e9coVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2anTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/jyMmmeVz236t1dVGrXeRxFOIJjOAUPLqEGt1CHBjAYwDO8wpsjnBfn3fmYtxacfOYQ/sD5/AHkEo2G</latexit><latexit sha1_base64="rLc6ULkuVOE7MppFfCePMo1qCQI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjxWtB/QxrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RRWVtfWN4qbpa3tnd298v5BU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm6nfekKleSwfzDhBP6IDyUPOqLHSPT6e9coVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2anTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/jyMmmeVz236t1dVGrXeRxFOIJjOAUPLqEGt1CHBjAYwDO8wpsjnBfn3fmYtxacfOYQ/sD5/AHkEo2G</latexit><latexit sha1_base64="rLc6ULkuVOE7MppFfCePMo1qCQI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjxWtB/QxrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RRWVtfWN4qbpa3tnd298v5BU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm6nfekKleSwfzDhBP6IDyUPOqLHSPT6e9coVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2anTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/jyMmmeVz236t1dVGrXeRxFOIJjOAUPLqEGt1CHBjAYwDO8wpsjnBfn3fmYtxacfOYQ/sD5/AHkEo2G</latexit><latexit sha1_base64="rLc6ULkuVOE7MppFfCePMo1qCQI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjxWtB/QxrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RRWVtfWN4qbpa3tnd298v5BU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm6nfekKleSwfzDhBP6IDyUPOqLHSPT6e9coVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2anTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14ZWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/jyMmmeVz236t1dVGrXeRxFOIJjOAUPLqEGt1CHBjAYwDO8wpsjnBfn3fmYtxacfOYQ/sD5/AHkEo2G</latexit>

e
<latexit sha1_base64="ois9VRdzJDl8YfUuPCL+K3TrBO4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQY9FLx4r2g9oY9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJYPZpygH9GB5CFn1FjpHh/PeuWKW3VnIMvEy0kFctR75a9uP2ZphNIwQbXueG5i/Iwqw5nASambakwoG9EBdiyVNELtZ7NTJ+TEKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8MrPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadkg3BW3x5mTTPq55b9e4uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+B8/gDnGo2I</latexit><latexit sha1_base64="ois9VRdzJDl8YfUuPCL+K3TrBO4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQY9FLx4r2g9oY9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJYPZpygH9GB5CFn1FjpHh/PeuWKW3VnIMvEy0kFctR75a9uP2ZphNIwQbXueG5i/Iwqw5nASambakwoG9EBdiyVNELtZ7NTJ+TEKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8MrPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadkg3BW3x5mTTPq55b9e4uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+B8/gDnGo2I</latexit><latexit sha1_base64="ois9VRdzJDl8YfUuPCL+K3TrBO4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQY9FLx4r2g9oY9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJYPZpygH9GB5CFn1FjpHh/PeuWKW3VnIMvEy0kFctR75a9uP2ZphNIwQbXueG5i/Iwqw5nASambakwoG9EBdiyVNELtZ7NTJ+TEKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8MrPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadkg3BW3x5mTTPq55b9e4uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+B8/gDnGo2I</latexit><latexit sha1_base64="ois9VRdzJDl8YfUuPCL+K3TrBO4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQY9FLx4r2g9oY9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJYPZpygH9GB5CFn1FjpHh/PeuWKW3VnIMvEy0kFctR75a9uP2ZphNIwQbXueG5i/Iwqw5nASambakwoG9EBdiyVNELtZ7NTJ+TEKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8MrPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadkg3BW3x5mTTPq55b9e4uKrXrPI4iHMExnIIHl1CDW6hDAxgM4Ble4c0Rzovz7nzMWwtOPnMIf+B8/gDnGo2I</latexit>

⌧sig
<latexit sha1_base64="1S+hVzrQrXJlUYWQrUuJCCLUBfw=">AAAB9XicjVC7SgNBFL0bX3F9RS1tBoNgFXZttBGDNpYRzAOyMcxOZpMhM7vLzF0lLAE/w8ZCEVs/w97Ov3GSWKgoeODC4Zx7uYcTplIY9Lx3pzA3v7C4VFx2V1bX1jdKm1sNk2Sa8TpLZKJbITVcipjXUaDkrVRzqkLJm+HwbOI3r7k2IokvcZTyjqL9WESCUbTSVYA06+aBVsSI/rhbKvsVbwryNymfvLrHtwBQ65begl7CMsVjZJIa0/a9FDs51SiY5GM3yAxPKRvSPm9bGlPFTSefph6TPav0SJRoOzGSqfr1IqfKmJEK7aaiODA/vYn4m9fOMDrq5CJOM+Qxmz2KMkkwIZMKSE9ozlCOLKFMC5uVsAHVlKEtyv1fCY2Diu9V/AuvXD2FGYqwA7uwDz4cQhXOoQZ1YKDhDh7g0blx7p0n53m2WnA+b7bhG5yXDybilG0=</latexit><latexit sha1_base64="a6K9IdUcn6ENn/TY2hGeNk0M7k4=">AAAB9XicjVC7SgNBFL3rM66vqKXNYBCswq6NNmLQxjKCeUA2htnJbDJkdnaZuauEJf9hY+EDWz/D3kb8GyeJhYqCBy4czrmXezhhKoVBz3t3Zmbn5hcWC0vu8srq2npxY7NukkwzXmOJTHQzpIZLoXgNBUreTDWncSh5Ixycjv3GFddGJOoChylvx7SnRCQYRStdBkizTh7omBjRG3WKJb/sTUD+JqXjF/cofXhzq53ia9BNWBZzhUxSY1q+l2I7pxoFk3zkBpnhKWUD2uMtSxWNuWnnk9QjsmuVLokSbUchmahfL3IaGzOMQ7sZU+ybn95Y/M1rZRgdtnOh0gy5YtNHUSYJJmRcAekKzRnKoSWUaWGzEtanmjK0Rbn/K6G+X/a9sn/ulSonMEUBtmEH9sCHA6jAGVShBgw03MAd3DvXzq3z6DxNV2ecz5st+Abn+QMYcZXh</latexit><latexit sha1_base64="a6K9IdUcn6ENn/TY2hGeNk0M7k4=">AAAB9XicjVC7SgNBFL3rM66vqKXNYBCswq6NNmLQxjKCeUA2htnJbDJkdnaZuauEJf9hY+EDWz/D3kb8GyeJhYqCBy4czrmXezhhKoVBz3t3Zmbn5hcWC0vu8srq2npxY7NukkwzXmOJTHQzpIZLoXgNBUreTDWncSh5Ixycjv3GFddGJOoChylvx7SnRCQYRStdBkizTh7omBjRG3WKJb/sTUD+JqXjF/cofXhzq53ia9BNWBZzhUxSY1q+l2I7pxoFk3zkBpnhKWUD2uMtSxWNuWnnk9QjsmuVLokSbUchmahfL3IaGzOMQ7sZU+ybn95Y/M1rZRgdtnOh0gy5YtNHUSYJJmRcAekKzRnKoSWUaWGzEtanmjK0Rbn/K6G+X/a9sn/ulSonMEUBtmEH9sCHA6jAGVShBgw03MAd3DvXzq3z6DxNV2ecz5st+Abn+QMYcZXh</latexit><latexit sha1_base64="ne5HGLWYmne5eDeX6OlF2vwPfn4=">AAAB9XicjVDLSgNBEOz1GeMr6tHLYBA8hV0vegx68RjBPCC7htnJbDJkZnaZ6VXCkv/w4kERr/6LN//GyeOgomBBQ1HVTRcVZ1JY9P0Pb2l5ZXVtvbRR3tza3tmt7O23bJobxpsslanpxNRyKTRvokDJO5nhVMWSt+PR5dRv33FjRapvcJzxSNGBFolgFJ10GyLNe0VoFLFiMOlVqkHNn4H8TaqwQKNXeQ/7KcsV18gktbYb+BlGBTUomOSTcphbnlE2ogPedVRTxW1UzFJPyLFT+iRJjRuNZKZ+vSiosnasYrepKA7tT28q/uZ1c0zOo0LoLEeu2fxRkkuCKZlWQPrCcIZy7AhlRrishA2poQxdUeX/ldA6rQV+Lbj2q/WLRR0lOIQjOIEAzqAOV9CAJjAw8ABP8Ozde4/ei/c6X13yFjcH8A3e2ye3m5Kg</latexit>

⌫⌧
<latexit sha1_base64="ahH09yS5aDKidxMMD59VrMkEe4M=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gOaUDbbTbt0s4m7E6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpxlsskYnuhtRwKRRvoUDJu6nmNA4l74Tj25nfeeLaiEQ94CTlQUyHSkSCUbRS11dZ30ea9as1t+7OQVaJV5AaFGj2q1/+IGFZzBUySY3peW6KQU41Cib5tOJnhqeUjemQ9yxVNOYmyOf3TsmZVQYkSrQthWSu/p7IaWzMJA5tZ0xxZJa9mfif18swug5yodIMuWKLRVEmCSZk9jwZCM0ZyokllGlhbyVsRDVlaCOq2BC85ZdXSfui7rl17/6y1rgp4ijDCZzCOXhwBQ24gya0gIGEZ3iFN+fReXHenY9Fa8kpZo7hD5zPHzFjkA4=</latexit><latexit sha1_base64="ahH09yS5aDKidxMMD59VrMkEe4M=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gOaUDbbTbt0s4m7E6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpxlsskYnuhtRwKRRvoUDJu6nmNA4l74Tj25nfeeLaiEQ94CTlQUyHSkSCUbRS11dZ30ea9as1t+7OQVaJV5AaFGj2q1/+IGFZzBUySY3peW6KQU41Cib5tOJnhqeUjemQ9yxVNOYmyOf3TsmZVQYkSrQthWSu/p7IaWzMJA5tZ0xxZJa9mfif18swug5yodIMuWKLRVEmCSZk9jwZCM0ZyokllGlhbyVsRDVlaCOq2BC85ZdXSfui7rl17/6y1rgp4ijDCZzCOXhwBQ24gya0gIGEZ3iFN+fReXHenY9Fa8kpZo7hD5zPHzFjkA4=</latexit><latexit sha1_base64="ahH09yS5aDKidxMMD59VrMkEe4M=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gOaUDbbTbt0s4m7E6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpxlsskYnuhtRwKRRvoUDJu6nmNA4l74Tj25nfeeLaiEQ94CTlQUyHSkSCUbRS11dZ30ea9as1t+7OQVaJV5AaFGj2q1/+IGFZzBUySY3peW6KQU41Cib5tOJnhqeUjemQ9yxVNOYmyOf3TsmZVQYkSrQthWSu/p7IaWzMJA5tZ0xxZJa9mfif18swug5yodIMuWKLRVEmCSZk9jwZCM0ZyokllGlhbyVsRDVlaCOq2BC85ZdXSfui7rl17/6y1rgp4ijDCZzCOXhwBQ24gya0gIGEZ3iFN+fReXHenY9Fa8kpZo7hD5zPHzFjkA4=</latexit><latexit sha1_base64="ahH09yS5aDKidxMMD59VrMkEe4M=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gOaUDbbTbt0s4m7E6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpxlsskYnuhtRwKRRvoUDJu6nmNA4l74Tj25nfeeLaiEQ94CTlQUyHSkSCUbRS11dZ30ea9as1t+7OQVaJV5AaFGj2q1/+IGFZzBUySY3peW6KQU41Cib5tOJnhqeUjemQ9yxVNOYmyOf3TsmZVQYkSrQthWSu/p7IaWzMJA5tZ0xxZJa9mfif18swug5yodIMuWKLRVEmCSZk9jwZCM0ZyokllGlhbyVsRDVlaCOq2BC85ZdXSfui7rl17/6y1rgp4ijDCZzCOXhwBQ24gya0gIGEZ3iFN+fReXHenY9Fa8kpZo7hD5zPHzFjkA4=</latexit>

W

⌫̄e

µ

⌫̄µ

e

⌫̄⌧
<latexit sha1_base64="a+BD9CrmvPfZ11Mfy0UkgVxpBxE=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68VjBfkATymS7aZduNnF3Uyihv8OLB0W8+mO8+W/ctjlo64OBx3szzMwLU8G1cd1vZ219Y3Nru7RT3t3bPzisHB23dJIpypo0EYnqhKiZ4JI1DTeCdVLFMA4Fa4eju5nfHjOleSIfzSRlQYwDySNO0Vgp8ENUxJdZzzeY9SpVt+bOQVaJV5AqFGj0Kl9+P6FZzKShArXuem5qghyV4VSwadnPNEuRjnDAupZKjJkO8vnRU3JulT6JEmVLGjJXf0/kGGs9iUPbGaMZ6mVvJv7ndTMT3QQ5l2lmmKSLRVEmiEnILAHS54pRIyaWIFXc3kroEBVSY3Mq2xC85ZdXSeuy5rk17+GqWr8t4ijBKZzBBXhwDXW4hwY0gcITPMMrvDlj58V5dz4WrWtOMXMCf+B8/gCL9JHx</latexit><latexit sha1_base64="a+BD9CrmvPfZ11Mfy0UkgVxpBxE=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68VjBfkATymS7aZduNnF3Uyihv8OLB0W8+mO8+W/ctjlo64OBx3szzMwLU8G1cd1vZ219Y3Nru7RT3t3bPzisHB23dJIpypo0EYnqhKiZ4JI1DTeCdVLFMA4Fa4eju5nfHjOleSIfzSRlQYwDySNO0Vgp8ENUxJdZzzeY9SpVt+bOQVaJV5AqFGj0Kl9+P6FZzKShArXuem5qghyV4VSwadnPNEuRjnDAupZKjJkO8vnRU3JulT6JEmVLGjJXf0/kGGs9iUPbGaMZ6mVvJv7ndTMT3QQ5l2lmmKSLRVEmiEnILAHS54pRIyaWIFXc3kroEBVSY3Mq2xC85ZdXSeuy5rk17+GqWr8t4ijBKZzBBXhwDXW4hwY0gcITPMMrvDlj58V5dz4WrWtOMXMCf+B8/gCL9JHx</latexit><latexit sha1_base64="a+BD9CrmvPfZ11Mfy0UkgVxpBxE=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68VjBfkATymS7aZduNnF3Uyihv8OLB0W8+mO8+W/ctjlo64OBx3szzMwLU8G1cd1vZ219Y3Nru7RT3t3bPzisHB23dJIpypo0EYnqhKiZ4JI1DTeCdVLFMA4Fa4eju5nfHjOleSIfzSRlQYwDySNO0Vgp8ENUxJdZzzeY9SpVt+bOQVaJV5AqFGj0Kl9+P6FZzKShArXuem5qghyV4VSwadnPNEuRjnDAupZKjJkO8vnRU3JulT6JEmVLGjJXf0/kGGs9iUPbGaMZ6mVvJv7ndTMT3QQ5l2lmmKSLRVEmiEnILAHS54pRIyaWIFXc3kroEBVSY3Mq2xC85ZdXSeuy5rk17+GqWr8t4ijBKZzBBXhwDXW4hwY0gcITPMMrvDlj58V5dz4WrWtOMXMCf+B8/gCL9JHx</latexit><latexit sha1_base64="a+BD9CrmvPfZ11Mfy0UkgVxpBxE=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68VjBfkATymS7aZduNnF3Uyihv8OLB0W8+mO8+W/ctjlo64OBx3szzMwLU8G1cd1vZ219Y3Nru7RT3t3bPzisHB23dJIpypo0EYnqhKiZ4JI1DTeCdVLFMA4Fa4eju5nfHjOleSIfzSRlQYwDySNO0Vgp8ENUxJdZzzeY9SpVt+bOQVaJV5AqFGj0Kl9+P6FZzKShArXuem5qghyV4VSwadnPNEuRjnDAupZKjJkO8vnRU3JulT6JEmVLGjJXf0/kGGs9iUPbGaMZ6mVvJv7ndTMT3QQ5l2lmmKSLRVEmiEnILAHS54pRIyaWIFXc3kroEBVSY3Mq2xC85ZdXSeuy5rk17+GqWr8t4ijBKZzBBXhwDXW4hwY0gcITPMMrvDlj58V5dz4WrWtOMXMCf+B8/gCL9JHx</latexit>

π
π

⌧tag
<latexit sha1_base64="RMm5raAS/qNw6Yya13wjGg8drII=">AAAB9XicjVC7SgNBFL0bX3F9RS1tBoNgFXZttBGDNpYRzAOyMcxOZpMhM7vLzF0lLAE/w8ZCEVs/w97Ov3GSWKgoeODC4Zx7uYcTplIY9Lx3pzA3v7C4VFx2V1bX1jdKm1sNk2Sa8TpLZKJbITVcipjXUaDkrVRzqkLJm+HwbOI3r7k2IokvcZTyjqL9WESCUbTSVYA06+aBVgRpf9wtlf2KNwX5m5RPXt3jWwCodUtvQS9hmeIxMkmNafteip2cahRM8rEbZIanlA1pn7ctjanippNPU4/JnlV6JEq0nRjJVP16kVNlzEiFdlNRHJif3kT8zWtnGB11chGnGfKYzR5FmSSYkEkFpCc0ZyhHllCmhc1K2IBqytAW5f6vhMZBxfcq/oVXrp7CDEXYgV3YBx8OoQrnUIM6MNBwBw/w6Nw4986T8zxbLTifN9vwDc7LBxw5lGY=</latexit><latexit sha1_base64="DgSFKWBwLNT1oxrRRxRfcFpdOOI=">AAAB9XicjVC7SgNBFJ31GddX1NJmMAhWYddGGzFoYxnBPCAbw93JbDJkdnaZuauEJf9hY+EDWz/D3kb8GyeJhYqCBy4czrmXezhhKoVBz3t3Zmbn5hcWC0vu8srq2npxY7NukkwzXmOJTHQzBMOlULyGAiVvpppDHEreCAenY79xxbURibrAYcrbMfSUiAQDtNJlgJB18kDHFKE36hRLftmbgP5NSscv7lH68OZWO8XXoJuwLOYKmQRjWr6XYjsHjYJJPnKDzPAU2AB6vGWpgpibdj5JPaK7VunSKNF2FNKJ+vUih9iYYRzazRiwb356Y/E3r5VhdNjOhUoz5IpNH0WZpJjQcQW0KzRnKIeWANPCZqWsDxoY2qLc/5VQ3y/7Xtk/90qVEzJFgWyTHbJHfHJAKuSMVEmNMKLJDbkj9861c+s8Ok/T1Rnn82aLfIPz/AENyJXa</latexit><latexit sha1_base64="DgSFKWBwLNT1oxrRRxRfcFpdOOI=">AAAB9XicjVC7SgNBFJ31GddX1NJmMAhWYddGGzFoYxnBPCAbw93JbDJkdnaZuauEJf9hY+EDWz/D3kb8GyeJhYqCBy4czrmXezhhKoVBz3t3Zmbn5hcWC0vu8srq2npxY7NukkwzXmOJTHQzBMOlULyGAiVvpppDHEreCAenY79xxbURibrAYcrbMfSUiAQDtNJlgJB18kDHFKE36hRLftmbgP5NSscv7lH68OZWO8XXoJuwLOYKmQRjWr6XYjsHjYJJPnKDzPAU2AB6vGWpgpibdj5JPaK7VunSKNF2FNKJ+vUih9iYYRzazRiwb356Y/E3r5VhdNjOhUoz5IpNH0WZpJjQcQW0KzRnKIeWANPCZqWsDxoY2qLc/5VQ3y/7Xtk/90qVEzJFgWyTHbJHfHJAKuSMVEmNMKLJDbkj9861c+s8Ok/T1Rnn82aLfIPz/AENyJXa</latexit><latexit sha1_base64="OHg8lUQRtjoa4kmwIEXzR3QafqM=">AAAB9XicjVDLSgNBEJz1GeMr6tHLYBA8hV0vegx68RjBPCC7ht7JbDJkZnaZ6VXCkv/w4kERr/6LN//GyeOgomBBQ1HVTRcVZ1JY9P0Pb2l5ZXVtvbRR3tza3tmt7O23bJobxpsslanpxGC5FJo3UaDkncxwULHk7Xh0OfXbd9xYkeobHGc8UjDQIhEM0Em3IULeK0KjKMJg0qtUg5o/A/2bVMkCjV7lPeynLFdcI5NgbTfwM4wKMCiY5JNymFueARvBgHcd1aC4jYpZ6gk9dkqfJqlxo5HO1K8XBShrxyp2mwpwaH96U/E3r5tjch4VQmc5cs3mj5JcUkzptALaF4YzlGNHgBnhslI2BAMMXVHl/5XQOq0Ffi249qv1i0UdJXJIjsgJCcgZqZMr0iBNwoghD+SJPHv33qP34r3OV5e8xc0B+Qbv7ROs8pKZ</latexit>

µe

↵
<latexit sha1_base64="3cuH/msNH5GL8ZP1kaOEpuPH6OM=">AAAB73icbVA9TwJBEJ3DL8Qv1NJmI5hYkTsaLYk2lpjIRwIXMrfswYa9vXN3z4Rc+BM2Fhpj69+x89+4wBUKvmSSl/dmMjMvSATXxnW/ncLG5tb2TnG3tLd/cHhUPj5p6zhVlLVoLGLVDVAzwSVrGW4E6yaKYRQI1gkmt3O/88SU5rF8MNOE+RGOJA85RWOlbrWPIhljdVCuuDV3AbJOvJxUIEdzUP7qD2OaRkwaKlDrnucmxs9QGU4Fm5X6qWYJ0gmOWM9SiRHTfra4d0YurDIkYaxsSUMW6u+JDCOtp1FgOyM0Y73qzcX/vF5qwms/4zJJDZN0uShMBTExmT9PhlwxasTUEqSK21sJHaNCamxEJRuCt/ryOmnXa55b8+7rlcZNHkcRzuAcLsGDK2jAHTShBRQEPMMrvDmPzovz7nwsWwtOPnMKf+B8/gBFTI9y</latexit><latexit sha1_base64="3cuH/msNH5GL8ZP1kaOEpuPH6OM=">AAAB73icbVA9TwJBEJ3DL8Qv1NJmI5hYkTsaLYk2lpjIRwIXMrfswYa9vXN3z4Rc+BM2Fhpj69+x89+4wBUKvmSSl/dmMjMvSATXxnW/ncLG5tb2TnG3tLd/cHhUPj5p6zhVlLVoLGLVDVAzwSVrGW4E6yaKYRQI1gkmt3O/88SU5rF8MNOE+RGOJA85RWOlbrWPIhljdVCuuDV3AbJOvJxUIEdzUP7qD2OaRkwaKlDrnucmxs9QGU4Fm5X6qWYJ0gmOWM9SiRHTfra4d0YurDIkYaxsSUMW6u+JDCOtp1FgOyM0Y73qzcX/vF5qwms/4zJJDZN0uShMBTExmT9PhlwxasTUEqSK21sJHaNCamxEJRuCt/ryOmnXa55b8+7rlcZNHkcRzuAcLsGDK2jAHTShBRQEPMMrvDmPzovz7nwsWwtOPnMKf+B8/gBFTI9y</latexit><latexit sha1_base64="3cuH/msNH5GL8ZP1kaOEpuPH6OM=">AAAB73icbVA9TwJBEJ3DL8Qv1NJmI5hYkTsaLYk2lpjIRwIXMrfswYa9vXN3z4Rc+BM2Fhpj69+x89+4wBUKvmSSl/dmMjMvSATXxnW/ncLG5tb2TnG3tLd/cHhUPj5p6zhVlLVoLGLVDVAzwSVrGW4E6yaKYRQI1gkmt3O/88SU5rF8MNOE+RGOJA85RWOlbrWPIhljdVCuuDV3AbJOvJxUIEdzUP7qD2OaRkwaKlDrnucmxs9QGU4Fm5X6qWYJ0gmOWM9SiRHTfra4d0YurDIkYaxsSUMW6u+JDCOtp1FgOyM0Y73qzcX/vF5qwms/4zJJDZN0uShMBTExmT9PhlwxasTUEqSK21sJHaNCamxEJRuCt/ryOmnXa55b8+7rlcZNHkcRzuAcLsGDK2jAHTShBRQEPMMrvDmPzovz7nwsWwtOPnMKf+B8/gBFTI9y</latexit><latexit sha1_base64="3cuH/msNH5GL8ZP1kaOEpuPH6OM=">AAAB73icbVA9TwJBEJ3DL8Qv1NJmI5hYkTsaLYk2lpjIRwIXMrfswYa9vXN3z4Rc+BM2Fhpj69+x89+4wBUKvmSSl/dmMjMvSATXxnW/ncLG5tb2TnG3tLd/cHhUPj5p6zhVlLVoLGLVDVAzwSVrGW4E6yaKYRQI1gkmt3O/88SU5rF8MNOE+RGOJA85RWOlbrWPIhljdVCuuDV3AbJOvJxUIEdzUP7qD2OaRkwaKlDrnucmxs9QGU4Fm5X6qWYJ0gmOWM9SiRHTfra4d0YurDIkYaxsSUMW6u+JDCOtp1FgOyM0Y73qzcX/vF5qwms/4zJJDZN0uShMBTExmT9PhlwxasTUEqSK21sJHaNCamxEJRuCt/ryOmnXa55b8+7rlcZNHkcRzuAcLsGDK2jAHTShBRQEPMMrvDmPzovz7nwsWwtOPnMKf+B8/gBFTI9y</latexit>

,

• After background suppression, we search for an excess above the SM spectrum.

• The most prominent !→#$ signal would be in the ! rest frame (monochromatic peak)

• Cannot boost to it due to undetected % in both !.

• We approximate using the pseudo-rest frame:

Event signature
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̂pτ ≈ −
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| ⃗p tag |
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⌧± ! `±↵ (Belle II)

• ↵ is assumed to be an invisible (undetected) long-lived massive boson

• previous searches by Mark III with 9.4 pb 1 and ARGUS with 476 pb 1

event topology

• signal side: ⌧± ! `± (+ ↵ undetected)

• tag side: 3-prong decay (⌧ ! 3⇡(+⌫))

search strategy

• 2 body decay on the signal side

• in ⌧ rest frame the ` momentum would peak
at a value depending on the ↵ mass

• can not access the ⌧ rest frame due to
undetected particles

• approximation: ⌧ pseudo rest frame

⌧ pseudo rest frame: ECM
⌧ ⇡

p
s/2

method 1 (‘ARGUS’) p̂CM
⌧,sig ' � ~p CM

3⇡

|~p CM
3⇡ |

method 2 (‘thrust’) p̂CM
⌧,sig ' n̂thrust

Vthrust
max
=

P
i |~p

CM
i · n̂thrust |P
i |~p CM

i |
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Search for τ → ℓ+α

τ → e+α τ → μ+α
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Table I: Requirements on event thrust, missing momentum
polar angle, and tag hemisphere particles’ total center-of-mass
energy and mass.

⌧� ! e�↵ ⌧� ! µ�↵

Thrust [0.90, 0.99] [0.90, 1.00]

✓miss [20�, 160�] [20�, 160�]

ECM
3h [1.2, 5.3] GeV [1.1, 5.3] GeV

M3h [0.5, 1.7] GeV/c2 [0.4, 1.7] GeV/c2

tributions of x` for events belonging to the signal region
are shown in Fig. 1.

We model each x` spectrum as a sum of contributions
from the signal decay, the standard-model leptonic decay,
and all other sources of background,
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Figure 1: Spectra of x` for electrons (top) and muons (bot-
tom) in simulation and experimental data. Simulated spec-
tra for standard-model processes are shown stacked, with the
grey band indicating the total uncertainty, which is dominated
by the lepton-identification e ciency uncertainty. Remaining
background processes other than ⌧� ! `�⌫̄`⌫⌧ contributing
to the spectrum are combined together and collectively re-
ferred to as “Other”. The distributions for ⌧� ! `�↵ are
shown for three ↵ masses assuming branching-fraction ratios
of 5%.

N(x`) = N`⌫̄⌫
✏`↵
✏`⌫⌫

B`↵

B`⌫̄⌫
f`↵(x`)

+ N`⌫̄⌫ f`⌫̄⌫(x`) +Nb fb(x`) , (2)

where the probability density functions f`↵, f`⌫̄⌫ , and
fb are binned distributions taken from simulations, N`⌫̄⌫

and Nb are the observed yields, and ✏`↵/✏`⌫⌫ is the e�-
ciency of observing ⌧ ! ` ↵ decays relative to that for
observing ⌧ ! ` ⌫̄`⌫⌧ .
We use RooStats [30] and HistFactory [31] to fit our

model to binned data using extended maximum likeli-
hoods that are functions of the branching-fraction ratio
B`↵/B`⌫̄⌫ , and of N`⌫̄⌫ and Nb.

The leading systematic uncertainties originate from
the corrections to the lepton-identification e�ciency and
particle misidentification rate, based on comparison of
calibration samples in data and simulated events. These
corrections depend on momentum and polar angle; their
typical ranges are summarized in Table II. The resulting
uncertainties are asymmetric and strongly depend on x`;
their ranges and averaged values over the standard-model
yields are also reported in the same table. The contri-
bution from lepton-identification e�ciency partially can-
cels in the ratio between signal and normalization chan-
nels; while the contribution from particle misidentifica-
tion rates does not, as it only a↵ects other background
sources.

Table II: Typical ranges for corrections to the lepton-
identification e ciencies and misidentification rates, together
with ranges for their respective uncertainties and their aver-
age values.

Corr. range Uncert. range Average uncert.

Electron id. 0.84 1.06 0.9% 12.6% +5.3%, 2.9%

Muon id. 0.63 1.02 1.3% 32.8% +11.7%, 1.6%

Electron mis-id. 0.6 6.0 4.3% 34.6% +17.6%, 14.7%

Muon mis-id. 0.3 1.5 1.4% 37.0% +18.0%, 18.2%

Uncertainties from the trigger and ⇡0 reconstruction
e�ciency corrections are also taken into account. Trigger
uncertainties range in 0.1% � 4% for the electron chan-
nel and in 0.2%� 1.5% for the muon channel, depending
on x`. Neutral pion reconstruction e�ciency is evaluated
from studies on independent samples to be 0.914±0.020.
Each of these systematic uncertainties is included in the
likelihood as an additional shape-correlated nuisance pa-
rameter that is assumed to follow a Gaussian distribu-
tion. Other sources of uncertainty from track reconstruc-
tion e�ciency, beam-energy determination, relative re-
construction e�ciency, and momentum-scale correction
have negligible impact on the results.
Inspection of events in the signal region shows that

asymmetrical uncertainties yield unreliable results. We
therefore revise our definitions and symmetrize their dis-
tributions using their greater variation in each bin.
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Figure 1: Spectra of x` for electrons (top) and muons (bot-
tom) in simulation and experimental data. Simulated spec-
tra for standard-model processes are shown stacked, with the
grey band indicating the total uncertainty, which is dominated
by the lepton-identification e ciency uncertainty. Remaining
background processes other than ⌧� ! `�⌫̄`⌫⌧ contributing
to the spectrum are combined together and collectively re-
ferred to as “Other”. The distributions for ⌧� ! `�↵ are
shown for three ↵ masses assuming branching-fraction ratios
of 5%.
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where the probability density functions f`↵, f`⌫̄⌫ , and
fb are binned distributions taken from simulations, N`⌫̄⌫

and Nb are the observed yields, and ✏`↵/✏`⌫⌫ is the e�-
ciency of observing ⌧ ! ` ↵ decays relative to that for
observing ⌧ ! ` ⌫̄`⌫⌧ .
We use RooStats [30] and HistFactory [31] to fit our

model to binned data using extended maximum likeli-
hoods that are functions of the branching-fraction ratio
B`↵/B`⌫̄⌫ , and of N`⌫̄⌫ and Nb.

The leading systematic uncertainties originate from
the corrections to the lepton-identification e�ciency and
particle misidentification rate, based on comparison of
calibration samples in data and simulated events. These
corrections depend on momentum and polar angle; their
typical ranges are summarized in Table II. The resulting
uncertainties are asymmetric and strongly depend on x`;
their ranges and averaged values over the standard-model
yields are also reported in the same table. The contri-
bution from lepton-identification e�ciency partially can-
cels in the ratio between signal and normalization chan-
nels; while the contribution from particle misidentifica-
tion rates does not, as it only a↵ects other background
sources.

Table II: Typical ranges for corrections to the lepton-
identification e ciencies and misidentification rates, together
with ranges for their respective uncertainties and their aver-
age values.

Corr. range Uncert. range Average uncert.

Electron id. 0.84 1.06 0.9% 12.6% +5.3%, 2.9%

Muon id. 0.63 1.02 1.3% 32.8% +11.7%, 1.6%

Electron mis-id. 0.6 6.0 4.3% 34.6% +17.6%, 14.7%

Muon mis-id. 0.3 1.5 1.4% 37.0% +18.0%, 18.2%

Uncertainties from the trigger and ⇡0 reconstruction
e�ciency corrections are also taken into account. Trigger
uncertainties range in 0.1% � 4% for the electron chan-
nel and in 0.2%� 1.5% for the muon channel, depending
on x`. Neutral pion reconstruction e�ciency is evaluated
from studies on independent samples to be 0.914±0.020.
Each of these systematic uncertainties is included in the
likelihood as an additional shape-correlated nuisance pa-
rameter that is assumed to follow a Gaussian distribu-
tion. Other sources of uncertainty from track reconstruc-
tion e�ciency, beam-energy determination, relative re-
construction e�ciency, and momentum-scale correction
have negligible impact on the results.
Inspection of events in the signal region shows that

asymmetrical uncertainties yield unreliable results. We
therefore revise our definitions and symmetrize their dis-
tributions using their greater variation in each bin.

 shown for BF = 5%τ → ℓα
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its energy in the center-of-mass frame as
p
s/2 (ne-

glecting the initial-state-radiation) and its direction as
being opposite to the three hadrons on the tag side,
p̂⌧ ⇡ �~p3h/|~p3h|. From these we construct the ⌧ pseudo
rest frame [7].
We search for ⌧� ! `�↵ by looking for an excess of

events above the spectrum of ⌧� ! `�⌫̄`⌫⌧ normalized
lepton energy [13]

x` ⌘
E⇤

`

m⌧ c2/2
, (1)

where E⇤
` is the energy of the charged lepton in the ⌧

pseudo rest frame. We then measure the branching-
fraction ratio B`↵/B`⌫̄⌫ ⌘ B(⌧� ! `�↵)/B(⌧� !
`�⌫̄`⌫⌧ ), using ⌧� ! `�⌫̄`⌫⌧ as a normalization chan-
nel.
The search uses an online event selection (trigger)

that requires events with at least three localized energy
deposits in the ECL (clusters). One of these clusters
must have an energy above 0.3 GeV and the rest above
0.1 GeV. In addition, we require a topology inconsistent
with Bhabha scattering. The e ciency of this trigger
is measured in experimental data with respect to inde-
pendent triggers based on the number of particles recon-
structed in the CDC; simulated distributions are then
scaled by this e ciency. The trigger e ciencies are on
average 97% and 86% for the electron and muon chan-
nels, respectively.
We select ⌧ -pair candidates by requiring the event

to contain exactly four charged particles with zero to-
tal charge, each displaced from the average interaction
space-point by less than 3 cm in the z-axis direction and
less than 1 cm in the transverse plane. The particle in the
signal hemisphere must be identified as either an electron
or a muon by combining the information from all subde-
tectors into a global discriminator similar to a likelihood
ratio. Each charged particle in the tag hemisphere must
satisfy the condition EECL/p  0.8 to reject electron con-
tamination. Here, EECL is the particle energy measured
in the ECL and p the magnitude of its momentum mea-
sured in the tracker, both in the laboratory frame.
Several e+e� final states contribute to the spectra as

background: qq̄ with q = u, d, s, c (hadronic), `+`��
(dileptonic), and e+e�`+`�, e+e�h+h� (two-photon).
We use simulated events to determine the criteria to
suppress these backgrounds. We use KKMC to sim-
ulate ⌧+⌧�, qq̄, and µ+µ�(�) production [14, 15];
BabaYaga@NLO for e+e�(�) [16–20]; and AAFH and
TREPS for non-radiative two-photon production [21–24].
Standard-model ⌧ decays are handled by TAUOLA [25]
and their radiative corrections by PHOTOS [26], while
⌧� ! `�↵ decays are simulated with PYTHIA8.2 [27]
for ↵ mass values of 0.0, 0.5, 0.7, 1.0, 1.2, 1.4, and
1.6 GeV/c2 and zero ↵ spin. The Belle II Analysis Soft-
ware Framework [28] uses the Geant4 [29] package to
simulate the response of the detector. Since we have

no prior knowledge of the ↵ mass, the selection is opti-
mized for the normalization channel using the figure of
merit, S/

p
S +B, where S is the number of events in

the normalization channel, while B is the number of to-
tal background events, both taken from simulations.
Backgrounds from e+e� ! qq̄ are suppressed by reject-

ing events containing neutral pions and photons. Pho-
tons used in ⇡0 reconstruction are ECL clusters with en-
ergy deposits of at least 0.1 GeV, which must be within
the CDC acceptance to ensure they are not matched
to any charged particle. Displaced clusters from sec-
ondary hadronic interactions and multiple clusters de-
posited by low-momentum charged particles are challeng-
ing to model correctly; photons that deposit less than
0.4 GeV in the ECL must be at least 40 cm from the near-
est charged particle at the inner surface of the ECL to
suppress these contributions. Neutral pions are identified
as photon pairs with masses within [115, 152] MeV/c2.
Events containing photons satisfying the above condi-
tions, but not used in ⇡0 reconstruction and with en-
ergy greater than 0.2 GeV, are also rejected. We reject
events from e+e� ! `+`��, e+e�`+`�, and e+e�h+h�,
characterized by low-momentum tag-side charged parti-
cles, by sorting the three charged particles in the tag
hemisphere by increasing transverse momentum and re-
quiring that they exceed 0.08, 0.30, and 0.70 GeV/c for
⌧� ! e�↵ candidates and 0.04, 0.17, and 0.47 GeV/c
for ⌧� ! µ�↵ candidates. We further reject events from
e+e� ! e+e�� and qq̄ by restricting the thrust value
to ranges consistent with that of ⌧+⌧� events; and from
e+e� ! e+e�`+`� by requiring the event missing mo-
mentum, i.e., the negative vector sum of the momenta
of all reconstructed particles in the event, to be within
a polar angle (✓miss) range where the process can be ac-
curately simulated. In addition we suppress all types of
backgrounds by requiring that charged particle trajecto-
ries in the tag hemisphere are consistent with a common
origin, and that these particles have a mass M3h and
center-of-mass-frame energy ECM

3h consistent with ⌧ de-
cay kinematics. The ranges for the thrust, ✓miss, ECM

3h ,
and M3h selections are listed in Table I. The reconstruc-
tion e ciencies in the normalization channels are 12.7%
for ⌧� ! e�⌫̄e⌫⌧ and 16.2% for ⌧� ! µ�⌫̄µ⌫⌧ decays,
while the purities are 95.9% and 92.0% respectively. The
reconstruction e ciency of ⌧� ! e�↵ decays depends on
the ↵ mass and varies between 9.4% and 13.9%. Likewise
the e ciency for ⌧� ! µ�↵ decays varies between 9.1%
and 17.4%.
The parameter space defined by the selection criteria is

referred to as the signal region. We perform the analysis
in a closed-box approach; before examining the x` distri-
bution of experimental data in the signal region, we val-
idate the simulation using variables that are insensitive
to the presence of ⌧� ! `�↵ decay, and study control
regions defined by accepting events containing neutral
pions or photons, rather than rejecting them. The dis-
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Results for  τ → ℓ+α
• We find no signal excess and set 95% CL upper limits on

 

• Most stringent limits in these channels to date

ℬ(τ → ℓα)/ℬ(τ → ℓνν̄)
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We observe no significant signal and determine upper
limits using the CLs method [32], a modified frequentist
approach based on a profile likelihood ratio [33]. Fig-
ure 2 shows the 95% CL upper limits as well as expecta-
tions calculated assuming the background-only hypothe-
ses, ranging in (1.1�9.7)⇥10 3 for the electron channel
and in (0.7 � 12.2) ⇥ 10 3 for the muon channel. Sys-
tematic uncertainties degrade on average our upper limit
sensitivity by approximately 35% in both channels.

The fit results and upper limits are summarized in
Table III. The corresponding absolute upper limits for
B(⌧ ! ` ↵), computed using standard-model world-
average branching fractions for the reference channel [34],
are also provided for convenience. Our 95% CL limits
are 2.2 to 14 times more stringent than the best previous
bounds in [7], depending on the value of the ↵ mass.

0 0.5 0.7 1 1.2 1.4 1.6

]2 [GeV/cαM

0
2
4
6
8

10
12
14
16
18
20
22

3−10×

) τν eν -
 e

→ - τ (
B)/

α-
 e

→ - τ (
B

Observed UL at 95% CL  1 std. dev.±Expected UL 

Expected UL at 95% CL  2 std. dev.±Expected UL 

Belle II

∫ -1dt = 62.8 fbL

0 0.5 0.7 1 1.2 1.4 1.6

]2 [GeV/cαM

0

5

10

15

20

25

3−10×

) τν
µν

-
µ

→
- τ (

B)/
α-

µ
→

- τ (
B

Observed UL at 95% CL  1 std. dev.±Expected UL 

Expected UL at 95% CL  2 std. dev.±Expected UL 

Belle II

∫ -1dt = 62.8 fbL

Figure 2: Upper limits at 95% CL on the branching-fraction
ratios B(⌧ ! e ↵)/B(⌧ ! e ⌫̄e⌫⌧ ) (top) and B(⌧ !
µ ↵)/B(⌧ ! µ ⌫̄µ⌫⌧ ) (bottom) as a function of the ↵ mass,
as well as their expectations from background-only hypothe-
sis. All values are linearly interpolated between mass points.

In conclusion, we search for the lepton-flavor-violating
decay ⌧ ! ` ↵ using data collected by the Belle II
detector at an e+e center-of-mass energy of 10.58 GeV,
corresponding to an integrated luminosity of 62.8 fb 1.
We observe no statistically significant signal and set 90%
and 95% confidence-level upper limits on the branching-
fraction ratios B(⌧ ! ` ↵)/B(⌧ ! ` ⌫̄`⌫⌧ ). These
constitute the most stringent limits on invisible spin-0
boson production from ⌧ lepton decays.

This work, based on data collected using the Belle

Table III: Central values with their uncertainties, 95% CL,
and 90% CL upper limits for the branching-fraction ratios
Be↵/Be⌫̄⌫ (top) and Bµ↵/Bµ⌫̄⌫ (bottom) for various masses
of the ↵ boson. Corresponding absolute upper limits for
B(⌧ ! ` ↵), computed using standard-model branching
fractions from [34], are provided in parentheses for conve-
nience.

M↵ Be↵/Be⌫̄⌫ UL at 95% CL UL at 90% CL

[GeV/c2] (⇥10 3) (⇥10 3) (⇥10 3)

0.0 �8.1± 3.9 5.3 (0.94) 4.3 (0.76)

0.5 �0.9± 4.3 7.8 (1.40) 6.5 (1.15)

0.7 1.7± 4.0 9.0 (1.61) 7.6 (1.36)

1.0 1.7± 4.2 9.7 (1.73) 8.2 (1.47)

1.2 �1.1± 2.6 4.5 (0.80) 3.7 (0.66)

1.4 �0.3± 1.0 1.8 (0.32) 1.5 (0.26)

1.6 0.2± 0.5 1.1 (0.19) 0.9 (0.16)

M↵ Bµ↵/Bµ⌫̄⌫ UL at 95% CL UL at 90% CL

[GeV/c2] (⇥10 3) (⇥10 3) (⇥10 3)

0.0 �9.4± 3.7 3.4 (0.59) 2.7 (0.47)

0.5 �3.2± 3.9 6.2 (1.07) 5.1 (0.88)

0.7 2.7± 3.4 9.0 (1.56) 7.8 (1.35)

1.0 1.7± 5.4 12.2 (2.13) 10.3 (1.80)

1.2 �0.2± 2.4 3.6 (0.62) 2.9 (0.51)

1.4 0.9± 0.9 2.5 (0.44) 2.2 (0.38)

1.6 �0.3± 0.5 0.7 (0.13) 0.6 (0.10)
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tematic uncertainties degrade on average our upper limit
sensitivity by approximately 35% in both channels.

The fit results and upper limits are summarized in
Table III. The corresponding absolute upper limits for
B(⌧ ! ` ↵), computed using standard-model world-
average branching fractions for the reference channel [34],
are also provided for convenience. Our 95% CL limits
are 2.2 to 14 times more stringent than the best previous
bounds in [7], depending on the value of the ↵ mass.
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Figure 2: Upper limits at 95% CL on the branching-fraction
ratios B(⌧ ! e ↵)/B(⌧ ! e ⌫̄e⌫⌧ ) (top) and B(⌧ !
µ ↵)/B(⌧ ! µ ⌫̄µ⌫⌧ ) (bottom) as a function of the ↵ mass,
as well as their expectations from background-only hypothe-
sis. All values are linearly interpolated between mass points.

In conclusion, we search for the lepton-flavor-violating
decay ⌧ ! ` ↵ using data collected by the Belle II
detector at an e+e center-of-mass energy of 10.58 GeV,
corresponding to an integrated luminosity of 62.8 fb 1.
We observe no statistically significant signal and set 90%
and 95% confidence-level upper limits on the branching-
fraction ratios B(⌧ ! ` ↵)/B(⌧ ! ` ⌫̄`⌫⌧ ). These
constitute the most stringent limits on invisible spin-0
boson production from ⌧ lepton decays.

This work, based on data collected using the Belle

Table III: Central values with their uncertainties, 95% CL,
and 90% CL upper limits for the branching-fraction ratios
Be↵/Be⌫̄⌫ (top) and Bµ↵/Bµ⌫̄⌫ (bottom) for various masses
of the ↵ boson. Corresponding absolute upper limits for
B(⌧ ! ` ↵), computed using standard-model branching
fractions from [34], are provided in parentheses for conve-
nience.

M↵ Be↵/Be⌫̄⌫ UL at 95% CL UL at 90% CL

[GeV/c2] (⇥10 3) (⇥10 3) (⇥10 3)

0.0 �8.1± 3.9 5.3 (0.94) 4.3 (0.76)

0.5 �0.9± 4.3 7.8 (1.40) 6.5 (1.15)

0.7 1.7± 4.0 9.0 (1.61) 7.6 (1.36)

1.0 1.7± 4.2 9.7 (1.73) 8.2 (1.47)

1.2 �1.1± 2.6 4.5 (0.80) 3.7 (0.66)

1.4 �0.3± 1.0 1.8 (0.32) 1.5 (0.26)

1.6 0.2± 0.5 1.1 (0.19) 0.9 (0.16)

M↵ Bµ↵/Bµ⌫̄⌫ UL at 95% CL UL at 90% CL

[GeV/c2] (⇥10 3) (⇥10 3) (⇥10 3)

0.0 �9.4± 3.7 3.4 (0.59) 2.7 (0.47)

0.5 �3.2± 3.9 6.2 (1.07) 5.1 (0.88)

0.7 2.7± 3.4 9.0 (1.56) 7.8 (1.35)

1.0 1.7± 5.4 12.2 (2.13) 10.3 (1.80)

1.2 �0.2± 2.4 3.6 (0.62) 2.9 (0.51)

1.4 0.9± 0.9 2.5 (0.44) 2.2 (0.38)

1.6 �0.3± 0.5 0.7 (0.13) 0.6 (0.10)

II detector, which was built and commissioned prior to
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N, and Horizon 2020 ERC Starting Grant No. 947006
“InterLeptons”; Natural Sciences and Engineering
Research Council of Canada, Compute Canada and
CANARIE; Chinese Academy of Sciences and re-
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Natural Science Foundation of China and research
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Full Event Interpretation

• Traditionally, at Upsilon(4s), one B (tag) is
reconstructed first. The rest of the event is
considered as a signal B.
arXiv.org: 2008.02707

• An improved tool (FEI) is developed based on
Boosted Decision Tree.
T. Keck et al., Comput. Softw. Big Sci. 3, 6 (2019)

• MVA based. O(104) decay channels.
• Max. tag side efficiency: εhad ≈ 0.5%  and εSL ≈ 2%

Doris Yangsoo Kim @ KPS-
DPF, Dec. 16, 2022
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Hierachial reconstruction is performed 
to obtain B (tag) meson exclusively.
Then use the Upsilon(4S) constraint 
to get the B (sig) meson.

https://arxiv.org/abs/2008.02707
https://doi.org/10.1007/s41781-019-0021-8


Youngjoon Kwon (Yonsei U.)                                                                                 

LFU test with inclusive B → Xℓν
inclusive study — complementary to 
exclusive studies 
one of the unique and high-profile goals of 
Belle II 
last measured by LEP (!)  
very challenging — larger bkgd. & much 
less constrained  

precise modeling of  is criticalB → Xℓν

21
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ANALYSIS GOAL
Complementary tests of LFU via inclusive , decays:
• !(../ℓ) = B ($→0.()

B ($→0ℓ()
• one of the unique and high profile goals of Belle II

• Last measurements at LEP

• Challenging due to larger background from less
constrained . system

• Critically relying on precise modeling of , → 0ℓ1, 
0 → ⋯ processes

• ! "!,#/ℓ &' = $. &&' ± $. $$)

• ! "(/) &' = *. $$+ ± $. $$*
Phys. Rev. D 92, 054018 (2015)

K. Vos, M. Rahimi, in progress

Published exclusive predictions:
Eur. Phys. J. C 81, 984 (2021)

arXiv:2206.11281ØProbe inclusive , → 0ℓ1 modeling in a data-driven way
Ø test LFU for light leptons: 3(0-/,) = B (1→2-3)

B (1→2,3)
TODAY:
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• 3 ⋅ 2 model templates: “continuum”, “background”, "ℓ8
• 9 and : templates are fitted simultaneously in 10 ;ℓ∗ bins each

in a binned likelihood fit

• Continuum (offresonant data) and background (incorrect
charge sideband) yields constrained, "ℓ8 yields float freely

• Systematic uncertainties are included as nuisance parameters
(one per bin and template), including:

Ø MC statistics

Ø Lepton efficiency & fake rate          
corrections

SIGNAL EXTRACTION
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compatible within  with exclusive Belle measurement:
   [PRD 100, 052007 (2019)]

0.6σ
R(D*e/μ) = 1.01 ± 0.01 ± 0.03

R(Xe/μ)p*ℓ >1.3 = 1.033 ± 0.010 ± 0.020
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! .>/@
Hℓ∗I<.KLMN = >. ?aa ± ?. ?>?OPQP ± ?. ?H?OROP

!(#!/#) EXTRACTION
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• Most precise BF based LFU test with semileptonic ^ decays to date!

• In agreement with Standard Model value of 1.006 ± 0.001within 1.2d
• Compatible within 0.6d with exclusive Belle measurement:
! ">/@∗ = 1.01 ± 0.01FABA ± 0.03FSFA

Source of uncertainty Lepton ID "!ℓ8 BFs "!ℓ8 FFs Statistical Total

Rel. unc. of !("(/)) 1.8% 0.1% 0.2% 1.0% 2.2%
(from Asimov fits)

Phys. Rev. D 100, 052007 (2019)

NEW FOR
ICHEP

K. Vos, M. Rahimi, in progress

Also see 8! LFU shape test:
Phys. Rev. D 104, 112011 (2021)

LFU test with inclusive B → Xℓν
BELLE

preliminary 
intended to PRL



Summary I
• SuperKEKB has achieved 𝐿𝐿𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 4.7 × 1034𝑐𝑐𝑐𝑐−2𝑠𝑠−1, the world record on June

22nd, 2022.
– It is a super B factory now.

• Belle II has started producing new results with the initial sample, including a world
leading results in charm lifetime.
– More updates are coming with the 424 𝑓𝑓𝑓𝑓−1 sample!
– Planning to merge Belle and Belle II data and analysis flow.

• Even in 2022, 26 new results from Belle and Belle II.
– Only a few selected topics are shown here.
– Further reports shown at ICHEP 2022, Moriond 2022.

Doris Yangsoo Kim @ KPS-
DPF, Dec. 16, 2022

23docs.belle2.org



Summary: For the future

• Belle II is in the first long
shutdown period (LS1).

• Planning to resume the run
late next year.

• Another long shutdown is
being considered to increase
luminosity.

• 50 ab−1 will be collected total.
• This is a very exciting time to

do flavor physics, looking for
physics beyond the Standard
Model.

Doris Yangsoo Kim @ KPS-
DPF, Dec. 16, 2022

24docs.belle2.org

LS1: New pixel detector, replacement of 
MCP-PMT for TOP, DAQ replaced by faster 
PCIe40 cards, etc.



EXTRA

Doris Yangsoo Kim @ KPS-
DPF, Dec. 16, 2022
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Belle II Experiment in a Nutshell
• HEP experiments have seen huge accomplishments during the last decades.

– CPV/CKM, discovery of XYZ/tetra/penta particles, discovery of Higgs, etc.
– Next major theme: New Physics, requiring more precision and larger samples.

• Belle II/SuperKEKB is the upgrade of Belle/KEK.
• Upsilon(4S) decays into 𝐵𝐵 �𝐵𝐵 meson pairs, coherently with no additional fragments.

− Full event reconstruction tagging possible
• Direct detection of neutrals such as γ, π0, KL.
• A hermetic detector:

− Detection of neutrinos or invisibles as missing energy/momentum.
• Large continuum charm and 𝜏𝜏 samples in addition to B samples.

− Detect both e and µ with similar performance.
− For example, search for LFV 𝜏𝜏 decays at 𝑂𝑂 10−9 possible.

Doris Yangsoo Kim @ KPS-
DPF, Dec. 16, 2022
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A Brief History of Charm Lifetime Measurements
Previously, charm particle lifetimes are dominated by
• D0 and D+

– FOCUS (photon beam), SELEX (hyperon beam), CLEO (e+e-)
• Charm baryons

– Dominated by LHCb, but its measurements are relative to D+ lifetime.
Belle II can measure lifetimes absolutely. 

Doris Yangsoo Kim @ KPS-DPF, 
Dec. 16, 2022
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Belle II Vertex Detector
Inner most vertex detector consists of
• 1 DEPFET layer (2nd layer will be completed in 2023) and 4 DSSD layers
• Resulting in two times better vertex resolution,

improved efficiency for slow pions and Ks’s, and
better tracking against beam backgrounds w.r.t. Belle.

Alignment is crucial for lifetime measurements. 
• Checked thoroughly during analysis.

Doris Yangsoo Kim @ KPS-
DPF, Dec. 16, 2022
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