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2Dark Sector and  Physics at Belle IIτ
• Next generation / -Factory operating at the SuperKEKB 

asymmetric-energy  collider


➡Collisions at or near  (  around 10.6 GeV)


➡World’s highest luminosity particle collider


• Targets  over experiment lifetime                                
(Belle ~ , BaBar ~ )


• Sensitive to direct production of MeV to GeV scale mediators 
between Standard Model and Dark Sectors


•  nb enables extensive  physics program
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Z′￼

Dark Sector
Mediator Precise determination of missing 

energy/momentum via:


✓Minimal collision pile-up 


✓Well-known initial conditions 


✓Hermetic detector with high 
detection efficiency for charged 
and neutral particles.
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Belle II Detector and Dataset

Vertex Detector:

DEPFET pixel detector (2 layers)

Double-sided silicon strip detector (4 layers)

Trigger:

Hardware < 30 kHz

Software < 10 kHz

Drift Chamber

He(50%):C2H6(50%), Larger size relative 
to Belle, smaller cells, new electronics.

• Substantial detector upgrade from Belle 


• Total dataset to-date is 424 fb-1


• Specialized Dark Sector Triggers enabled:


✓Single muon trigger using KLM


✓3D track reconstruction at L1 using neural 
networks


✓Single photon trigger operational for entire dataset


- Not present at Belle.


- 53 fb-1 recorded by BaBar with single photon trigger


✓Displaced vertex trigger in development.

 and Muon detector

Inner Barrel/Endcaps: Scintillating Strips

Outer Barrel: Resistive Plate Chambers

K 0
L

Electromagnetic Calorimeter

CsI(Tl) with waveform sampling

5D Calorimetry: Position, energy, 
time, and pulse-shape

Charged Particle Identification:

Barrel: Time-of-Propagation counter

Forward Endcap: Aerogel Ring-Imaging Cherenkov counter

Magnet:

1.5T superconducting
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• Search for massive  vector boson with coupling to only particles having muon and tau lepton 
number (  extension of SM)


• Could explain current muon  tension and mediate interactions between SM and dark matter


• Search performed at Belle II via  

Z′￼

Lμ − Lτ

g − 2

e+e− → μ+μ−Z′￼, Z′￼→ Invisible

e+

μ−

μ+

Z′￼

χ

χ̄

γ*

e−

Detected muons used to compute recoil 
mass that peaks for  signalZ′￼

B. Shuve and I. Yavin, Phys. Rev. D 89, 113004 (2014). 

W. Altmannshofer, S. Gori, M. Pospelov, and I. Yavin, Phys.  Rev. Lett. 113, 091801 (2014). 

W. Altmannshofer, S. Gori, S. Profumo, and F. S. Queiroz,  J. High Energy Phys. 12 (2016) 106. 

Takes advantage of capabilities 
for precision determination of 
missing energy!


Search for Invisible  Z′￼

BF( ) ~ 33 - 100%

BF( ) ~ 100% if kinematically allowed

Z′￼→ νν̄
Z′￼→ χχ̄
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Search for Invisible  Z′￼

• Backgrounds arise from:


 where photon is not reconstructed


 neutrinos escape detector


 with  not in acceptance

e+e− → μ+μ−(γ)
e+e− → τ+τ−(γ)
e+e− → e+e−μ+μ− e+e−

• No significant excess observed in 79.7 fb-1  


• Excluded part of  parameter space, which could 
explain muon  tension

Z′￼

g − 2

Belle II Collaboration Phys. Rev. Lett. 130, 231801 (2023)

after observing a large data-simulation disagreement in the
signal region compatible with photon-veto inefficiency. The
photon-veto inefficiencies measured with the ee control
sample are used to correct the expected μμ background.
We estimate systematic uncertainties on the signal

efficiency and on the signal and background template
shapes. The uncertainties on the template shapes independ-
ently affect each of the bins contained within the templates.
Uncertainties in selection efficiencies due to data-

simulation mismodeling are studied by comparing data
and simulation in the μμγ and eμ control samples in three
M2

recoil ranges: ½−0.5; 9", [9,36], ½36; 81" GeV2=c4. The two
control samples provide complementary coverage of the
M2

recoil range, with μμγ addressing the lower region and eμ
covering the higher. Systematic uncertainties due to data-
simulation mismodeling in the trigger, luminosity, tracking
efficiency, muon identification, background cross sections,
and effect of the selections are collectively evaluated
through data-simulation comparison before the application
of the Punzi-net. Systematic uncertainties due to the Punzi-
net selection-efficiency differences in data and simulation
are evaluated by studying its efficiencies, as they are
indicators of the performances for the signal-like background
component. The differences from unity of the data-to-
simulation ratios of event yields before the Punzi-net
application and of the Punzi-net efficiencies in the three
M2

recoil ranges are summed in quadrature and found to be 2.7,
6.5, and 8.3%, respectively. These differences are assigned as
systematic uncertainties on the signal efficiency.
The recoil mass resolution is studied using the μμγ

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

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

evaluated using the μμγ and eμ samples. We compute the
standard deviation of the bin-by-bin data-to-simulation
ratios of the number of events for each search window.
To be conservative, we assign twice the largest of these
standard deviations in each of the threeM2

recoil ranges as an
uncertainty for the shape in the respective M2

recoil ranges.
We use the μμγ control sample forM2

recoil up to 56 GeV2=c4

and the eμ control sample above. The resulting uncertain-
ties are 3.2, 8.6, and 25% in the three M2

recoil ranges.
Uncertainties on the background template shape from the

photon-veto inefficiency are studied using the ee control
sample and are on average 34% for M2

recoil < 1 GeV2=c4,
decreasing to 5% above 1 GeV2=c4. We assign a systematic
uncertainty of 1% to themeasured integrated luminosity [27].
The observed and expected M2

recoil distributions are
shown in Fig. 1. We find no significant excess of data
above the expected background. The χ2 value describing
the goodness of the two-dimensional fit is acceptable for
each test Z0 mass with the largest incompatibility corre-
sponding to a p value of 0.05. The largest local significance

is 2.8σ for MZ0 ¼ 2.352 GeV=c2. The global significance
of this excess after correcting for the look-elsewhere
effect [47] is 0.7σ.
The 90% C.L. upper limits on the cross section for the

process eþe− → μþμ−Z0 with Z0 invisible, σðeþe− →
μþμ−Z0; Z0 → invisibleÞ ¼ σðeþe− → μþμ−Z0Þ × BðZ0 →
invisibleÞ, are shown in Fig. 2 as functions ofMZ0 , alongwith
the 1σ and 2σ bands of expected limits (the 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
ΓZ0 . Our upper limits are dominated by statistical uncertain-
ties for MZ0 < 6 GeV=c2, where systematic uncertainties
degrade them by less than 5%. Above 6 GeV=c2, upper
limits are dominated by systematic uncertainties (mainly due
to background shapes), degrading them by about 40%.
Cross section results are translated into 90% CL upper

limits on the coupling g0. In both fully invisible and vanilla

FIG. 1. Squared recoil mass spectrum of the μþμ− sample,
compared with the stacked contributions from the various
simulated background samples normalized (for illustrative pur-
poses) to the integrated luminosity.

FIG. 2. Observed 90% C.L. upper limits on the cross section
σðeþe− → μþμ−Z0; Z0 → invisibleÞ as functions of the Z0 mass
for the cases of negligible ΓZ0 and for ΓZ0 ¼ 0.1MZ0. Also shown
are previous limits from Belle II [26].
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models, we focus on the direct-search results and do not
show constraints obtained from reanalyses of data from
neutrino experiments [7,48,49].
Figure 3 presents limits in the fully invisible Lμ − Lτ

model for the cases of negligible and non-negligible ΓZ0 .
For the case of negligible ΓZ0 , these constraints hold for
MZ0 ≲ 6.5 GeV=c2. Above this mass, there is no value of
αD that produces both a negligible width and
BðZ0 → χχ̄Þ ≈ 1, given the values of g0 being probed.
Numerical values in Fig. 3 can still be used, but need to
be rescaled by 1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
BðZ0 → χχ̄Þ

p
, which depends on αD. We

also show limits from NA64-e [25] and the previous Belle
II search [26]. Our results are world-leading for direct
searches of Z0 with masses above 11.5 MeV=c2. They are
the first direct-search results to exclude at 90% C.L. the
fully invisible-Z0 model as an explanation of the ðg − 2Þμ
anomaly for 0.8 < MZ0 < 5.0 GeV=c2.
Figure 4 presents limits in the vanilla Lμ − Lτ model.

Our results are world leading for direct searches of Z0 in the
mass range 11.5 to 211 MeV=c2. More stringent limits are
from NA64-e [26] below 11 MeV=c2 and from Belle [22],
BABAR [21], and CMS [23] searches for Z0 → μþμ−

above 211 MeV=c2.
Additional plots, including indirect constraints from

neutrino experiments and detailed numerical results, are
provided in the Supplemental Material [50].
In summary, we search for an invisibly decaying Z0

boson in the process eþe− → μþμ−Z0 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
expected background and set 90% C.L. upper limits on the

coupling g0 ranging from 3 × 10−3 at low Z0 masses to 1 for
a mass of 8 GeV=c2. These are world-leading direct-search
results for Z0 masses above 11.5 MeV=c2 in the fully
invisible Lμ − Lτ model and for masses in the range 11.5 to
211 MeV=c2 in the vanilla Lμ − Lτ model. These limits are
the first direct-search results excluding a fully invisible-
Z0-boson model as an explanation of the ðg − 2Þμ anomaly
for 0.8 < MZ0 < 5.0 GeV=c2.

We thank Andreas Crivellin for useful discussions during
the preparation of this manuscript. This work, based on data
collected using the Belle II detector, which was built and
commissioned prior to March 2019, was supported by the
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
Research 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 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

FIG. 3. Observed 90% C.L. upper limits on the coupling g0 for
the fully invisible Lμ − Lτ model as functions of the Z0 mass for
the cases of negligible ΓZ0 and for ΓZ0 ¼ 0.1MZ0. Also shown are
previous limits from NA64-e [25] and Belle II [26] searches. The
red band shows the region that explains the measured value of
the muon anomalous magnetic moment ðg − 2Þμ % 2σ [2]. The
vertical dashed line indicates the limit beyond which the
hypothesis BðZ0 → χχ̄Þ ≈ 1 is not respected in the negligible
ΓZ0 case.

FIG. 4. Observed 90% C.L. upper limits on the coupling g0 for
the vanilla Lμ − Lτ model as functions of the Z0 mass. Also
shown are previous limits from Belle II [26] and NA64-e [25]
searches for invisible Z0 decays, and from Belle [22], BABAR
[21], and CMS [23] searches for Z0 decays to muons (at 95%
C.L.). The red band shows the region that explains the muon
anomalous magnetic moment ðg − 2Þμ % 2σ [2].

PHYSICAL REVIEW LETTERS 130, 231801 (2023)
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Case: BF( ) ~ 100%Z′￼→ χχ̄
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Search for  resonance in ττ e+e− → μμττ

• Selects taus decaying via  or 


• Event signature is four tracks with missing energy


• Muons used to compute recoil mass that peaks for signal


• No significant excess observed in 62.8 fb-1


• Cross section limits for  translated to 
limits on leptophilic scalar, Z’, and ALP mediator interpretations

τ− → ℓ−νν τ− → π−νnπ0

e+e− → X( → τ+τ−)μ+μ−

e+

μ−

μ+
τ+

γ*
e−

6

overlap between the fit intervals induces an oscillatory
behaviour. The resulting upper limits are dominated
by sample size, with systematic uncertainties worsening
them on average by 1% compared to the case in which
they are neglected.

The cross-section results are translated into upper lim-
its on the coupling constant g0 of the Lµ�L⌧ model [46],
on the coupling strength ⇠ of the leptophilic scalar S, and
on the coupling |C``|/⇤ for an ALP decaying to leptons:
values as low as 2.5⇥10�2, 51, and 200 TeV�1 are found,
respectively. The last two are shown in Fig. 4 as func-
tions of the resonance mass. For the leptophilic scalar
model, we constrain the coupling ⇠ to be smaller than
approximately 200 for masses above 6.5 GeV/c2, which
are the first results in that region. For the model with
the ALP decaying to leptons, these are the first results
for the ALP-⌧ coupling.

Figure 3. Observed 90% CL upper limits and corresponding
expected limits on the cross section for the process e+e� !
X (! ⌧+⌧�) µ+µ� with X = Z0, S,ALP as functions of the
X resonance mass. The inset shows a magnification of the
region above 9 GeV/c2.

In summary, we search for a resonance decaying to
⌧+⌧� in e+e� ! µ+µ�⌧+⌧� events in a data sample
of e+e� collisions at 10.58 GeV collected by Belle II in
2019–2020, corresponding to an integrated luminosity of
62.8 fb�1. We find no significant excess above the back-
ground and set upper limits on the cross section, rang-
ing from 0.7 fb to 24 fb, for masses between 3.6 and
10 GeV/c2. We derive exclusion limits on the couplings
for three different models: the Lµ � L⌧ model; a lep-
tophilic scalar model, for which we probe for the first
time masses above 6.5 GeV/c2; and a model with an ALP
decaying to leptons, for which we set world-leading limits
over the entire mass range considered.

We thank Andrea Thamm for helpful conversations on
the axion-like particle.

This work, based on data collected using the
Belle II detector, which was built and commis-

Figure 4. Observed 90% CL upper limits and corresponding
expected limits as functions of mass on (top) the leptophilic
scalar coupling ⇠, and on (bottom) the ALP coupling to lep-
tons |C``|/⇤ in the hypothesis of equal couplings to the three
lepton families and zero couplings to all other particles. Also
shown are (top) constraints for S decaying in electrons or
muons from a BABAR search [25] and (bottom) constraints for
an ALP decaying to leptons from a reinterpretation [17, 18]
of BABAR searches. The red band in the top plot shows the
region that explains the muon anomalous magnetic moment
(g � 2)µ ± 2�.

sioned prior to March 2019, was supported by Sci-
ence Committee of the Republic of Armenia Grant
No. 20TTCG-1C010; Australian Research Council and
research Grants No. DP200101792, No. DP210101900,
No. DP210102831, No. DE220100462, No. LE210100098,
and No. LE230100085; 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; Na-
tional Key R&D Program of China under Contract
No. 2022YFA1601903, National Natural Science Foun-
dation of China and research Grants No. 11575017,
No. 11761141009, No. 11705209, No. 11975076,
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Upper limits to the Lµ � L⌧ model

Upper limits on the coupling constants of the models are obtained from the upper limits on the cross sections,
making use of the quadratic dependence. As an example, for the case of the Lµ � L⌧ model,

UL(g0)90%CL =

s
g02ref ·UL(�)90%CL

�ref
, (1)

where g0ref is a reference coupling constant used in the MadGraph5@NLO generator to compute a reference cross section
(�ref).

Figure S10: Observed 90% CL upper limits on the g0 coupling of the Lµ � L⌧ model as a function of the Z0 mass. Also shown
are constraints from Belle II [1, 6] for invisible Z0 decays, and from BABAR [7], Belle [8], and CMS [9] (95% CL) searches for
Z0 decays to muons, along with constraints (95% CL) derived from the trident production in neutrino experiments [10–12].
The red band shows the region that could explain the observed value (within two standard deviations) of the muon anomalous
magnetic moment [13].

Z’
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Scalar portal  

• Scalar  that mixes with SM Higgs (introduces a mixing angle )

First Belle II long-lived particle (LLP) search 

• Processes:      or        with     and 

• Eight exclusive visible channels

• Signal  meson fully reconstructed (charged prompt and displaced tracks)


Event signature 

• Search for a peak in  (reconstructed LLP mass) using unbinned maximum likelihoods

Backgrounds 

• Combinatorial background: reduced by requiring kinematics similar to  meson expectations


•  background: mass region vetoed in 

• Further peaking backgrounds: suppressed by larger displacement requirements

Corrections 

• Use of control samples to get corrections for reconstruction efficiency,  shape and PID

Signal extraction 

• Use of reduced mass  to simplify modeling of signal width 

S θ

B+ → K+ S B0 → [K*0 → K+ π−] S S → x+x− x = e, μ, π, K

B

MS

B
K0

S MS

MS

Mreduced
S→x+x− = M2

S→x+x− − 4m2
x

Long-lived scalar particle in b → s

Dark-Sector and  results from Belle IIτSascha Dreyer

12Ongoing searches for Dark-Sectors at Belle II.
▸ Dark long-lived scalar   in  transitions [1] 

▸ First long-lived particle search from Belle II 

▸ No direct mediator production: meson decays 

▸ Tackling eight different fully visible channels: 

▸  and  

▸   

▸ Bump hunt in  

▸ Dedicated study of displaced vertex performance, 
verified with  control sample 

▸ Reconstruction efficiency &  shape 

▸ Particle identification   

▸ Results expected very soon!

S b → s

B−

B+→K+S B0→K*0S

S→ee/μμ/ππ/KK

MS

K0
S

MS

S
K+ x−

B meson decay

x+

[1]:  A. Filimonova, R. Schäfer,  S. Westhoff Phys. Rev. D 101, 095006 (2020)
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sions, we veto events in the e
+
e
� final state for203

mS < 0.05 GeV/c2 if the fitted vertex is close to the first204

PXD tracking layer (1.3 < dv < 1.55 cm) or the SVD205

tracking layers (3.75 < dv < 4.24 cm, 7.5 < dv < 8.4 cm,206

9.8 < dv < 10.8 cm and 13.0 < dv < 14.0 cm). No signif-207

icant conversion background is observed in simulation in208

the region of the incomplete, second PXD tracking layer.209

Most pair conversions and scalar decays that happen in210

the beam pipe are mis-reconstructed with a position at211

the first PXD layer. The cosine of the pointing angle212

cos↵ between the vector connecting the interaction point213

with decay vertex and the scalar candidate momentum214

vector in the transverse plane must be greater than 0.95215

for e
+
e
�, µ+

µ
�, and K

+
K

�; it must be greater than216

0.99 for ⇡+
⇡
� to further reduce the higher backgrounds217

in this final state. All displaced tracks must have an218

extrapolated polar angle 32� < ✓ < 150�, calculated from219

track kinematics and the track vertex to reach the barrel220

or backward ECL and stay within the CDC acceptance.221

To suppress qq̄(�) and ⌧
+
⌧
�(�) backgrounds, we require222

a B-meson candidate to have a beam-constrained223

mass value Mbc =
p
s/4� |~p ⇤

B |2 > 5.27 GeV/c2,224

where ~p
⇤
B is the three-momentum of the B-meson225

candidate in the c.m. system. We further require226

that the B-meson candidate has an energy di↵erence227

|�E| = |E ⇤
B�

p
s/2| < 0.05 GeV, where E ⇤

B is the energy228

of the B-meson candidate in the c.m. system; for ⇡+
⇡
�

229

the requirement is tightened to |�E| < 0.035 GeV. To230

reduce continuum background, events must have R2 less231

than 0.45, with R2 the ratio of the second and zeroth232

Fox-Wolfram moments [32]; for ⇡+
⇡
� the requirement is233

tightened to R2 < 0.35.234

235

We reject events with 0.498 < MS < 0.507 GeV/c2236

with both tracks reconstructed using the pion mass237

hypothesis to reduce background from K
0
S decays. If238

multiple B-meson candidates pass the selections, which239

happens in less than 0.5% of the events, we choose the240

candidate with the smallest value of |�E|. Di↵erences241

between data and simulation for PID, tracking and242

vertex reconstruction are corrected when calculating the243

signal e�ciency using high statistics control samples.244

For the signal extraction we use the reduced mass245

Table I: Selection requirements (in GeV/c2) to reject peaking
backgrounds for the di↵erent Scalar final states.

e+e� µ+µ� ⇡+⇡� K+K�

D0 [1.0, 1.3] [1.7, 1.8] [1.65, 1.75] [1.75, 1.85]
J/ [3.0, 3.15] - -
 (2S) [3.65, 3.75] -
⌘c - - [2.85, 3.15] [2.80, 3.20]
�c1, ⌘c(2S) - - [3.4, 3.8]
� - - - [1.00, 1.04]

M
reduced
S!x+x� =

q
M

2
S!x+x� � 4m2

x to simplify the mod-246

eling of the signal width close to kinematic thresholds247

where the scalar mass approaches twice the rest mass248

of the final state particles. An example invariant mass249

distribution for B+ ! K
+
S(! ⇡

+
⇡
�) is shown in Fig. 1.250

The background contribution of ⌧⌧(�) is negligible.251

252

To validate the selection we compare simulation253

and data in the K
0
S mass region rejected in the signal254

selection, as well as in the displacement regions rejected255

in the signal selection close to promptly decaying SM256

resonances. We find excellent agreement for all selec-257

tion variables. To further validate our simulation, we258

determine the branching fraction of the rare SM decay259

B
+ ! K

0
S⇡

+. This decay is kinematically similar to260

the signal process when exchanging the prompt charged261

kaon candidate with a pion. Since this decay has a large262

peaking background contribution we extract the signal263

yield from a simultaneous fit to Mbc and �E instead264

of M . The result is found to be compatible with the265

current world average [4] within uncertainties.266

267

Figure 1: M reduced
S!⇡+⇡� distribution together with the stacked

contributions from the di↵erent simulated SM background
samples for (B+ ! K+S)⇥ (S ! ⇡+⇡�). Simulation is nor-
malized to a luminosity of 189 fb�1. The hatched area rep-
resents the statistical uncertainty of the SM background pre-
diction.

We extract the signal yield by performing a series of268

extended unbinned maximum likelihood fits of a hypo-269

thetical signal peak in the reduced mass over a smooth270

background to the data assuming a non-negative signal271

yield. We perform independent fits for approximately272

2000 signal mass hypotheses for each of the eight final273

states and for each lifetime with a scan step size equal274

to half the signal resolution �. The signal probability275

density function (pdf) is described by the double-sided276
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• Extensions of SM predict dark matter mass generation via light 
spin-0 (scalar)  that mixes with SM Higgs (mixing angle )


•  is long-lived particle (LLP) at small mixing angles


• Could be produced at Belle II via  transitions

S θ

S

b → s

• Eight decay channels considered:


• Require signal  to be fully reconstructed for background rejection


• Search for localized excess in reduced mass:

B

, S → x+x− x = e, μ, π, K

4

value of |�E|.

Figure 1: Distribution of M 0(⇡+⇡�) together with the
stacked contributions from the various simulated SM back-
ground samples for B+ ! K+S(! ⇡+⇡�) candidates. Simu-
lation is normalized to a luminosity of 189 fb�1. The hatched
area represents the statistical uncertainty of the SM back-
ground prediction. The background from e+e� ! ⌧⌧(�) is
negligible. The bottom panel shows the pulls per bin, defined
as the di↵erence between data and simulation, normalized to
the statistical uncertainties added in quadrature.

For the signal extraction, we use a modified
mass M 0(x+x�) =

p
M2(x+x�)� 4m2

x with mx =
me+ ,mµ+ ,m⇡+ , or mK+ , to simplify the modeling of
the signal width close to kinematic thresholds where the
scalar mass approaches twice the rest mass of the final-
state particles. M 0 equals twice the x momentum in the
x+x� rest frame. An example of a modified-mass dis-
tribution for B+ ! K+S(! ⇡+⇡�) is shown in Fig. 1.
Normalization discrepancies are not a concern since back-
grounds are floating in all fits.

To validate the selection we compare simulation and
data in the K0

S mass region rejected in the signal se-
lection, in the displacement regions close to promptly
decaying SM resonances rejected in the signal selection,
and in sidebands formed by inverting the Mbc and �E
selections. We find agreement for all selection variables.

We extract the B+ ! K+S(! x+x�) and
B0 ! K⇤0(! K+⇡�)S(! x+x�) signal yields by
performing extended maximum likelihood fits to the
unbinned modified S-mass distribution. We fit for a
narrow nonnegative-yield signal peak, at various values
of S mass and assuming various lifetimes, over a smooth
background. We perform independent fits [35] for each
of the eight final states and for each lifetime with a
S-mass scan step-size equal to half the signal mass
resolution �sig. For the model-dependent searches, we
perform a combined fit in all relevant and kinematically
accessible analysis channels, again separately for various

lifetimes. For the dark scalar model we fix the B-
meson and scalar branching fractions to the theoretical
values from Refs. [9, 20, 36]; for the ALP model the
B-meson and ALP branching fractions are taken from
Refs. [3, 6, 37, 38] using a cut-o↵ scale of ⇤ = 1 TeV and
assuming identical coupling fa = fq = f` to quarks and
leptons. For mS greater than 2 GeV/c2, only S ! µ+µ�

is included in the combined scalar fit due to large
uncertainties in the predicted branching fractions.
The signal is described by a double-sided Crystal Ball

function [39, 40] with all parameters determined from
fits to the simulated signal samples. Mass hypotheses
that lack a simulation sample are interpolated from ad-
jacent simulated samples. The resolution �sig increases
smoothly from about 2 MeV/c2 for a light S to about
10 MeV/c2 for a heavy S and does not depend signif-
icantly on lifetime or final state. However, the tail pa-
rameters, especially for larger mS , increase for larger life-
times.
The background is modeled by a straight line, with

normalization and slope determined from the fit to data.
We restrict the linear function to non-negative values in
the full fit range by limiting the slope parameter ac-
cordingly. To account for a possible remaining conver-
sion background, an exponential function is added to the
background model when signal mass hypotheses below
mS < 40 MeV/c2 are tested in the e+e� final state. Each
likelihood fit is performed over an M 0(x+x�) range with
a width of ±20�sig. To improve the fit stability, we iter-
atively increase the fit range symmetrically in 10% steps
until it contains at least ten events. We verify that small
variations of the fit-interval extension have negligible ef-
fects on the results.
We include mass- and lifetime-dependent systematic

uncertainties associated with the signal e�ciency and
with our signal model pdf as Gaussian nuisance param-
eters with widths equal to the systematic uncertainty.
The systematic uncertainties associated with the signal
e�ciency are typically around 4% for most of the scalar
masses and lifetimes, but can reach 10% for the lightest
scalar masses accessible in the e+e� final state. For large
displacements, the dominant systematic uncertainty on
the signal e�ciency is due to the di↵erence in track find-
ing e�ciency for displaced tracks between data and sim-
ulation. This uncertainty varies between zero (prompt)
and 45% per event depending linearly on the vertex po-
sition. We correct for this e�ciency di↵erence based on
a large K0

S control sample and assign the full e�ciency
di↵erence as a systematic uncertainty, which is relevant
mostly for small mS . For larger mS values, the 2.9% con-
tribution from the combination of the uncertainty on the
BB̄ yield and the uncertainty on the charged-to-neutral
B-meson ratio from ⌥(4S) decays [41], along with the
PID e�ciency of low-momentum prompt kaons in the
K⇤0 channel (3%) are the largest systematic uncertain-
ties. We verify the modeling and fitting procedure using

Explore  lifetime range 
from 0.001 <  < 100 cm

S
cτ

L.Zani - Dark sectors and tau phsyics at Belle II - Moriond 2023 4

Search for long-lived (pseudo)scalar in b0s transitions
● Model-independent search for dark scalar particles S from B decays in rare b⌧s transition

– S could mix with SM Higgs with mixing angle θs  (naturally long-lived for θs << 1)
– for MS < MB  decay to dark matter kinematically forbidden by relic density constraint

● Look for S decays into SM 5nal states in 8 exclusive channels:
– B+$K+S and B0 $K*0 ($ K+π-)S, 
with S$ee/ / /KKμμ ππ

● B-meson kinematics to reject combinatorial background
● SM long-lived KS mass region vetoed 0 excellent control sample in data
● Bump hunt with extended max likelihood unbinned 5ts to the reduced 
mass spectrum subtracted by twice the mass of the 5nal state particles 
(easier to model at threshold), separately for each channel and lifetime 

S

S S


B+ → K+S

B0 → K*0( → K+π−)S

Search for a Long-lived Spin-0 Mediator in B-meson Decays

M′￼(x+x−) = M2
S→x+x− − 4m2

x



Savino.Longo@umanitoba.ca

8
Search for a Long-lived Spin-0 Mediator in B-meson Decays

5

pseudo-experiments and add an uncertainty of 3% to the
signal e�ciency to account for a small bias in the inde-
pendent fits; the uncertainty is 4% for the combined fit.
We also include systematic uncertainties due to di↵er-
ences between simulation and data that a↵ect the signal
model. For this we correct the di↵erence between sim-
ulation and data of the signal pdf parameters using a
large K0

S control sample and assign the full di↵erence be-
tween simulation and data as a systematic uncertainty.
The typical total uncertainty is around 15% for the signal
width and around 10% for the tail parameters.

The local significance S of the signal for a given
mass and lifetime hypothesis is given by S =p

2(logL� logLbkg), where L is the maximum likeli-
hood for the full fit and Lbkg is the maximum likelihood
for a fit to the background-only hypothesis.

Figure 2: Upper limits (95% CL) on the product of branching
fractions B(B+ ! K+S)⇥ B(S ! x+x�) (left) and B(B0 !
K⇤0(! K+⇡�)S) ⇥ B(S ! x+x�) (right) as functions of
scalar mass mS for c⌧ = 1 cm (green), c⌧ = 10 cm (orange),
and c⌧ = 50 cm (lavender). The region corresponding to the
fully-vetoed K0

S for S ! ⇡+⇡� is marked in gray.

The largest local significance for the model-
independent search is 3.6�, including systematic
uncertainties, found near mS = 1.061 GeV/c2 for
K+⇡+⇡� for a lifetime of c⌧ = 0.05 cm. Taking into
account the look-elsewhere e↵ect [42], this excess has a
global significance of 1.0�. By dividing the signal yield

by the signal e�ciency and NBB̄ , we obtain the products
of branching fractions B(B+ ! K+S) ⇥ B(S ! x+x�)
and B(B0 ! K⇤0(! K+⇡�)S) ⇥ B(S ! x+x�). To
convert the latter to upper limits on the product of
branching fractions B(B0 ! K⇤0S) ⇥ B(S ! x+x�),
the limits are multiplied by 3/2 [43]. We compute the
95% confidence level (CL) upper limits [44] as functions
of scalar mass mS using a one-sided modified frequentist
CLS method [45] with asymptotic approximation [46].
The observed upper limits are shown in Fig. 2. Sys-
tematic uncertainties weaken the limits by about 2%
for light S and large lifetime; for heavier S or short
lifetimes, the reduction is less than 1%.

The largest local significance for the combined scalar
and ALP fit is 3.3�, including systematic uncertain-
ties, found near mS = 2.619GeV/c2 for a lifetime of
c⌧ = 100 cm; the global significance is 0.3�. For each
scalar or ALP mass hypothesis, we determine the value
of sin ✓ or fa such that the resulting predicted prod-
uct of branching-fraction ratios equals the 95% excluded
branching fraction. The observed upper limit on sin ✓
is shown in Fig. 3. The limit is the most constraining to
date around mS ⇡ 0.3 GeV/c2. The observed upper limit
on fa, as well as additional plots and detailed numerical
results can be found in the supplemental material [33].

Figure 3: Exclusion regions in the plane of the sine of
the mixing angle ✓ and scalar mass mS from this work
(blue) together with existing constraints from LHCb [10, 11],
KTeV [12], E949 [13], CHARM [14], PS191 [15], NA62 [16, 17]
BABAR [19], MicroBooNE [18], and L3 [47]. The exclusion re-
gions from Belle II, LHCb, CHARM, and MicroBooNE cor-
respond to 95%CL, while PS191, KTeV, E949, NA62, and
BABAR correspond to 90% CL. Constraints colored in gray
with dashed outline are reinterpretations not performed by
the experimental collaborations.

In conclusion, we report the first Belle II search for
long-lived particles. We search for a long-lived spin-0
mediator S in B-meson decays mediated by a b ! s tran-
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pseudo-experiments and add an uncertainty of 3% to the
signal e�ciency to account for a small bias in the inde-
pendent fits; the uncertainty is 4% for the combined fit.
We also include systematic uncertainties due to di↵er-
ences between simulation and data that a↵ect the signal
model. For this we correct the di↵erence between sim-
ulation and data of the signal pdf parameters using a
large K0

S control sample and assign the full di↵erence be-
tween simulation and data as a systematic uncertainty.
The typical total uncertainty is around 15% for the signal
width and around 10% for the tail parameters.

The local significance S of the signal for a given
mass and lifetime hypothesis is given by S =p

2(logL� logLbkg), where L is the maximum likeli-
hood for the full fit and Lbkg is the maximum likelihood
for a fit to the background-only hypothesis.

Figure 2: Upper limits (95% CL) on the product of branching
fractions B(B+ ! K+S)⇥ B(S ! x+x�) (left) and B(B0 !
K⇤0(! K+⇡�)S) ⇥ B(S ! x+x�) (right) as functions of
scalar mass mS for c⌧ = 1 cm (green), c⌧ = 10 cm (orange),
and c⌧ = 50 cm (lavender). The region corresponding to the
fully-vetoed K0

S for S ! ⇡+⇡� is marked in gray.

The largest local significance for the model-
independent search is 3.6�, including systematic
uncertainties, found near mS = 1.061 GeV/c2 for
K+⇡+⇡� for a lifetime of c⌧ = 0.05 cm. Taking into
account the look-elsewhere e↵ect [42], this excess has a
global significance of 1.0�. By dividing the signal yield

by the signal e�ciency and NBB̄ , we obtain the products
of branching fractions B(B+ ! K+S) ⇥ B(S ! x+x�)
and B(B0 ! K⇤0(! K+⇡�)S) ⇥ B(S ! x+x�). To
convert the latter to upper limits on the product of
branching fractions B(B0 ! K⇤0S) ⇥ B(S ! x+x�),
the limits are multiplied by 3/2 [43]. We compute the
95% confidence level (CL) upper limits [44] as functions
of scalar mass mS using a one-sided modified frequentist
CLS method [45] with asymptotic approximation [46].
The observed upper limits are shown in Fig. 2. Sys-
tematic uncertainties weaken the limits by about 2%
for light S and large lifetime; for heavier S or short
lifetimes, the reduction is less than 1%.

The largest local significance for the combined scalar
and ALP fit is 3.3�, including systematic uncertain-
ties, found near mS = 2.619GeV/c2 for a lifetime of
c⌧ = 100 cm; the global significance is 0.3�. For each
scalar or ALP mass hypothesis, we determine the value
of sin ✓ or fa such that the resulting predicted prod-
uct of branching-fraction ratios equals the 95% excluded
branching fraction. The observed upper limit on sin ✓
is shown in Fig. 3. The limit is the most constraining to
date around mS ⇡ 0.3 GeV/c2. The observed upper limit
on fa, as well as additional plots and detailed numerical
results can be found in the supplemental material [33].

Figure 3: Exclusion regions in the plane of the sine of
the mixing angle ✓ and scalar mass mS from this work
(blue) together with existing constraints from LHCb [10, 11],
KTeV [12], E949 [13], CHARM [14], PS191 [15], NA62 [16, 17]
BABAR [19], MicroBooNE [18], and L3 [47]. The exclusion re-
gions from Belle II, LHCb, CHARM, and MicroBooNE cor-
respond to 95%CL, while PS191, KTeV, E949, NA62, and
BABAR correspond to 90% CL. Constraints colored in gray
with dashed outline are reinterpretations not performed by
the experimental collaborations.

In conclusion, we report the first Belle II search for
long-lived particles. We search for a long-lived spin-0
mediator S in B-meson decays mediated by a b ! s tran-

• No significant excess observed in 189 fb-1


• Analysis sets first model-independent limits for eight exclusive 
final states (right)   


• Dark Higgs-like scalar interpretation shown on bottom left
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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)
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~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>
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,

• 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

9

̂pτ ≈ −
⃗p tag

| ⃗p tag |
, Eτ ≈ s /2

Pseudo-rest Frame

The pseudo rest frame (ps)

5/21/2019 EDUARD BURELO, BELLE II, TAU MEETING 2

� ఛܧ ൎ
ா೎೘
ଶ

� Direction of the W given by the opposite to the 3S direction

߬ ՜ ݈ ҧߥ௟ߥఛ
߬ ՜ ߙ݈
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߬ ߬

݈

ߙ
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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
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Search for !→$+" (invisible)

E⌧ ⇡ ECMS/2
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~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>

µ�e�

↵
<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

9

̂pτ ≈ −
⃗p tag

| ⃗p tag |
, Eτ ≈ s /2

Pseudo-rest Frame

The pseudo rest frame (ps)
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� ఛܧ ൎ
ா೎೘
ଶ

� Direction of the W given by the opposite to the 3S direction

߬ ՜ ݈ ҧߥ௟ߥఛ
߬ ՜ ߙ݈

ଷܲగ

- ଷܲగ

߬ ߬

݈

ߙ

ߠ
௣௦ߠ

‣ 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
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Search for !→$+" (invisible)
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~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>
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,

• 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

9

̂pτ ≈ −
⃗p tag

| ⃗p tag |
, Eτ ≈ s /2

Pseudo-rest Frame

The pseudo rest frame (ps)
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� Direction of the W given by the opposite to the 3S direction

߬ ՜ ݈ ҧߥ௟ߥఛ
߬ ՜ ߙ݈
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- ଷܲగ

߬ ߬

݈

ߙ

ߠ
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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
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Search for !→$+" (invisible)

E⌧ ⇡ ECMS/2
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~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
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,

• 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 ≈ −
⃗p tag

| ⃗p tag |
, Eτ ≈ s /2

Pseudo-rest Frame

̂pτ ≈ − ⃗p 3h / | ⃗p 3h |Eτ ≈ ECM /2
 “pseudo rest-frame”τ

9Search for  Decays to a Lepton and an Invisible (pseudo) scalarτ
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distribution of experimental data in the signal region, we
validate the simulation using variables that are insensi-
tive to the presence of ⌧�!`�↵ decay, and study control
regions defined by accepting events containing neutral pi-
ons or photons, rather than rejecting them. The distri-
butions 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,

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�-
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Figure 1: Spectra of x` for electrons (top) and muons (bot-
tom) in simulation and experimental data. Simulated spectra
for standard-model processes are shown stacked, with the gray
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 referred
to as “other”. The distributions for ⌧�! `�↵ are shown for
three ↵ masses assuming branching-fraction ratios of 5%.

ciency of observing ⌧�! `�↵ decays relative to that for
observing ⌧� ! `�⌫̄`⌫⌧ .
We use RooStats [31] and HistFactory [32] 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 the momentum and polar angle;
their typical ranges are summarized in Table II. The
resulting uncertainties are asymmetric and strongly de-
pend on x`; their ranges and averaged values over the
standard-model yields are also reported in the same ta-
ble. The contribution from lepton-identification e�-
ciency partially cancels in the ratio between signal and
normalization channels; while the contribution from par-
ticle misidentification rates does not, as it a↵ects only
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.

Correction Uncertainty Average
range range(%) uncert.(%)

Electron identification 0.84–1.06 0.9–12.6 +5.3,�2.9
Muon identification 0.63–1.02 1.3–32.8 +11.7,�1.6
Electronmisidentification 0.6–6.0 4.3–34.6 +17.6,�14.7
Muonmisidentification 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 channel
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.
We observe no significant signal and determine upper

limits using the CLS method [34], a modified frequentist
approach based on a profile likelihood ratio [35]. Fig-
ure 2 shows the 95% C.L. upper limits as well as ex-
pectations calculated assuming the background-only hy-
potheses, ranging in (1.1 � 9.7) ⇥ 10�3 for the electron
channel and in (0.7� 12.2)⇥ 10�3 for the muon channel.
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Table III: Central values with their uncertainties, 95% C.L., and 90% C.L. upper limits (UL) 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 Ref. [33], are provided in parentheses for convenience.

M↵[ GeV/c2] Be↵/Be⌫̄⌫ (⇥10�3) UL at 95% CL (⇥10�3) UL at 90% CL (⇥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↵[ GeV/c2] Bµ↵/Bµ⌫̄⌫ (⇥10�3) UL at 95% CL (⇥10�3) UL at 90% CL (⇥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)

Systematic 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 [33],
are also provided for convenience. Our 95% C.L. limits
are 2.2–14 times more stringent than the best previous
bounds in [7], depending on the value of the ↵ mass.

In conclusion, we search for the lepton-flavor-violating
decay ⌧�! `�↵ using data collected by the Belle II de-
tector 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, allowing one to
directly constrain standard model extensions (see, e.g.,
Ref. [3]) in ways not otherwise possible outside of col-
lider experiments.
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τ → ℓ±α ℓ = e, μ Invisible bosonα =

ARGUS Collaboration, Z. Phys. C 68, 25 (1995)


• Search for invisible (pseudo) scalar with  coupling


• Two-body decay causes  energy to peak in  rest-frame


• Select  events with one  decaying as 


• No significant excess observed with 62.8 fb-1


• Limits 2.2 - 14 times more stringent than the best previous limits 
by ARGUS

τ

ℓ τ
e+e− → τ+τ− τ τ → 3hντ

Belle II Collaboration Phys. Rev. Lett. 130, 181803 (2023)

xℓ =
2E*ℓ
mτc2
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Figure 1: Spectrum of Mmin in experimental data (dots),
along with simulated background contributions from e+e� !
⌧+⌧� events with decays other than ⌧� ! ⇡�⇡+⇡�⌫⌧ (or-
ange area with solid line), e+e� ! qq̄ events (blue area with
dashed line), and other background sources (gray area with
dotted line).

the second pixel layer was installed when the data were
collected. Outside the CDC, a time-of-propagation de-
tector and an aerogel ring-imaging Cherenkov detector
cover the barrel and forward endcap regions, respectively.
The electromagnetic calorimeter (ECL), divided into the
forward endcap, barrel, and backward endcap, fills the re-
maining volume inside a 1.5 T superconducting solenoid
and is used to reconstruct photons and electrons. A K0

L
and muon detection system is installed in the iron flux
return of the solenoid. The z axis of the laboratory frame
is defined as the detector solenoid axis, with the positive
direction along the electron beam. The polar angle ✓ and
the transverse plane are defined relative to this axis.

Several processes contribute to the e+e� ! ⌧+⌧� sam-
ple as backgrounds, including e+e� ! qq̄ events, where
q indicates a u, d, c, or s quark; e+e� ! e+e�(�) and
µ+µ�(�) events; e+e� ! `+`�`+`� events, where ` is
a charged lepton; e+e� ! e+e�h+h� events, where h
indicates a pion, kaon, or proton; and e+e� ! e+e�nh
events with n > 2. We use simulated events to identify
discriminating features e↵ective to suppress these back-
grounds. The e+e� ! ⌧+⌧� process is generated using
the KKMC generator [13, 14]. The ⌧ decays are simu-
lated by TAUOLA [15] and their FSR by PHOTOS [16].
We use KKMC to simulate µ+µ�(�) and qq̄ produc-
tion; PYTHIA [17] for the fragmentation of the qq̄ pair;
BabaYaga@NLO [18–22] for e+e� ! e+e�(�) events;
and AAFH [23–25] and TREPS [26] for the production
of non-radiative final states `+`�`+`� and e+e�h+h�.
There is no generator to simulate the e+e� ! e+e�nh
process. The Belle II analysis software [27, 28] uses the
GEANT4 [29] package to simulate the response of the
detector to the passage of the particles.

II. EVENT SELECTION

In the e+e� center-of-mass frame, the ⌧ leptons are
produced in opposite directions. Thus, the decay prod-
ucts of one ⌧ are isolated from those of the other ⌧ , and
they are contained in opposite hemispheres. The bound-
ary between those hemispheres is the plane perpendicular
to the ⌧ flight direction, which is experimentally approxi-
mated by the thrust axis. The thrust axis is the unit vec-
tor t̂ that maximizes the thrust value

P
|t̂ · ~p ⇤

i |/
P

|~p ⇤
i |,

where ~p ⇤
i is the momentum of ith final-state particle in

the e+e�center-of-mass frame [30, 31].
We define the signal hemisphere as that containing

three charged particles, which are assumed to originate
from the ⌧� ! ⇡�⇡+⇡�⌫⌧ decay, and require that the
other hemisphere, named tag, contains only one charged
particle and up to one neutral pion. Thus, the tag side
contains leptonic (⌧+ ! e+⌫e⌫̄⌧ and ⌧+ ! µ+⌫µ⌫̄⌧ ) and
hadronic (predominantly ⌧+ ! h+⌫̄⌧ and ⌧+ ! h+⇡0⌫̄⌧
) ⌧ decays.
We select ⌧ -pair candidates by requiring the event to

contain exactly four charged particles with zero total
charge, each having a trajectory displaced from the av-
erage interaction point by less than 3 cm along the z
axis and less than 1 cm in the transverse plane to re-
duce the contamination of tracks originated from beam-
background interactions. No particle-identification re-
quirements are imposed on any of the charged particles.
The momenta of charged particles are scaled with fac-
tors that range from 0.99660 to 1.00077 depending on
the charge and cos ✓ to correct for imperfections in the
magnetic-field description used in the event reconstruc-
tion, misalignment of the detector, and material mis-
modeling. The correction factors are evaluated by mea-
suring the mass-peak position of high-yield samples of
D0 ! K�⇡+ decays reconstructed in data and compar-
ing them to the known value [32].

Neutral pions are identified as photon pairs with
masses between 115MeV/c2 and 152MeV/c2. Those pho-
tons are identified from ECL energy deposits (clusters),
reconstructed within the CDC acceptance, 17� < ✓ <
150�, to ensure they are not matched to any charged
particle. Depending on whether the photons are recon-
structed in the forward, barrel, or backward region of
the detector, requirements are di↵erent. Photon-energy
thresholds ranging from 60MeV to 600MeV suppress the
beam-induced backgrounds, which are larger in the end-
caps compared to the barrel region. Requirements on
the cosine of the angle between the momenta of the two
photons and on the momentum of the reconstructed neu-
tral pion reduce the combinatorial background from low-
energy photons.

The online event selection, trigger, is based on the en-
ergy deposits and their topologies in the ECL. The trigger
e�ciency is driven by the requirements of at least three
clusters with a topology inconsistent with a Bhabha event
and one of the clusters having an energy larger than 300
MeV. The trigger e�ciency in the experimental data is
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and convoluted with a double-Gaussian resolution func-
tion to account for the ISR, FSR, and detector resolution.
We approximate this function with the following expres-
sion:

F (Mmin) = 1� P3 · arctan
✓
Mmin � P1

P2

◆

+ P4(Mmin � P1) + P5(Mmin � P1)
2 . (5)

To determine the ⌧ mass, we perform an unbinned
maximum-likelihood fit [36] to the Mmin distribution in
the range [1.70, 1.85]GeV/c2 using Eq. 5. The parameter
P1 determines the edge position and therefore is an es-
timator of the ⌧ mass. The P2 parameter modifies the
slope of the threshold, while the rest of the parameters
describe the shape away from the edge. Fits to simulated
events in which the generated value of the ⌧ mass is varied
in the range [1772, 1782]MeV/c2, show that on average
P1 overestimates the ⌧ mass with a constant o↵set of
0.40± 0.03MeV/c2. This bias results from the empirical
parametrization of the Mmin distribution.

Figure 3 shows the Mmin distribution in the range
of [1.70, 1.85]GeV/c2 in data with the background pre-
dicted from simulation and the fit projection overlaid.
While the ⌧� ! ⇡�⇡+⇡�⌫⌧ events show a clear thresh-
old, the background processes are featureless around the
endpoint. Their contribution is described by the pa-
rameters P3, P4, and P5. The observed value P1 =
1777.49±0.08MeV/c2 is then corrected for the estimator
bias to obtain the measured ⌧ mass,

m⌧ = 1777.09± 0.08 MeV/c2, (6)

where the uncertainty is the statistical uncertainty of the
P1 parameter. The statistical precision of the result is
validated by generating simplified simulated experiments
based on Poisson statistics, as well as by re-sampling the
data based on bootstrapping techniques [37], and repeat-
ing the measurement on them.

V. SYSTEMATIC UNCERTAINTIES AND
CONSISTENCY CHECKS

The systematic uncertainties are grouped into cate-
gories associated with the knowledge of the colliding
beams, the reconstruction of the charged particles, the
fit model, and imperfections in the simulated data. Ta-
ble II summarizes the sources that contribute to the to-
tal uncertainty. The largest uncertainty arises from the
beam-energy correction, followed by the uncertainty on
the charged-particle momentum. The various systematic
uncertainties are added in quadrature, resulting in a total
systematic uncertainty of 0.11MeV/c2.

A. Knowledge of the colliding beams

The uncertainty on the
p
s measurement, as indicated

by the red band in Fig. 2, is on average around 0.75MeV
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Figure 3: Top: Spectrum of Mmin in experimental data (dots)
with fit result (solid blue line) and background contribution
(gray-filled area) overlaid. Bottom: Di↵erences between data
and fit result divided by the statistical uncertainties.

Source Uncertainty
[MeV/c2 ]

Knowledge of the colliding beams:
Beam-energy correction 0.07
Boost vector < 0.01

Reconstruction of charged particles:
Charged-particle momentum correction 0.06
Detector misalignment 0.03

Fit model:
Estimator bias 0.03
Choice of the fit function 0.02
Mass dependence of the bias < 0.01

Imperfections of the simulation:
Detector material density 0.03
Modeling of ISR, FSR and ⌧ decay 0.02
Neutral particle reconstruction e�ciency  0.01
Momentum resolution < 0.01
Tracking e�ciency correction < 0.01
Trigger e�ciency < 0.01
Background processes < 0.01

Total 0.11

Table II: Summary of systematic uncertainties in the ⌧ -mass
measurement.

and is dominated by systematic uncertainties. The es-
timation of

p
s from the B-meson energy relies on the

knowledge of the energy dependence of the e+e� ! BB̄
cross section, whose uncertainty is driven by the beam-
energy uncertainty of the BaBar measurement [33, 34].
An additional uncertainty originates from the uncertain-
ties in the average values of the charged (0.26MeV/c2)
and neutral (0.20MeV/c2) B-meson masses [32]. Since

•  mass enters in precision tests of Lepton Flavour Universality, predictions of  branching fractions, and 
 measurements at -mass scale
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We present a measurement of the ⌧ -lepton mass using a sample of about 175 million e+e� ! ⌧+⌧�

events collected with the Belle II detector at the SuperKEKB e+e� collider at a center-of-mass
energy of 10.579GeV. This sample corresponds to an integrated luminosity of 190 fb�1. We use the
kinematic edge of the ⌧ pseudomass distribution in the decay ⌧� ! ⇡�⇡+⇡�⌫⌧ and measure the ⌧
mass to be 1777.09 ± 0.08 ± 0.11MeV/c2, where the first uncertainty is statistical and the second
systematic. This result is the most precise to date.

The ⌧ -lepton mass, m⌧ , is one of the fundamental pa-
rameters of the standard model. An experimental de-
termination of m⌧ with the lowest possible uncertainty
has important consequences for tests of lepton-flavor-
universality between ⌧ and lighter leptons where the ⌧
mass enters to the fifth power [1] . Precise knowledge
of m⌧ is also important for the predictions of leptonic
and hadronic branching fractions of the ⌧ [2] and the de-
termination of the strong-interaction coupling ↵s at the
⌧ -mass scale [3, 4].

The most precise measurements of the ⌧ mass currently
available are reported in Table I. The BES [5], KEDR [6],
and BES III [7] collaborations measured the ⌧ mass by
analyzing the e+e� ! ⌧+⌧� cross-section near the ⌧+⌧�

production threshold. The Belle [8] and BaBar [9] mea-
surements use the pseudomass endpoint method [10] at
a center-of-mass energy near the ⌥(4S) mass. The high-
est precision to date has been achieved by the BES III
collaboration. While the statistical and systematic un-
certainties for the BES III measurement are of similar
size, the precision of the Belle and BaBar measurements
is limited by systematic uncertainties. For both experi-
ments the largest systematic uncertainties arose from the
knowledge of the beam energy and the momentum recon-
struction of the ⌧ -decay products.

Experiment m⌧ [MeV/c2 ]

BES [5] 1776.96 + 0.18
� 0.21

+ 0.25
� 0.17

KEDR [6] 1776.80 + 0.25
� 0.23 ± 0.15

BES III [7] 1776.91± 0.12 + 0.10
� 0.13

Belle [8] 1776.61± 0.13± 0.35
BaBar [9] 1776.68± 0.12± 0.41

Table I: Summary of most precise measurements of the ⌧ mass
to date.

In this paper, we report a measurement of m⌧ us-
ing a sample of about 175 million e+e� ! ⌧+⌧�

events recorded with the Belle II detector [11] at the
asymmetric-energy e+e� SuperKEKB collider [12]. The
data, collected between March 2019 and July 2021 near
the nominal center-of-mass energy of

p
s = 10.579GeV,

correspond to an integrated luminosity of 190 fb�1.
We determine m⌧ from the hadronic decays ⌧� !
⇡�⇡+⇡�⌫⌧ using the pseudomass endpoint method.
Charge-conjugate modes are implied throughout. As-

suming zero mass for the neutrino, the ⌧ mass is given
by

m⌧ =
q

M2
3⇡ + 2(E⇤

⌧ � E⇤
3⇡)(E

⇤
3⇡ � p⇤3⇡ cos↵

⇤). (1)

Here, and throughout the paper, quantities in the e+e�

center-of-mass frame are indicated by the asterisk. The
mass, energy, and momentum of the three-pion system
are denoted by M3⇡, E⇤

3⇡, and p⇤3⇡, respectively. The
energy of the ⌧ is given by E⇤

⌧ ; ↵
⇤ is the angle between

the momenta of the three-pion system and the neutrino.
The energy E⇤

⌧ is half of the e+e� center-of-mass energyp
s/2 up to corrections from initial state radiation (ISR)

from the e± beams and final state radiation (FSR) from
the ⌧ and its decay products. The pseudomass Mmin is
defined by setting ↵⇤ equal to 0 and therefore minimizing
Eq. 1 as

Mmin =
q
M2

3⇡ + 2(
p
s/2� E⇤

3⇡)(E
⇤
3⇡ � p⇤3⇡)  m⌧ .

(2)
In the absence of ISR and FSR, and assuming a per-
fect measurement of the four-momentum of the three-
pion system, the Mmin distribution extends up to m⌧ ,
where it has a sharp edge. The momentum resolution of
the detector and the energy loss through radiation smear
the endpoint position and introduce a tail towards larger
Mmin values. However, as seen in Fig. 1, an edge remains
in the observed Mmin distribution and is used to measure
the ⌧ mass. One challenge is to precisely measure the in-
puts to Eq. 2, namely the e+e� center-of-mass energyp
s and the momenta of the ⌧ -decay products. Another

challenge is to develop an empirical model to describe
the Mmin distribution. Any inaccuracy in either directly
impacts the ⌧ -mass determination.

I. THE BELLE II DETECTOR AND
SIMULATION

The Belle II detector consists of several subdetectors
arranged in a cylindrical structure around the e+e� inter-
action point [11]. Charged-particle trajectories (tracks)
are reconstructed by a two-layer silicon-pixel detector,
surrounded by a four-layer double-sided silicon-strip de-
tector and a central drift chamber (CDC). Only 15% of
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and convoluted with a double-Gaussian resolution func-
tion to account for the ISR, FSR, and detector resolution.
We approximate this function with the following expres-
sion:

F (Mmin) = 1� P3 · arctan
✓
Mmin � P1

P2

◆

+ P4(Mmin � P1) + P5(Mmin � P1)
2 . (5)

To determine the ⌧ mass, we perform an unbinned
maximum-likelihood fit [36] to the Mmin distribution in
the range [1.70, 1.85]GeV/c2 using Eq. 5. The parameter
P1 determines the edge position and therefore is an es-
timator of the ⌧ mass. The P2 parameter modifies the
slope of the threshold, while the rest of the parameters
describe the shape away from the edge. Fits to simulated
events in which the generated value of the ⌧ mass is varied
in the range [1772, 1782]MeV/c2, show that on average
P1 overestimates the ⌧ mass with a constant o↵set of
0.40± 0.03MeV/c2. This bias results from the empirical
parametrization of the Mmin distribution.

Figure 3 shows the Mmin distribution in the range
of [1.70, 1.85]GeV/c2 in data with the background pre-
dicted from simulation and the fit projection overlaid.
While the ⌧� ! ⇡�⇡+⇡�⌫⌧ events show a clear thresh-
old, the background processes are featureless around the
endpoint. Their contribution is described by the pa-
rameters P3, P4, and P5. The observed value P1 =
1777.49±0.08MeV/c2 is then corrected for the estimator
bias to obtain the measured ⌧ mass,

m⌧ = 1777.09± 0.08 MeV/c2, (6)

where the uncertainty is the statistical uncertainty of the
P1 parameter. The statistical precision of the result is
validated by generating simplified simulated experiments
based on Poisson statistics, as well as by re-sampling the
data based on bootstrapping techniques [37], and repeat-
ing the measurement on them.

V. SYSTEMATIC UNCERTAINTIES AND
CONSISTENCY CHECKS

The systematic uncertainties are grouped into cate-
gories associated with the knowledge of the colliding
beams, the reconstruction of the charged particles, the
fit model, and imperfections in the simulated data. Ta-
ble II summarizes the sources that contribute to the to-
tal uncertainty. The largest uncertainty arises from the
beam-energy correction, followed by the uncertainty on
the charged-particle momentum. The various systematic
uncertainties are added in quadrature, resulting in a total
systematic uncertainty of 0.11MeV/c2.

A. Knowledge of the colliding beams

The uncertainty on the
p
s measurement, as indicated

by the red band in Fig. 2, is on average around 0.75MeV
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Figure 3: Top: Spectrum of Mmin in experimental data (dots)
with fit result (solid blue line) and background contribution
(gray-filled area) overlaid. Bottom: Di↵erences between data
and fit result divided by the statistical uncertainties.

Source Uncertainty
[MeV/c2 ]

Knowledge of the colliding beams:
Beam-energy correction 0.07
Boost vector < 0.01

Reconstruction of charged particles:
Charged-particle momentum correction 0.06
Detector misalignment 0.03

Fit model:
Estimator bias 0.03
Choice of the fit function 0.02
Mass dependence of the bias < 0.01

Imperfections of the simulation:
Detector material density 0.03
Modeling of ISR, FSR and ⌧ decay 0.02
Neutral particle reconstruction e�ciency  0.01
Momentum resolution < 0.01
Tracking e�ciency correction < 0.01
Trigger e�ciency < 0.01
Background processes < 0.01

Total 0.11

Table II: Summary of systematic uncertainties in the ⌧ -mass
measurement.

and is dominated by systematic uncertainties. The es-
timation of

p
s from the B-meson energy relies on the

knowledge of the energy dependence of the e+e� ! BB̄
cross section, whose uncertainty is driven by the beam-
energy uncertainty of the BaBar measurement [33, 34].
An additional uncertainty originates from the uncertain-
ties in the average values of the charged (0.26MeV/c2)
and neutral (0.20MeV/c2) B-meson masses [32]. Since

7

ent in simulated and experimental data. The simulated
Mmin distribution is weighted according to the observed
di↵erences between the experimental and simulated dis-
tributions in p⇤3⇡. The impact on the result is found to
be 0.02MeV/c2.

Systematic uncertainties due to the simulation mis-
modeling of photon and neutral-pion reconstruction,
transverse-momentum resolution, track-finding, trigger
e�ciencies, and background processes are found to be
below or equal to 0.01MeV/c2 each.

E. Consistency checks

We check the stability of the result throughout vari-
ous data-taking periods and observe no evidence for a
time dependence. To exclude a potential dependence
of the measured ⌧ mass on the kinematic properties of
the three-pion system or the ⌧ -decay products, we di-
vide the data into sub-regions of various kinematic vari-
ables. Specifically, we use the cosine of the polar angle
of the three-pion system and the individual pions, M3⇡

and p3⇡, and the momentum of the highest-momentum
decay product. We obtain consistent results, indicat-
ing no significant unaccounted-for systematic e↵ects. Fi-
nally, we explicitly test for a dependence of the mea-
surement on the modeling of the ⌧ decay. In the ver-
sion of the TAUOLA program used for the simulation of
⌧ decays [39] the modeling of the three-pion mass dis-
tribution in the ⌧� ! ⇡�⇡+⇡�⌫⌧ channel is based on
form factors from Ref. [40]. As an alternative we use a
sample simulated with form factors based on resonance
chiral-Lagrangian currents for the hadronic ⌧ decays [41–
44]. Using 6.6 ab�1 of simulated samples, the fit to the
generator-level Mmin distributions of ⌧ decays simulated
with the two models show negligible variation in the re-
sulting P1 values. The P1 values from fits to the re-
constructed distributions are in agreement within 1.7�.
Therefore no additional source of systematic uncertainty
is considered.

VI. SUMMARY

We measure the mass of the ⌧ lepton to be

m⌧ = 1777.09± 0.08± 0.11MeV/c2 (7)

using e+e� ! ⌧+⌧� data collected with the Belle II de-
tector at a center-of-mass energy of

p
s = 10.579GeV and

corresponding to an integrated luminosity of 190 fb�1.
The statistical uncertainty per unit sample size is smaller
compared to the previous results [8, 9] owing to the im-
proved event selection and momentum resolution of the
Belle II detector, which result in a steeper slope of the
Mmin distribution in the threshold region. The main
sources of systematic uncertainty arise from the knowl-
edge of the beam energy and from the uncertainty of

1776 1776.5 1777
]2c [MeV/τm

BES (1996)
-0.17
+0.25  -0.21

+0.181776.96  

BELLE (2007)
 0.35± 0.13 ±1776.61 

KEDR (2007)
 0.15± -0.23

+0.251776.81  

BaBar (2009)
 0.41± 0.12 ±1776.68 

BES III (2014)
-0.13
+0.10 0.12  ±1776.91 

Belle II Preliminary (2023)
 0.11± 0.08 ±1777.09 

PDG Average (2022)
 0.12±1776.86 

Figure 5: Summary of the most precise ⌧ -mass measure-
ments [5–9] compared with the result of this work. The ver-
tical gray band indicates the average value of previous mea-
surements [32]. The inner bars represent the statistical uncer-
tainties, while the outer bars indicate the total uncertainties.

the charged-particle momentum correction. As shown in
Fig. 5, our result is consistent with previous measure-
ments [5–9] and is the most precise to date.
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approximately 92%.
Background from qq̄ production is suppressed by re-

jecting events containing neutral pions in the signal hemi-
sphere or more than one neutral pion in the tag hemi-
sphere. Events with photons of energy greater than
0.2GeV that are not used in neutral-pion reconstruc-
tion are also rejected. In order to suppress e+e�(�),
µ+µ�(�), `+`�`+`�, and e+e�h+h� events, which are
characterized by low-momentum charged particles, we
rank the three charged particles in the signal hemisphere
in decreasing order of transverse momenta and ensure
that their values exceed 0.6, 0.2, and 0.1GeV/c. We
further reject events from qq̄, e+e�(�), and e+e�(nh)
processes by restricting the thrust value and the vis-
ible center-of-mass energy of the event, E⇤

vis, that is
the sum of all reconstructed particles’ energies, to be
within ranges of [0.87,0.97] and [2.5, 9.0]GeV, respec-
tively. We remove most of the remaining background
with requirements on the magnitude of the missing mo-
mentum, 0.05 < p⇤miss < 3.5GeV/c, on its polar angle,
0.5 < ✓⇤miss < 2.7 rad, and on the square of the miss-
ing mass, 0 < M2

miss < 54GeV2/c4. The missing mo-
mentum is the di↵erence between the momenta of the
initial e+e� and that of all reconstructed particles in
the event, while the square of missing mass is defined
as M2

miss = (
p
s� E⇤

vis)
2 � (p⇤miss)

2.
After all requirements, we observe 583192 events in the

experimental data in the Mmin range [1.70, 1.85]GeV/c2.
The signal-reconstruction e�ciency in this region is 2.3%,
and the purity of the sample is 90%. Among the signal
events, around 56% are lepton tagged and the remaining
events are hadron tagged. The dominant backgrounds
are from the e+e� ! qq̄ processes (6.4%), followed by
e+e� ! ⌧+⌧� with decays other than ⌧� ! ⇡�⇡+⇡�⌫⌧
in the signal hemisphere (2.0%).

III. BEAM ENERGY

The computation of Mmin relies on the knowledge of
the e+e� center-of-mass energy. We exploit the fact that
the collision energy is just slightly above the kinematic-
production threshold for BB̄ pairs and measure the B-
meson energy, E⇤

B , using fully reconstructed neutral and
charged B-meson decays,

E⇤
B =

q
m2

B + (p⇤B)
2 ⇡ mB +

1

2mB
(p⇤B)

2. (3)

Here p⇤B and mB are the momentum and mass of the B
meson. A maximum-likelihood fit is performed to the E⇤

B
distribution to determine its peak position. The collision
energy

p
s is obtained from E⇤

B after correcting for the
e↵ect of ISR and by accounting for the energy depen-
dence of the e+e� ! BB̄ cross-section [33, 34] using the
following procedure.

We use a model where the center-of-mass energy of the
colliding particles is described by a Gaussian of width �p

s

about a mean value
p
s, where

p
s and �p

s vary slowly
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Figure 2: Corrected center-of-mass energy
p
s (solid) and

center-of-mass energy of BB̄ pair 2E⇤
B (dashed blue line) as

functions of data-taking time, expressed in terms of chrono-
logically ordered event numbers. The horizontal dashed line
represents the nominal center-of-mass energy,

p
snominal =

10.579GeV, and the vertical dashed lines indicate the start
of di↵erent data-taking periods. The 68.3% confidence level
band of

p
s is displayed as shaded area.

during data-taking. The e+e� ! BB̄ cross-section is
then given by

d2�

dx d
p
s0

= G(
p
s0�

p
s,�p

s)W (s0, x)�0(s
0(1�x)), (4)

where
p
s0 is the event-by-event center-of-mass energy,

x is the fraction of energy carried by the ISR pho-
ton [35], and G is the Gaussian distribution. The photon-
emission probability is described by the function W , and
�0 is the Born cross-section for e+e� ! BB̄ [34]. In
terms of these quantities, the B-meson energy is given
by E⇤

B = 1
2

p
s0(1� x). We use events simulated ac-

cording to Eq. 4 to establish a mapping between the
corrected quantities (

p
s,�p

s) and observed quantities
(E⇤

B ,�E⇤
B
). The inverse of this mapping is used to ob-

tain corrected values for the center-of-mass energy
p
s as

a function of data-taking time. The results are shown
in Fig. 2. During the 2019 and early 2020 data-taking
periods, the

p
s value is around 2MeV above the nomi-

nal value
p
snominal = 10.579GeV. It then drifts to lower

values where it stabilizes at around 6MeV below the nom-
inal value by the middle of the 2021 data-taking period.

IV. METHOD

To reduce experimenter’s bias, we validate the method
of the ⌧ -mass measurement and estimate the statistical
and systematic uncertainties before looking at the cen-
tral value of the result. The Mmin distribution around
the edge can be empirically described as a Heaviside
step function multiplied by second-order polynomials,
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We present a measurement of the ⌧ -lepton mass using a sample of about 175 million e+e� ! ⌧+⌧�

events collected with the Belle II detector at the SuperKEKB e+e� collider at a center-of-mass
energy of 10.579GeV. This sample corresponds to an integrated luminosity of 190 fb�1. We use the
kinematic edge of the ⌧ pseudomass distribution in the decay ⌧� ! ⇡�⇡+⇡�⌫⌧ and measure the ⌧
mass to be 1777.09 ± 0.08 ± 0.11MeV/c2, where the first uncertainty is statistical and the second
systematic. This result is the most precise to date.

The ⌧ -lepton mass, m⌧ , is one of the fundamental pa-
rameters of the standard model. An experimental de-
termination of m⌧ with the lowest possible uncertainty
has important consequences for tests of lepton-flavor-
universality between ⌧ and lighter leptons where the ⌧
mass enters to the fifth power [1] . Precise knowledge
of m⌧ is also important for the predictions of leptonic
and hadronic branching fractions of the ⌧ [2] and the de-
termination of the strong-interaction coupling ↵s at the
⌧ -mass scale [3, 4].

The most precise measurements of the ⌧ mass currently
available are reported in Table I. The BES [5], KEDR [6],
and BES III [7] collaborations measured the ⌧ mass by
analyzing the e+e� ! ⌧+⌧� cross-section near the ⌧+⌧�

production threshold. The Belle [8] and BaBar [9] mea-
surements use the pseudomass endpoint method [10] at
a center-of-mass energy near the ⌥(4S) mass. The high-
est precision to date has been achieved by the BES III
collaboration. While the statistical and systematic un-
certainties for the BES III measurement are of similar
size, the precision of the Belle and BaBar measurements
is limited by systematic uncertainties. For both experi-
ments the largest systematic uncertainties arose from the
knowledge of the beam energy and the momentum recon-
struction of the ⌧ -decay products.

Experiment m⌧ [MeV/c2 ]

BES [5] 1776.96 + 0.18
� 0.21

+ 0.25
� 0.17

KEDR [6] 1776.80 + 0.25
� 0.23 ± 0.15

BES III [7] 1776.91± 0.12 + 0.10
� 0.13

Belle [8] 1776.61± 0.13± 0.35
BaBar [9] 1776.68± 0.12± 0.41

Table I: Summary of most precise measurements of the ⌧ mass
to date.

In this paper, we report a measurement of m⌧ us-
ing a sample of about 175 million e+e� ! ⌧+⌧�

events recorded with the Belle II detector [11] at the
asymmetric-energy e+e� SuperKEKB collider [12]. The
data, collected between March 2019 and July 2021 near
the nominal center-of-mass energy of

p
s = 10.579GeV,

correspond to an integrated luminosity of 190 fb�1.
We determine m⌧ from the hadronic decays ⌧� !
⇡�⇡+⇡�⌫⌧ using the pseudomass endpoint method.
Charge-conjugate modes are implied throughout. As-

suming zero mass for the neutrino, the ⌧ mass is given
by

m⌧ =
q

M2
3⇡ + 2(E⇤

⌧ � E⇤
3⇡)(E

⇤
3⇡ � p⇤3⇡ cos↵

⇤). (1)

Here, and throughout the paper, quantities in the e+e�

center-of-mass frame are indicated by the asterisk. The
mass, energy, and momentum of the three-pion system
are denoted by M3⇡, E⇤

3⇡, and p⇤3⇡, respectively. The
energy of the ⌧ is given by E⇤

⌧ ; ↵
⇤ is the angle between

the momenta of the three-pion system and the neutrino.
The energy E⇤

⌧ is half of the e+e� center-of-mass energyp
s/2 up to corrections from initial state radiation (ISR)

from the e± beams and final state radiation (FSR) from
the ⌧ and its decay products. The pseudomass Mmin is
defined by setting ↵⇤ equal to 0 and therefore minimizing
Eq. 1 as

Mmin =
q
M2

3⇡ + 2(
p
s/2� E⇤

3⇡)(E
⇤
3⇡ � p⇤3⇡)  m⌧ .

(2)
In the absence of ISR and FSR, and assuming a per-
fect measurement of the four-momentum of the three-
pion system, the Mmin distribution extends up to m⌧ ,
where it has a sharp edge. The momentum resolution of
the detector and the energy loss through radiation smear
the endpoint position and introduce a tail towards larger
Mmin values. However, as seen in Fig. 1, an edge remains
in the observed Mmin distribution and is used to measure
the ⌧ mass. One challenge is to precisely measure the in-
puts to Eq. 2, namely the e+e� center-of-mass energyp
s and the momenta of the ⌧ -decay products. Another

challenge is to develop an empirical model to describe
the Mmin distribution. Any inaccuracy in either directly
impacts the ⌧ -mass determination.

I. THE BELLE II DETECTOR AND
SIMULATION

The Belle II detector consists of several subdetectors
arranged in a cylindrical structure around the e+e� inter-
action point [11]. Charged-particle trajectories (tracks)
are reconstructed by a two-layer silicon-pixel detector,
surrounded by a four-layer double-sided silicon-strip de-
tector and a central drift chamber (CDC). Only 15% of
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12Conclusion
• Belle II is a unique facility with many exciting dark sector and tau physics opportunities

• Multiple world-leading dark sector and tau results achieved using subset of total data recorded

• Luminosity and physics output expected to continue to ramp up with next data-taking period 

planned to start in late 2023/early 2024
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the e+e� ! BB̄ sample is dominated by charged B
mesons, the weighted average of the two uncertainties
results in 0.24MeV/c2, assuming the uncertainties of the
B+ and B0 masses are fully correlated. In the experi-
mental data the B-meson energy spread has an average
value of 5.4MeV. A systematic uncertainty of 0.25MeV
is assigned to the measurement of �E⇤

B
based on simu-

lation. The impact of the various systematic uncertain-
ties on the ⌧ mass is added in quadrature and results in
0.07MeV/c2.

The computation of Mmin relies on the knowledge of
the boost vector of the center-of-mass frame. The boost
vector is measured in experimental data using a dimuon
sample. Its uncertainty is found to contribute negligibly
to the systematic uncertainty on the ⌧ mass.

B. Reconstruction of charged particles

Several sources of systematic uncertainty impact the
determination of the charged-particle momentum correc-
tions derived from the D0 ! K�⇡+ sample. Di↵erent
sources contribute to di↵erent cos ✓ regions. In partic-
ular, some residual dependence of the scale factors on
the transverse momentum pT is observed. This e↵ect is
included as a source of systematic uncertainty by mea-
suring the variation in the scale factors after splitting
the D0 ! K�⇡+ sample in pT at its median value of
1.3 GeV/c. The small deviation from the known value of
the D0 mass-peak observed in simulation is also included
as systematic uncertainty. Other important sources of
uncertainties include the modeling of the D0 mass peak,
the uncertainty of the known D0 mass, and a bias due to
di↵erences in the cos ✓ distributions of the charged parti-
cles in the ⌧� ! ⇡�⇡+⇡�⌫⌧ and D0 ! K�⇡+ samples.
As a consistency check, the scale factors are tested in
D+ ! K�⇡+⇡+, D0 ! K�⇡+⇡�⇡+, and J/ ! µ�µ+

decays. The D+, D0, and J/ peak positions match
the known values within the uncertainties, as shown in
Fig. 4 for the D±. Assuming that the individual system-
atic e↵ects are independent, the impact of the variations
of the momentum correction on the ⌧ mass are added in
quadrature, resulting in 0.06MeV/c2.

The correction of tracking misalignment uses cosmic-
ray tracks, and di-muon and hadronic collision-
events [38]. To estimate the impact of a residual mis-
alignment in the determination of m⌧ , various misalign-
ment configurations are used in the simulated data. The
maximum deviation with respect to the nominal config-
uration, 0.03MeV/c2, is assigned as the systematic un-
certainty due to the residual misalignment of the sub-
detectors.

C. Fit model

The uncertainty of the estimator bias directly prop-
agates to the precision of the ⌧ mass, resulting in an
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Figure 4: Deviation of the D± invariant-mass peak position
from the known value before (blue) and after (red) momen-
tum corrections as a function of the cosine of the kaon polar
angle ✓K . The vertical error bars on the blue points indicate
the statistical uncertainties in determining the peak position
while the vertical error bars on the red points indicate the
statistical and total uncertainties of the applied momentum
corrections.

uncertainty of 0.03MeV/c2. To test the independence of
the estimator bias on the ⌧ mass, an alternative assump-
tion of a linear dependence is used, which results in the
same bias. Thus no additional systematic uncertainty is
assigned.
The dependence of the result on the choice of the edge

parametrization is investigated by repeating the measure-
ment with alternative functions used previously by the
Belle and BaBar collaborations [8, 9]. The largest devi-
ation with respect to the main result is 0.02MeV/c2 and
is assigned as a systematic uncertainty.

D. Imperfections of the simulation

We study possible simulation mismodelings that might
lead to an incorrect estimation of the fit-bias correction.
Di↵erences between the properties of material used in the
simulation and those in the detector may have an impact
on the correction of the fit bias. Studies of the inter-
action of photons with the detector material indicate a
deficit of around 10% in the density of the beam-pipe in
simulation. The impact of this deficit is tested by in-
creasing by 10% the beam-pipe density in the simulation
of a signal sample corresponding to 4 ab�1. The statisti-
cal uncertainty of the di↵erence between the results using
the nominal simulation and the simulation with the mod-
ified material density is 0.03MeV/c2, which is seen to be
significantly larger than the actual di↵erence between the
two models. Hence, we assign the statistical precision of
the di↵erence as the uncertainty for this e↵ect.
The modeling of ISR and FSR as well as the kine-

matic properties of the ⌧ -decay products may be di↵er-
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approximately 92%.
Background from qq̄ production is suppressed by re-

jecting events containing neutral pions in the signal hemi-
sphere or more than one neutral pion in the tag hemi-
sphere. Events with photons of energy greater than
0.2GeV that are not used in neutral-pion reconstruc-
tion are also rejected. In order to suppress e+e�(�),
µ+µ�(�), `+`�`+`�, and e+e�h+h� events, which are
characterized by low-momentum charged particles, we
rank the three charged particles in the signal hemisphere
in decreasing order of transverse momenta and ensure
that their values exceed 0.6, 0.2, and 0.1GeV/c. We
further reject events from qq̄, e+e�(�), and e+e�(nh)
processes by restricting the thrust value and the vis-
ible center-of-mass energy of the event, E⇤

vis, that is
the sum of all reconstructed particles’ energies, to be
within ranges of [0.87,0.97] and [2.5, 9.0]GeV, respec-
tively. We remove most of the remaining background
with requirements on the magnitude of the missing mo-
mentum, 0.05 < p⇤miss < 3.5GeV/c, on its polar angle,
0.5 < ✓⇤miss < 2.7 rad, and on the square of the miss-
ing mass, 0 < M2

miss < 54GeV2/c4. The missing mo-
mentum is the di↵erence between the momenta of the
initial e+e� and that of all reconstructed particles in
the event, while the square of missing mass is defined
as M2

miss = (
p
s� E⇤

vis)
2 � (p⇤miss)

2.
After all requirements, we observe 583192 events in the

experimental data in the Mmin range [1.70, 1.85]GeV/c2.
The signal-reconstruction e�ciency in this region is 2.3%,
and the purity of the sample is 90%. Among the signal
events, around 56% are lepton tagged and the remaining
events are hadron tagged. The dominant backgrounds
are from the e+e� ! qq̄ processes (6.4%), followed by
e+e� ! ⌧+⌧� with decays other than ⌧� ! ⇡�⇡+⇡�⌫⌧
in the signal hemisphere (2.0%).

III. BEAM ENERGY

The computation of Mmin relies on the knowledge of
the e+e� center-of-mass energy. We exploit the fact that
the collision energy is just slightly above the kinematic-
production threshold for BB̄ pairs and measure the B-
meson energy, E⇤

B , using fully reconstructed neutral and
charged B-meson decays,

E⇤
B =

q
m2

B + (p⇤B)
2 ⇡ mB +

1

2mB
(p⇤B)

2. (3)

Here p⇤B and mB are the momentum and mass of the B
meson. A maximum-likelihood fit is performed to the E⇤

B
distribution to determine its peak position. The collision
energy

p
s is obtained from E⇤

B after correcting for the
e↵ect of ISR and by accounting for the energy depen-
dence of the e+e� ! BB̄ cross-section [33, 34] using the
following procedure.

We use a model where the center-of-mass energy of the
colliding particles is described by a Gaussian of width �p

s

about a mean value
p
s, where

p
s and �p

s vary slowly
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Figure 2: Corrected center-of-mass energy
p
s (solid) and

center-of-mass energy of BB̄ pair 2E⇤
B (dashed blue line) as

functions of data-taking time, expressed in terms of chrono-
logically ordered event numbers. The horizontal dashed line
represents the nominal center-of-mass energy,

p
snominal =

10.579GeV, and the vertical dashed lines indicate the start
of di↵erent data-taking periods. The 68.3% confidence level
band of

p
s is displayed as shaded area.

during data-taking. The e+e� ! BB̄ cross-section is
then given by

d2�

dx d
p
s0

= G(
p
s0�

p
s,�p

s)W (s0, x)�0(s
0(1�x)), (4)

where
p
s0 is the event-by-event center-of-mass energy,

x is the fraction of energy carried by the ISR pho-
ton [35], and G is the Gaussian distribution. The photon-
emission probability is described by the function W , and
�0 is the Born cross-section for e+e� ! BB̄ [34]. In
terms of these quantities, the B-meson energy is given
by E⇤

B = 1
2

p
s0(1� x). We use events simulated ac-

cording to Eq. 4 to establish a mapping between the
corrected quantities (

p
s,�p

s) and observed quantities
(E⇤

B ,�E⇤
B
). The inverse of this mapping is used to ob-

tain corrected values for the center-of-mass energy
p
s as

a function of data-taking time. The results are shown
in Fig. 2. During the 2019 and early 2020 data-taking
periods, the

p
s value is around 2MeV above the nomi-

nal value
p
snominal = 10.579GeV. It then drifts to lower

values where it stabilizes at around 6MeV below the nom-
inal value by the middle of the 2021 data-taking period.

IV. METHOD

To reduce experimenter’s bias, we validate the method
of the ⌧ -mass measurement and estimate the statistical
and systematic uncertainties before looking at the cen-
tral value of the result. The Mmin distribution around
the edge can be empirically described as a Heaviside
step function multiplied by second-order polynomials,
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Figure 2: Corrected center-of-mass energy
p
s (solid) and

center-of-mass energy of BB̄ pair 2E⇤
B (dashed blue line) as

functions of data-taking time, expressed in terms of chrono-
logically ordered event numbers. The horizontal dashed line
represents the nominal center-of-mass energy,

p
snominal =

10.579GeV, and the vertical dashed lines indicate the start
of di↵erent data-taking periods. The 68.3% confidence level
band of

p
s is displayed as shaded area.
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