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(네가) 뭘 좋아할지 몰라 
다 넣어봤어 

I didn’t know what 
you’d like,

so I put them all in!
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Belle II Physics Mind-map

Image courtesy of Tom Browder
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Overview
Intro. 
• Belle & Belle II

flavor anomalies in EWP B

 results from Belle, Belle II

anomaly, tension in semileptonic B

closing, just with a short quote

τ
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Belle & Belle II

construction, testing, and commissioning stages of
the Belle detector.

2. Interaction region

2.1. Beam crossing angle

The layout of the interaction region is shown in
Fig. 2 [4]. The beam crossing angle of 711 mr
allows us to fill all RF buckets with the beam and
still avoid parasitic collisions, thus permitting
higher luminosity. Another important merit of
the large crossing-angle scheme is that it eliminates
the need for the separation-bend magnets, sig-
nificantly reducing beam-related backgrounds in
the detector. The risk associated with this choice of
a non-zero crossing angle is the possibility of
luminosity loss caused by the excitation of
synchro-beta resonances [5].

The low-energy beam line (eþ) is aligned with
the axis of the detector solenoid since the lower-
momentum beam particles would suffer more
bending in the solenoid field if they were off-axis.

This results in a 22 mr angle between the high-
energy beam line (e") and the solenoid axis.

2.2. Beam-line magnets near the interaction point

The final-focus quadrupole magnets (QCS) are
located inside the field volume of the detector
solenoid and are common to both beams. In order
to facilitate the high gradient and tunability, these
magnets are superconducting at the expense of a
larger size. In order to minimize backgrounds from
QCS-generated synchrotron radiation, their axes
are aligned with the incoming eþ and e" beams.
This requires the radius of the backward-angle
region cryostat to be larger than that of the one in
the forward-angle region. The inner aperture is
determined by the requirements of injection and
the need to avoid direct synchrotron radiation
incident on the beam pipe inside the cryostats. The
z-positions are determined by the detector accep-
tance (171pyp1501).

To minimize solenoid-field-induced coupling
between the x and y beam motions, superconduct-
ing compensation solenoid magnets are located

Fig. 1. Side view of the Belle detector.

A. Abashian et al. / Nuclear Instruments and Methods in Physics Research A 479 (2002) 117–232124
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18#countries#
84#institutes#
~400#members

Z L dt
=
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fb
�1

Lpeak = 21.1 nb�1s�1
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Belle (and BaBar, too) achievements include: 

• CPV, CKM, and rare decays of B mesons (and Bs, 
too) 

• Mixing, CP, and spectroscopy of charmed hadrons, 
e.g.  

• Quarkonium spectroscopy and discovery of 
(many) exotic states, e.g. X(3872), Zc(4430)+ 

• Studies of τ and 2γ

D*s0(2317)+

2008
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SuperKEKB                         Belle II

injector		
to	Linac

<latexit sha1_base64="LDrPrMeyiiKn7txHDpbeYxM3NRw="></latexit>

Lpeak
II ⇡ 30⇥ Lpeak

I
<latexit sha1_base64="YbBuS6GqQt4D9dtJkKRL0GJXgHQ="></latexit>Z goal

LII dt = 50 ab�1 ⇡ 50

Z
LI dt
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Super-KEKB: the nano-beam scheme

s
y
* = 48/62 nm

b
y
* = 0.27/0.3 mm

s
x
* = 10.1/10.7 mm

s
y
* = 940 nm

b
y
* = 5.9 mm

s
x
* = 147/170 mm

KEKB Super-KEKB
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The	Belle	II	Collaboration

26	countries/regions,			~120	ins3tu3ons,			~1000	collaborators

The Belle II Collaboration
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Belle II
Belle II has been in 
operation through the 
Pandemic era, with 
modified working mode in 
accordance with the anti-
pandemic policy. 
(See back-up slide!)

peak luminosity 
world record 
4.7 × 1034 cm−2s−1



B-anomaly in EWP
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The B-anomalies in EWP
In the SM, due to lepton flavor universality of , we expect

B-anomalies in EWP

•  and , measured by LHCb, seem to be far less than 1 
• a discrepancy (with the SM) in some angular observable 

Z/γ

RK RK*

14

<latexit sha1_base64="8bVdbWhOdOWfGU0sm7/PVYjPyxY="></latexit>

) RSM
K(⇤) ⌘

B(B ! K(⇤)µ+µ�)

B(B ! K(⇤)e+e�)
⇡ 1
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 collection by LHCbRK(*)
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from the talk by Sebastian Schmitt

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

CERN-EP-2021-042
LHCb-PAPER-2021-004

23 March 2021

Test of lepton universality

in beauty-quark decays

LHCb collaboration†

Abstract

The Standard Model of particle physics currently provides our best description of
fundamental particles and their interactions. The theory predicts that the di↵erent
charged leptons, the electron, muon and tau, have identical electroweak interaction
strengths. Previous measurements have shown a wide range of particle decays are
consistent with this principle of lepton universality. This article presents evidence
for the breaking of lepton universality in beauty-quark decays, with a significance
of 3.1 standard deviations, based on proton-proton collision data collected with
the LHCb detector at CERN’s Large Hadron Collider. The measurements are of
processes in which a beauty meson transforms into a strange meson with the emission
of either an electron and a positron, or a muon and an antimuon. If confirmed
by future measurements, this violation of lepton universality would imply physics
beyond the Standard Model, such as a new fundamental interaction between quarks
and leptons.

Submitted to Nature Physics

© 2021 CERN for the benefit of the LHCb collaboration. CC BY 4.0 licence.

†Authors are listed at the end of this paper.
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Figure 4: Comparison between RK measurements. In addition to the LHCb result, the mea-
surements by the BaBar [113] and Belle [114] collaborations, which combine B+

! K+`+`� and
B0

! K0
S`

+`� decays, are also shown.

is compatible with the SM prediction with a p-value of 0.10%. The significance of
this discrepancy is 3.1 standard deviations, giving evidence for the violation of lepton
universality in these decays.
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Use both B0 and B+ modes

JHEP 03 (2021) 105
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Figure 1. Signal-enhancedMbc (left), ∆E (middle), andO′ (right) projections of three-dimensional
unbinned extended maximum-likelihood fits to the data events that pass the selection criteria for
B+ → K+µ+µ− (top), and B+ → K+e+e− (bottom). Points with error bars are the data; blue solid
curves are the fitted results for the signal-plus-background hypothesis; red dashed curves denote
the signal component; cyan long dashed, green dash-dotted, and black dashed curves represent
continuum, BB̄ background, and B → charmless decays, respectively.

listed in table 2. These samples serve as calibration modes for the PDF shapes used
as well as to calibrate the efficiency of O > Omin requirement for possible difference
between data and simulation. These are also used to verify that there is no bias for
some of the key observables. For example, we obtain RK(J/ψ) = 0.994 ± 0.011 ± 0.010
and 0.993 ± 0.015 ± 0.010 for B+ → J/ψK+ and B0 → J/ψK0

S , respectively. Similarly,
AI(B → J/ψK) is −0.002± 0.006± 0.014.

– 7 –

• example fit for q2 > 0.1 GeV2

• 137± 14(138± 15) events in the B+ ! K+µ+µ� (K+e+e�)

• 27.3+6.6
�5.8 (21.8+7.0

�6.1) events in the B0 ! K0
Sµ

+µ� (K0
Se

+e�)
<latexit sha1_base64="o51OEDCXCmxjG9MpdfXYk7noRIw=">AAADKnicfVLdbtMwGE3C3yh/HVxyY9EidaoWJSlruxs0jQuQuBmCdpPmpnLcL61VOwmxM1FF4SF4Dh6AW3gE7iZukXgN7LZD2xh8F/bR+X6Ofewo40wqzzu1nWvXb9y8tXG7dufuvfsP6psPhzItcgoDmvI0P4qIBM4SGCimOBxlORARcTiM5i9M/vAEcsnS5J1aZDASZJqwmFGiNDXetNs4gilLSlMEVa2Jo4JzUE0EH4jIOK CYKRSnOWq+DwP0HHmu/7HEuUAvYViFQRNhXMNSEM7lnGXn+pt+p4cz4T9r+Z2+ATtbeugJJEoiliA1A9TcD9sIqxS9NrsowrZZtjFqGQLCNoTbW/9RCHpuJyzbXbdbjcvtHbdf6dbAd/ua7LmeIbuuX12l6610x28NuqC8pP5o1zAkkzNzxvWG53q7fa+zi/4Gvusto2Gt42Bc/4UnKS2EFqecSHnse5kalSRXjHI9EBcSMkLnZArHGiZEgByVy1et0FPNTJbWx2mi0JI931ESIeVCRLpSEDWTl3OGvDJHZ/oAkF+SV3F/VLIkKxQkdKUeFxxpl8y/QROWA1V8oQGhOdMXQGYOoXqSNM6cXR/9GwwD1++43pugsbe/9mjDemw9sVqWb/WsPeuVdWANLGp/sr/YX+1vzmfnu3Pq/FiVOva655F1IZyfvwF9IfQG</latexit>

q2(μμ) ∈ [(0.1,8.75), (10.2,13), ( > 14.18)]

q2(ee) ∈ [(0.1,8.12), (10.2,12.8), ( > 14.18)]

B+ → K+μ+μ−

B+ → K+e+e−

 from BelleRK
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Figure 3. RK in bins of q2, for B+ → K+!+!− (top-left), B0 → K0
S!

+!− (top-right), and
both modes combined (bottom). The red marker represents the bin of 1.0 < q2 < 6.0 GeV2/c4,
and the blue markers are for 0.1 < q2 < 4.0, 4.00 < q2 < 8.12, 10.2 < q2 < 12.8 and q2 > 14.18
GeV2/c4 bins. The green marker denotes the whole q2 region excluding the charmonium resonances.
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 combinedB+, B0

J
H
E
P
0
3
(
2
0
2
1
)
1
0
5

Sources B+ → J/ψK+ B0 → J/ψK0
S RK+(J/ψ) RK0(J/ψ) AI(J/ψK)

Lepton identification ±0.68 ±0.68 ±0.97 ±0.97 —
Kaon identification ±0.80 — — — ±0.007
K0

S identification — ±1.57 — — ±0.002
Track reconstruction ±1.05 ±1.40 — — ±0.002
Efficiency calculation ±0.14 ±0.18 ±0.20 ±0.25 ±0.001
Number of BB̄ pairs ±1.40 ±1.40 — — —
f+−(00) ±1.20 ±1.20 — — ±0.012
Omin ±0.16 ±0.28 ±0.24 ±0.39 ±0.001
PDF shape parameters +0.15

−0.20
+0.05
−0.10

+0.22
−0.31

+0.10
−0.20 ±0.002

Total ±2.38 ±2.90 +1.05
−1.07

+1.08
−1.09 ±0.014

Table 4. Relative systematic uncertainties (%) for B(B → J/ψK), RK(J/ψ), and absolute uncer-
tainty for AI(B → J/ψK).

fixed continuum or charmless B → Kπ+π− events and the decay model. The systematic
uncertainties such as hadron identification, track reconstruction, number of BB̄ events,
and the ratio B[Υ(4S) → B+B−] (B[Υ(4S) → B0B̄0]) cancel out in the double ratio of
RK(J/ψ), while for AI(J/ψK) the sources that divide out are lepton identification and
number of BB̄ events as listed in table 4. In the case of RK , systematic uncertainties
due to hadron identification, charged track reconstruction, number of BB̄ events, and the
B[Υ(4S) → B+B−] (B[Υ(4S) → B0B̄0]) cancel, while for the AI measurement lepton
identification and the number of BB̄ events cancel.

6 Summary

In summary, we have measured the differential branching fractions, their ratios (RK), and
the CP -averaged isospin asymmetry (AI) for the B → K#+#− decays as a function of q2.
The branching fractions for B → K#+#− modes are

B(B+ → K+#+#−) = (5.99+0.45
−0.43 ± 0.14) × 10−7,

B(B0 → K0#+#−) = (3.51+0.69
−0.60 ± 0.10) × 10−7.

The branching fractions for B+ → J/ψK+, and B0 → J/ψK0 are (1.032 ± 0.007 ±
0.024) × 10−3, and (0.902 ± 0.010 ± 0.026) × 10−3, respectively. These are the single
most precise measurements to date. The RK values for different q2 bins are consistent
with the SM predictions, and the value for the whole q2 range is 1.10+0.16

−0.15 ± 0.02. The
results for five q2 bins are

RK =






1.01 +0.28
−0.25 ± 0.02 q2 ∈ (0.1, 4.0) GeV2/c4 ,

0.85 +0.30
−0.24 ± 0.01 q2 ∈ (4.00, 8.12) GeV2/c4 ,

1.03 +0.28
−0.24 ± 0.01 q2 ∈ (1.0, 6.0) GeV2/c4 ,

1.97 +1.03
−0.89 ± 0.02 q2 ∈ (10.2, 12.8) GeV2/c4 ,

1.16 +0.30
−0.27 ± 0.01 q2 > 14.18 GeV2/c4 .

– 15 –

JHEP 03 (2021) 105
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Figure 3. RK in bins of q2, for B+ → K+!+!− (top-left), B0 → K0
S!

+!− (top-right), and
both modes combined (bottom). The red marker represents the bin of 1.0 < q2 < 6.0 GeV2/c4,
and the blue markers are for 0.1 < q2 < 4.0, 4.00 < q2 < 8.12, 10.2 < q2 < 12.8 and q2 > 14.18
GeV2/c4 bins. The green marker denotes the whole q2 region excluding the charmonium resonances.
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Figure 3. RK in bins of q2, for B+ → K+!+!− (top-left), B0 → K0
S!

+!− (top-right), and
both modes combined (bottom). The red marker represents the bin of 1.0 < q2 < 6.0 GeV2/c4,
and the blue markers are for 0.1 < q2 < 4.0, 4.00 < q2 < 8.12, 10.2 < q2 < 12.8 and q2 > 14.18
GeV2/c4 bins. The green marker denotes the whole q2 region excluding the charmonium resonances.
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B+
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• example fit for q2 > 0.045 GeV2

• 103.0+13.4
�12.7 (139.0+16.0

�15.4) events in the e (µ) modes
<latexit sha1_base64="CFBQUnqqAzc9X5V+O4BJxDbSQ34="></latexit>

 from BelleRK*

Use both B0 and B+ modes

• K* modes: K+π−, K+π0, K0
Sπ+

BELLE

PRL 126, 161801 (2021)

 (Belle) in bins of RK* q2
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Prospects for  at Belle IIRK,K*,Xs

PTEP 2019, 123C01 E. Kou et al.

Table 67. The Belle II sensitivities to B→ K (∗)!+!− observables that allow testinf of lepton flavor universality.
Some numbers at Belle are extrapolated to 0.71 ab−1.

Observables Belle Belle II Belle II
0.71 ab−1 5 ab−1 50 ab−1

RK ([1.0, 6.0] GeV2) 28% 11% 3.6%
RK (>14.4 GeV2) 30% 12% 3.6%
RK∗ ([1.0, 6.0] GeV2) 26% 10% 3.2%
RK∗ (>14.4 GeV2) 24% 9.2% 2.8%
RXs ([1.0, 6.0] GeV2) 32% 12% 4.0%
RXs (>14.4 GeV2) 28% 11% 3.4%

QFL ([1.0, 2.5] GeV2) 0.38 0.12 0.050
QFL ([2.5, 4.0] GeV2) 0.34 0.12 0.044
QFL ([4.0, 6.0] GeV2) 0.28 0.092 0.036
QFL (>14.2 GeV2) 0.18 0.054 0.018
Q1 ([1.0, 2.5] GeV2) 1.2 0.48 0.15
Q1 ([2.5, 4.0] GeV2) 1.0 0.42 0.14
Q1 ([4.0, 6.0] GeV2) 0.86 0.34 0.11
Q1 (>14.2 GeV2) 0.66 0.24 0.080
Q2 ([1.0, 2.5] GeV2) 0.64 0.24 0.080
Q2 ([2.5, 4.0] GeV2) 0.60 0.22 0.072
Q2 ([4.0, 6.0] GeV2) 0.48 0.18 0.058
Q2 (>14.2 GeV2) 0.17 0.068 0.022
Q3 ([1.0, 2.5] GeV2) 0.64 0.24 0.080
Q3 ([2.5, 4.0] GeV2) 0.60 0.22 0.072
Q3 ([4.0, 6.0] GeV2) 0.48 0.18 0.058
Q3 (>14.2 GeV2) 0.36 0.14 0.044
Q4 ([1.0, 2.5] GeV2) 1.0 0.36 0.11
Q4 ([2.5, 4.0] GeV2) 0.90 0.30 0.10
Q4 ([4.0, 6.0] GeV2) 0.68 0.24 0.080
Q4 (>14.2 GeV2) 0.52 0.20 0.064
Q5 ([1.0, 2.5] GeV2) 0.94 0.34 0.11
Q5 ([2.5, 4.0] GeV2) 0.84 0.30 0.10
Q5 ([4.0, 6.0] GeV2) 0.68 0.24 0.080
Q5 (>14.2 GeV2) 0.46 0.18 0.054
Q6 ([1.0, 2.5] GeV2) 1.0 0.34 0.11
Q6 ([2.5, 4.0] GeV2) 0.90 0.30 0.10
Q6 ([4.0, 6.0] GeV2) 0.72 0.24 0.080
Q6 (>14.2 GeV2) 0.54 0.20 0.064
Q8 ([1.0, 2.5] GeV2) 1.0 0.38 0.12
Q8 ([2.5, 4.0] GeV2) 0.94 0.34 0.11
Q8 ([4.0, 6.0] GeV2) 0.76 0.28 0.090
Q8 (>14.2 GeV2) 0.54 0.20 0.064

B → K (∗)νν̄ in the SM Due to the exact factorization, the precision of the SM prediction for
the branching ratios of B → K (∗)νν̄ is mainly limited by the B → K (∗) form factors and by the
knowledge of the relevant CKM elements. The relevant Wilson coefficient is known in the SM,
including NLO QCD and NLO EW correction to a precision of better than 2% [402,403,405].
Concerning the form factors, combined fits using results from LCSRs at low q2 and lattice QCD at
high q2 can improve the theoretical predictions.

230/654
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ic.oup.com
/ptep/article-abstract/2019/12/123C

01/5685006 by U
niversity of Bologna user on 16 February 2020

PTEP 2019, 123C01

with clean  environment 
• easier Brems. recovery for  
• wide  range

• inclusive measurements ( )

limited by statistics even at 50  
• major syst. error from lepton ID 

(~0.4%)

Prospects for discovery 
• ~10  for  &  combined

• ~20  for 

• can study correlations among  
and other observables (angular, etc.)

e+e−

e±

q2

RXs

ab−1

ab−1 RK RK*
ab−1 RXs

RK,K*,Xs
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Exclusive EWP  
•

Precision measurement 
•

Semi-invisible states 
•

B → K*ℓ+ℓ−

B → KJ/ψ

B → Kνν̄

20

Progress in Belle II
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Exclusive EWP: B → K*ℓ+ℓ−

Belle II can do independent check of  with 
 

Measure  with  

charmonium veto; BDT for continuum 
( ) suppression 

similar precision for  and  (unlike LHCb)

RK(*)

ℒ ∼ 𝒪(1) ab−1

B → K*ℓ+ℓ− 189 fb−1

e+e− → qq̄
ee μμ

21

Preparing for  (I)R(K(*))
Belle II can provide independent check of !("(*)) anomalies with few ab-1 

Belle II search for #→"*(892)%+%- (% = &, ') with 189 fb-1 

Challenge: limited by sample size 

• Reconstruct "*→"+(-, "+(0, "0S(+ + 2 same-flavor leptons 

• Background suppression: charm veto (e.g )/*→%%), BDT to suppress 

candidates from &+&-→++ ̅and other &+&-→##̅  

• Signal yield extracted from the fit of  and  

Precision for & and ' channels in same ballpark, ~25—30%

Mbc = E2
beam − p*2

B ΔE = E*B − Ebeam

7

B → K*e+e−

B → K*μ+μ−

arXiv:2206.05946
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Precision measurement : B → K J/ψ

22

Preparing for  (II)R(K(*))
Belle II measurement of !→#/$% decays with 189 fb-1 

Not an EW penguin process but a control channel for !→%&+&- 

=> Validate '% measurement, lepton identification 

• Reconstruct !+→%+#/$ and !0→%0S#/$ decays (#/$→(+(-, )+)-) 

• Signal yield extracted from the fit of  and  Mbc ΔE

8

NEW!

Lepton identification systematic uncertainty improved wrt Belle

RK(J/ψ) = ℬ(B → KJ/ψ( → μ+μ−))
ℬ(B → KJ/ψ( → e+e−))

Not EWP, but a control channel for  

Measure  with 

B → Kℓ+ℓ−

RK(J/ψ) 189 fb−1

<latexit sha1_base64="98akjbj341Spi3K/rl4DMU9jaO0="></latexit>

RK(J/ ) =
B(B ! KJ/ (! µ+µ�))

B(B ! KJ/ (! e+e�))

Preparing for  (II)R(K(*))
Belle II measurement of !→#/$% decays with 189 fb-1 

Not an EW penguin process but a control channel for !→%&+&- 

=> Validate '% measurement, lepton identification 

• Reconstruct !+→%+#/$ and !0→%0S#/$ decays (#/$→(+(-, )+)-) 

• Signal yield extracted from the fit of  and  Mbc ΔE

8

NEW!

Lepton identification systematic uncertainty improved wrt Belle

RK(J/ψ) = ℬ(B → KJ/ψ( → μ+μ−))
ℬ(B → KJ/ψ( → e+e−))

Lepton ID syst. uncertainty, improved over Belle 



Youngjoon Kwon (Yonsei U.)                                             Oct. 11, 2022                                           FBLE @ MITP, Mainz

Search for  at Belle IIB+ → K+νν

23

In the SM, 
•  

sensitive to new physics BSM, e.g. 
• leptoquarks,
• axions,
• DM particles, etc. 

existing measurements (upper limits)

ℬ(B+ → K+νν̄) = (4.6 ± 0.5) × 10−6 [4]

8

responding to 9 fb�1. No statistically significant signal
is observed and an upper limit on the branching frac-
tion of 4.1⇥ 10�5 at the 90% CL is set, assuming an SM
signal. This measurement is competitive with previous
results for similar integrated luminosities, demonstrating
the capability of the inclusive tagging approach, which is
widely applicable and expands the future physics reach
of Belle II.
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A search for the flavor-changing neutral-current decay B+ ! K+⌫⌫̄ is performed at the Belle II ex-
periment at the SuperKEKB asymmetric energy electron-positron collider. The results are based on
a data sample corresponding to an integrated luminosity of 63 fb�1 collected at the ⌥ (4S) resonance
and a sample of 9 fb�1 collected at an energy 60MeV below the resonance. A novel measurement
method is employed, which exploits topological properties of the B+ ! K+⌫⌫̄ decay that di↵er
from both generic bottom-meson decays and light-quark pair production. This inclusive tagging
approach o↵ers a higher signal e�ciency compared to previous searches. No significant signal is
observed. An upper limit on the branching fraction of B+ ! K+⌫⌫̄ of 4.1⇥ 10�5 is set at the 90%
confidence level.

PACS numbers: 13.25.Hw, 14.40.Nd, 12.15.Mm

Flavor-changing neutral-current transitions, such as
b ! s⌫⌫̄, are suppressed in the Standard Model (SM)
by the extended Glashow–Iliopoulos–Maiani mechanism
[1]. These transitions can only occur at higher orders in
SM perturbation theory via weak amplitudes involving
the exchange of at least two gauge bosons, as illustrated
in Fig. 1. The absence of charged leptons in the final
state reduces the corresponding theoretical uncertainty
compared to b ! s`+`� transitions, which su↵er from a
breaking of factorization caused by photon exchange [2].
The branching fraction of the B+ ! K+⌫⌫̄ decay [3],
which involves a b ! s⌫⌫̄ transition, is predicted to be
(4.6± 0.5)⇥ 10�6 [4].

b s

⌫

⌫

u, c, t

Z

W�

(a) Penguin diagram

b s

⌫ ⌫

u, c, t

`�

W� W+

(b) Box diagram

FIG. 1: Lowest-order quark-level diagrams for the b ! s⌫⌫̄
transition in the SM.

Studies of this rare decay are currently of particular in-
terest, as this process o↵ers a complementary probe of po-
tential non-SM physics scenarios that are proposed to ex-
plain the tensions with the SM predictions in b ! s`+`�

transitions [5] observed in Refs. [6–11]. More generally,
measurements of the B+ ! K+⌫⌫̄ decay help constrain
models that predict new particles, such as leptoquarks
[12], axions [13], or dark matter particles [14].

The study of the B+ ! K+⌫⌫̄ decay is experimen-
tally challenging as the final state contains two neutri-
nos, which leave no signature in the detector and cannot
be used to derive information about the signal B-meson.
Previous searches used tagged approaches, where the sec-
ond B meson produced in the e+e� ! ⌥ (4S) ! BB̄
event is explicitly reconstructed in a hadronic decay [15–
17] or in a semileptonic decay [18, 19]. This tagging
suppresses background events but results in a low sig-
nal reconstruction e�ciency, typically well below 1%. In
all analyses reported to date, no evidence for a signal is
found, and the current experimental upper limit on the

branching fraction is estimated to be 1.6⇥ 10�5 at 90%
confidence level [20].
In this search, a novel and independent inclusive tag-

ging approach is used, inspired by Ref. [21]. This ap-
proach has the benefit of a larger signal e�ciency of
about 4%, at the cost of higher background levels. The
method exploits the distinctive topological features of the
B+ ! K+⌫⌫̄ decay that distinguish this process from
the seven dominant background processes, i.e., other de-
cays of charged and neutral B mesons and continuum
processes (e+e� ! qq̄ with q = u, d, s, c quarks and
e+e� ! ⌧+⌧�). The signal candidates are reconstructed
as a single charged-particle trajectory (track) generated
by the kaon, typically carrying higher momentum than
background particles. The remaining tracks and energy
deposits, referred to as the rest of the event (ROE), can
thus be associated to the decay of the accompanying B
meson. Furthermore, the neutrinos produced in the sig-
nal B-meson decay typically carry a significant fraction
of its energy. The resulting missing momentum is defined
as the momentum needed to cancel the sum of the three-
momenta of all reconstructed tracks and energy deposits
in the center-of-mass system of the incoming beams. The
specific properties of signal events are captured in a va-
riety of discriminating variables used as inputs for event
classifiers to separate signal from background.

This search uses data from e+e� collisions produced
in 2019 and 2020 by the SuperKEKB collider [22].
The data, corresponding to an integrated luminosity of
63 fb�1 [23], are recorded by the Belle II detector at a
center-of-mass energy of

p
s = 10.58GeV, which cor-

responds to the ⌥ (4S) resonance, and contain 68 mil-
lion BB̄ pairs [24]. An additional o↵-resonance sample
of 9 fb�1 integrated luminosity, collected at an energy
60MeV lower than the ⌥ (4S) resonance, is used to con-
strain the yields of continuum processes.
Seven simulated background samples are used to study

the corresponding seven dominant background processes
introduced previously. The decays of charged and neu-
tral B mesons are simulated using the EVTGEN event
generator [25]. KKMC [26] is used to generate the qq̄
pairs, with PYTHIA8 [27] to simulate their hadroniza-
tion and EVTGEN to model the decays of the generated
mesons. KKMC and TAUOLA [28] are employed to simu-
late e+e� ! ⌧+⌧� events. The simulated B+ ! K+⌫⌫̄

Tagging

hadronic + SL

semileptonic
hadronic
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1. signal  — track of highest  w/ at least 1 PXD hit ( ) 

2. all other tracks & clusters  “ROE” (rest of the event) 

3. BDT for signal discrimination 
use event-shape, ROE dynamics,  kinematics, vertexing info.

4. BDT1 & BDT2 (consecutive applications)  
 to suppress two different bkgds : BB and continuum

5. signal region in 2D (BDT2 vs. ) 

6. check BDT output with  samples 
for both signal and bkgd (see back-up slide for details)

7. check Data/MC agreement using Off-resonance data 

K+ pT ε ∼ 80 %

⇒

Bsig

∵

pT(K+)

B+ → J/ψK+

24

Novel Search for                         

!10

Basic Reconstruction (inclusive tag approach := LHCb-like):
1. Reconstruct signal = the highest pT track with at least 1 PXD hit (~80%      ) 
2. All other tracks and clusters reconstructed as rest-of-event (ROE) object
3. Discriminating variables are identified and used later as an input to BDTs:

Event-shape, ROE dynamics, Kinematics of signal B, Vertexing variables

BB qqB(�K��)B

1.

3.In comparison with tagged 
approaches this inclusive tag 

approach leads to higher signal 
efficiency but also larger 

background contributions from B-
decays (Neutral/Charged B) and 

continuum production (e+e- → cc, ss, 
uu, dd, τ pair)

ϵsig

|  Belle II Highlights and Prospects | Slavomira Stefkova

B+ → K+νν̄ Moriond 2021:63 fb-1

preliminary
preliminary

PRL 127, 181802 (2021)

 at Belle IIB+ → K+νν
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1. signal  — track of highest  w/ at least 1 PXD hit ( ) 

2. all other tracks & clusters  “ROE” (rest of the event) 

3. BDT for signal discrimination 
use event-shape, ROE dynamics,  kinematics, vertexing info.

4. BDT1 & BDT2 (consecutive applications)  
 to suppress two different bkgds : BB and continuum

5. signal region in 2D (BDT2 vs. ) 

6. check BDT output with  samples 
for both signal and bkgd (see back-up slide for details)

7. check Data/MC agreement using Off-resonance data 

K+ pT ε ∼ 80 %

⇒

Bsig

∵

pT(K+)

B+ → J/ψK+

Novel Search for                         

!11

MVA Selection and Measurement Region Definition:

4. Two consecutive BDTs are trained and applied to suppress the backgrounds

     (signal:                    , background: generic B decays + continuum )

5. Identify signal region (SR) with BDT2 output and bin further in 2D: BDT2 x pT(K+) to maximise sensitivity

4.

Signal Region

5.

|  Belle II Highlights and Prospects | Slavomira Stefkova

B+ → K+νν̄ Moriond 2021:63 fb-1

B+ → K+νν̄

Signal Region

preliminary

preliminary

Novel Search for                         

!11

MVA Selection and Measurement Region Definition:

4. Two consecutive BDTs are trained and applied to suppress the backgrounds

     (signal:                    , background: generic B decays + continuum )

5. Identify signal region (SR) with BDT2 output and bin further in 2D: BDT2 x pT(K+) to maximise sensitivity

4.

Signal Region

5.

|  Belle II Highlights and Prospects | Slavomira Stefkova

B+ → K+νν̄ Moriond 2021:63 fb-1

B+ → K+νν̄

Signal Region

preliminary

preliminary

PRL 127, 181802 (2021)

 at Belle IIB+ → K+νν
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1. signal  — track of highest  w/ at least 1 PXD hit ( ) 

2. all other tracks & clusters  “ROE” (rest of the event) 

3. BDT for signal discrimination 
use event-shape, ROE dynamics,  kinematics, vertexing info.

4. BDT1 & BDT2 (consecutive applications)  
 to suppress two different bkgds : BB and continuum

5. signal region in 2D (BDT2 vs. ) 

6. check BDT output with  samples 
for both signal and bkgd (see back-up slide for details)

7. check Data/MC agreement using Off-resonance data 
8. simultaneous ML fit to ON- & OFF-resonance data 

K+ pT ε ∼ 80 %

⇒

Bsig

∵

pT(K+)

B+ → J/ψK+

Novel Search for                         

!12

Validation with control channels:
6. Check BDTs output with both                                    (background-like),                                    (signal-like*) 
reconstruction: 
      *signal-like: 1. Ignore dimuon from         to mimic missing energy
                         2. Replace four-momenta of K+ by that of the signal to mimic 3-body kinematics
7. Check Data/MC agreement in off-resonance data  

6.

|  Belle II Highlights and Prospects | Slavomira Stefkova

B+ → K+νν̄ Moriond 2021:63 fb-1

B+ → J/ψ ( → μ+μ−)K+ B+ → J/ψ ( → μ+μ−)K+

J/ψ

preliminary
Signal Region

preliminary

Novel Search for                         

!13

Signal Extraction:
8. Binned simultaneous ML fit to on-resonance + off-
resonance data is performed:

pdf includes 175 nuisance parameters + 1 parameter 
of interest: signal strength     (1    = SM BF =                  )

nuisance parameters = systematic uncertainties

     Measured signal strength

     

9. No significant signal is observed so limit on BF is set 
with CLs method: 9.

8.

μ = 4.2+2.9
−2.8(stat)+1.8

−1.6(syst)
ℬ(B+ → K+νν̄) = 1.9+1.6

−1.5 × 10−5

4.1x10-5 @90 % CL

|  Belle II Highlights and Prospects | Slavomira Stefkova

B+ → K+νν̄B+ → K+νν̄ Moriond 2021:63 fb-1

μμ 4.6 × 10−6

on-resonance fit

preliminary

SR

PRL 127, 181802 (2021)

 at Belle IIB+ → K+νν



Youngjoon Kwon (Yonsei U.)                                             Oct. 11, 2022                                           FBLE @ MITP, Mainz

 at Belle IIB+ → K+νν

27

profile likelihood scan, where the fit is performed with µ fixed at values around the best fit value
and the remaining parameters free. The systematic uncertainty is calculated by subtraction in
quadrature of the statistical uncertainty from the total uncertainty. The result is translated into
an observed branching ratio of [1.9+1.6

�1.5]⇥ 10�5 = [1.9+1.3
�1.3(stat)

+0.8
�0.7(syst)]⇥ 10�5. No significant

signal is observed and the expected and observed upper limits on the B+ ! K+⌫⌫̄ branching
fraction are estimated using the CLs method 19. Figure 8 shows that at the 90% confidence
level the expected upper limit, derived in the background only hypothesis, is 2.3⇥ 10�5 and the
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collected at the ⌥(4S) resonance by the Belle II detector, together with an additional sample of
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4.1⇥10�5 on the B+ ! K+⌫⌫̄ branching ratio is set at the 90% confidence level. As illustrated
in Fig. 9, the measurement is competitive with the previous searches, thus proving the capability
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Angular Analysis of the B + → K!+μ +μ − Decay

R. Aaij et al.*

(LHCb Collaboration)

(Received 4 January 2021; accepted 11 March 2021; published 22 April 2021)

We present an angular analysis of the Bþ → K!þð→ K0
Sπ

þÞμþμ− decay using 9 fb−1 of pp collision
data collected with the LHCb experiment. For the first time, the full set ofCP-averaged angular observables
is measured in intervals of the dimuon invariant mass squared. Local deviations from standard model
predictions are observed, similar to those in previous LHCb analyses of the isospin-partner B0 → K!0μþμ−

decay. The global tension is dependent on which effective couplings are considered and on the choice of
theory nuisance parameters.

DOI: 10.1103/PhysRevLett.126.161802

Transitions between b quarks and s quarks with the
emission of two charged leptons, lþl−, only proceed
through loop-level processes. Such decays are therefore
sensitive to possible contributions from heavy mediators
that are inaccessible to direct-production searches. Recent
studies of b → slþl− branching fractions [1–5], angular
distributions [1,4,6–13], and ratios of branching fractions
between decays with different flavours of lepton pairs
[14–18] show discrepancies with respect to the predictions
of the standard model (SM). While these deviations can be
consistently explained by the presence of contributions
from additional vector or axial-vector currents [19–37],
effects from uncertainties related to hadronic form factors
or long-distance contributions cannot be ruled out [38–42].
The B → K!μþμ− decay, where K! denotes the K!ð892Þ

meson, has been the subject of extensive studies
[7,12,43,44]. A large number of these decays are recorded
at the LHC experiments and the flavor of the B meson
can be identified from the K! → Kπ decay products.
This allows the full set of angular observables of the
B → K!μþμ− decay to be studied. A recent study [12] of
the B0 → K!0μþμ− decay channel by the LHCb
Collaboration confirmed the tension in the angular observ-
ables with respect to the SM predictions.
This Letter reports the first measurement of the complete

set of angular observables in the isospin partner decay
Bþ → K!þμþμ−, with the K!þ meson reconstructed
through the decay chain K!þ → K0

Sπ
þ with K0

S → πþπ−.
Charge-conjugation is implied throughout this Letter. This
decay is mediated by the same underlying processes as the

B0 → K!0μþμ− decay, while potentially receiving addi-
tional contributions from b̄ → ūWþ transitions, leading to
the emission of a K!þ meson [45]. Furthermore, any
deviation from isospin symmetry, as reported previously
in the B → K!γ decay [46], could result in a difference in
the angular distributions between the isospin partners. In
the SM, however, isospin-breaking effects are expected to
be small. The analysis uses the dataset collected by the
LHCb Collaboration in the years 2011, 2012 (run 1) and
2015–2018 (run 2), at center-of-mass energies of 7, 8, and
13 TeV, respectively. The dataset corresponds to an
integrated luminosity of 9 fb−1.
The LHCb detector [47,48] is a single-arm forward

spectrometer covering the pseudorapidity range 2 < η < 5,
designed for the study of particles containing b or c quarks.
The detector includes a high-precision tracking system
consisting of a silicon-strip vertex detector surrounding the
pp interaction region [49], a large-area silicon-strip detec-
tor located upstream of a dipole magnet with a bending
power of about 4 Tm, and three stations of silicon-strip
detectors and straw drift tubes [50,51] placed downstream
of the magnet. The tracking system provides a measure-
ment of the momentum p of charged particles with a
relative uncertainty that varies from 0.5% at low
momentum to 1.0% at 200 GeV=c. The minimum distance
of a track to a primary pp collision vertex (PV), the
impact parameter, is measured with a resolution of
ð15þ 29=pTÞ μm, where pT is the component of the
momentum transverse to the beam, in GeV=c. Different
types of charged hadrons are distinguished using informa-
tion from two ring-imaging Cherenkov detectors [52].
Photons, electrons, and hadrons are identified by a calo-
rimeter system consisting of scintillating-pad and pre-
shower detectors, an electromagnetic and a hadronic
calorimeter. Muons are identified by a system composed
of alternating layers of iron and multiwire proportional
chambers [53]. The online event selection is performed by a
trigger [54,55], which consists of a hardware stage, based

*Full author list given at end of the Letter.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW LETTERS 126, 161802 (2021)

0031-9007=21=126(16)=161802(11) 161802-1 © 2021 CERN, for the LHCb Collaboration

precision to guarantee unbiased results for the
P-wave angular observables. Therefore, a two-dimensional
unbinned maximum-likelihood fit to mðK0

Sπ
þμþμ−Þ

and the K$þ candidate mass mðK0
Sπ

þÞ is first performed
in three q2 intervals: 1.1–8.0, 11.0–12.5, and
15.0–19.0 GeV2=c4. The mðK0

Sπ
þμþμ−Þ distribution is

fitted using the signal and background model described
above. The K$þ candidate mass is fitted using a relativistic
Breit-Wigner function to describe the P-wave component,
the LASS parametrization to describe the S-wave compo-
nent [70] and a linear function to describe the combinatorial
background. S- and P-wave interference terms are
neglected in this treatment. The value of FS in the default
narrow q2 intervals is then computed by multiplying the
value of FS in the broad intervals with the ratio between FL
in the narrow and broad intervals. This procedure assumes a
similar q2 dependence of the longitudinal component of the
P wave and the S wave and is broadly compatible with the
results from Ref. [5]. Given the weak dependence of the P-
wave observables on the value of FS, this procedure ensures
unbiased results without relying on values of FS from an
external measurement. Pseudoexperiments indicate that
determining FS in this manner induces at most a bias of
13% of the statistical uncertainty on the angular observ-
ables. This is treated as a systematic uncertainty. All values
of FS are measured to be positive and compatible with the
results in Ref. [5].
Fitting the folded dataset only provides statistical corre-

lations between observables measured in the same fold. In
order to obtain the correlations between all observables, the
bootstrapping technique [71] is used to produce a large
number of pseudodatasets. The measurement of the observ-
ables in each fold of these pseudodatasets enables comput-
ing the correlations between observables in different folds.
The statistical precision of the elements of the correlation

matrix is determined to be around 0.11. In order to ensure
correct coverage in the presence of physical boundaries of
the observables, the statistical uncertainty for each observ-
able in each q2 interval for the signal channel is evaluated
using the Feldman-Cousins technique [72].
The full analysis procedure with acceptance correc-

tion, extraction of FS, and extraction of the angular
observables, is tested on a sample of Bþ → J=ψK$þ

decays with the same selection as applied to the signal
channel, but requiring the dimuon invariant mass
squared to be in the range 8.68–10.09 GeV2=c4. The
results are found to be in good agreement with previous
measurements from the BABAR [73], Belle [74], and
LHCb [75] experiments.
Several sources of systematic uncertainties are consid-

ered and their sizes are estimated using pseudoexperiments.
Various contributions to the overall systematic uncertainty
are related to the correction of acceptance effects. They
include the limited size of the simulation sample and the
parametrization of the acceptance function. Other system-
atic uncertainties are related to the correction of differences
between data and simulation, the model of theBþ candidate
mass distribution and angular background, the impact of
the B0 → K0

Sμ
þμ− veto on the mass distribution of the

combinatorial background, the angular resolution, and
the effect of constraining the value of FS with a two-
dimensional fit. Pseudoexperiments are used to assess a
possible bias introduced by the fit procedure. The pseu-
dodata samples are generated based on the result of the fit to
data or on the predictions from either the SM or a new
physics scenario favoured by the LHCb measurement from
Ref. [12] with the real part of the Wilson coefficient C9

shifted by −1 with respect to SM predictions. Here, C9 is
the strength of the vector coupling in an effective field
theory of b quark to s quark transitions. The largest bias

FIG. 2. The CP-averaged observables (left) P2 and (right) P0
5 in intervals of q2. The first (second) error bars represent the statistical

(total) uncertainties. The theoretical predictions in blue are based on Ref. [77] with hadronic form factors taken from Refs. [78–80] and
are obtained with the FLAVIO software package [84] (version 2.0.0). The theoretical predictions in orange are based on Refs. [81,82] with
hadronic form factors from Ref. [83]. The gray bands indicate the regions of excluded ϕð1020Þ, J=ψ , and ψð2SÞ resonances.
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Abstract

The Standard Model of particle physics currently provides our best description of
fundamental particles and their interactions. The theory predicts that the di↵erent
charged leptons, the electron, muon and tau, have identical electroweak interaction
strengths. Previous measurements have shown a wide range of particle decays are
consistent with this principle of lepton universality. This article presents evidence
for the breaking of lepton universality in beauty-quark decays, with a significance
of 3.1 standard deviations, based on proton-proton collision data collected with
the LHCb detector at CERN’s Large Hadron Collider. The measurements are of
processes in which a beauty meson transforms into a strange meson with the emission
of either an electron and a positron, or a muon and an antimuon. If confirmed
by future measurements, this violation of lepton universality would imply physics
beyond the Standard Model, such as a new fundamental interaction between quarks
and leptons.
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Angular analysis of B → K*ℓ+ℓ−
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Angular analysis of B → K*ℓ+ℓ−
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Angular analysis of B → K*ℓ+ℓ−
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Fit projections for  of P′ 5 B → K*ℓ+ℓ−
PRL 118, 111801 (2017)



34

 of P′ 5 B → K*ℓ+ℓ−

5

(Mbc < 5.27 GeV/c2). For each measurement in q2, the
signal fraction is derived as a function of Mbc. The back-
ground angular distribution is described using the direct
product of kernel density template histograms [22] for
�, ✓` and ✓K while the shape is predetermined from the
Mbc sideband. Acceptance and e�ciency e↵ects are ac-
counted for in the fit by weighting each event by the
inverse of its combined e�ciency, which is derived from
the direct product of the e�ciencies in �, ✓`, ✓K and
q2. The individual reconstruction e�ciency for each ob-
servable is obtained by extracting the ratio between the
reconstructed and generated MC distributions.

All methods are tested and evaluated in pseudo-
experiments using MC samples for each measurement
and the results are compared to the input values. Sys-
tematic uncertainties are considered if they introduce an
angular- or q2-dependent bias to the distributions of sig-
nal or background candidates. Small correlations be-
tween ✓` and q2 are not considered in the treatment of
the reconstruction e�ciency. The deviation between a
fit based on generator truth and an MC sample after
detector simulation and reconstruction reweighted with
e�ciency corrections is evaluated for a bias. The di↵er-
ence between the two fits (0.045 on average) is taken as
the systematic uncertainty for the e�ciency correction;
this is the largest systematic uncertainty. Peaking back-
grounds are estimated for each q2 bin using MC. In total,
fewer than six (one) such background events are expected
in the muon (electron) channels. The impact of the
peaking component is simulated by performing pseudo-
experiments with MC samples for signal and background
according to the measured signal yields, replacing six ran-
domly selected events from the signal class with events
from simulated peaking background in each measure-
ment. The observed deviation from simulated values
(0.02 on average) is taken as the systematic uncertainty.
An error on the background parametrization is estimated
by repeating all fits with an alternative background de-
scription using third-order polynomials and taking the
observed deviation (0.028 on average) as the systematic
error. Finally, an error on the signal parametrization
is considered by repeating the fit with the signal shape
parameters adjusted by ±1�, leading to systematic un-
certainties of order 10�4. Signal cross-feed is evaluated
for all signal decay channels and found to be insignificant.
The parametrization in Eq. 1 does not include a possi-
ble S-wave contribution under the K⇤(892) mass region.
With the expected fraction of 5% [1, 20], we estimate
the S-wave contribution for each measurement to be less
than one event and the resulting e↵ects to be negligible.
Statistically equal numbers of B and B̄ candidates in the
signal window are found; consequently, CP-asymmetric
contributions to the measured CP-even parameters are
neglected. The total systematic uncertainty is calculated
as the sum in quadrature of the individual values.

The result of all fits is presented in Table I and dis-

FIG. 2. P 0
4 and P 0

5 observables for combined, electron and

muon modes. The SM predictions are provided by DHMV

[9] and lattice QCD [24] and displayed as boxes for the muon

modes only. The central values of the data points for the

electron and muon modes are shifted horizontally for better

readability.

played in Fig. 2 where it is compared to SM predictions
by DHMV, which refers to the soft form-factor method
of Ref. [23]. Predictions for the 14.18 GeV2/c2 < q2 <
19.00 GeV2/c2 bin are calculated using lattice QCD with
QCD form factors from Ref. [24]. The predictions include
the lepton mass, leading to minor corrections between
the SM values for the electron and muon modes. For the
electron mode, fits in the region 10.09 GeV2/c2 < q2 <
12.90 GeV2/c2 are excluded because it overlaps with the
 (2S) veto range, leading to insu�cient statistics for sta-
ble fit results. In total, all measurements are compatible
with SM predictions. The strongest tension of 2.6� (in-
cluding systematic uncertainty) is observed in P 0

5 of the
muon modes for the region 4 GeV2/c2 < q2 < 8 GeV2/c2;
this is in the same region where LHCb reported the so-
called P 0

5 anomaly [1, 20]. In the same region, the elec-
tron modes deviate by 1.3� and all channels combined

Result for P0

5
12

(a)Result for P 0
4 (b)Result for P 0

5

(c)Result for P 0
6 (d)Result for P 0

8

FIG. 5. Result for the P 0 observables compared to SM predictions from various sources described in Section X. Results from
LHCb [1, 17] are shown for comparison.
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Perspective

First Look
� The measurements are compatible with the SM

predictions and LHCb measurements
� One measurement is found to deviate by 2.1� from

the predicted value into the same direction and in the
same q2 region where the LHCb collaboration
reported the so-called P �

5 anomaly

Outlook
� Results for the P � observables on arXiv:

(Belle Conference Paper tomorrow on hep-ex).
� We will also look into AFB , charged modes

B+
! K ⇤+`+`�, RK and B+

! K+⌧+⌧�

S. Wehle | DESY | LHC Ski 2016, 14.04.2016 | Page 14/15
Intoduction Angular Analysis Result

• compatible with both SM and
LHCb

• deviate by 2.1� (from SM) in
the same direction and in the
same q2 region where LHCb
reported ‘P0

5 anaomaly’

Youngjoon Kwon (Yonsei Univ.) Recent highlights in B physics Jan. 10, 2017

tension from SM is in the same 
direction as in LHCb

PRL 118, 111801 (2017)



Much renewed interests in  for  anomalies and potential 
interpretations in LUV

LUV accompanied by LFV

So, why not search for ?

B → K(*)ℓ+ℓ− RK(*)

B → K(*)ℓ+ℓ′ − (ℓ′ ≠ ℓ)

35

LFV in B → K(*)ℓ+ℓ′ −

“However, any departure from lepton universality is necessarily associated 
with the violation of lepton flavor conservation. No known symmetry 
principle can protect the one in the absence of the other.”*

* Lepton Flavor Violation in B Decays?  Glashow, Guadagnoli, Lane, PRL 114, 091801 (2015)
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Figure 6. Mbc (left), ∆E (middle), and O′ (right) projections of three-dimensional unbinned
extended maximum-likelihood fits to the data events that pass the selection criteria for B+ →
J/ψ(→ µ+µ−)K+ (top), and B+ → J/ψ(→ e+e−)K+ (bottom). The legends are the same as in
figure 1 and black dashed curve is [π+J/ψ] background.
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Figure 7. Signal-enhanced Mbc projection of three-dimensional unbinned extended maximum-
likelihood fits to the data events that pass the selection criteria for decays B+ → K+µ+e− (left),
B+ → K+µ−e+ (middle), and B0 → K0

Sµ
±e∓ (right). The legends are same as in figure 1.

estimated by varying the yield by ±1σ in the fit; the resulting variation in Nsig is less than
1%. The charmless B → Kπ+π− background fixed in the fit for the modes with muon
final states is varied within ±1σ in the fit, and the change in Nsig is assigned as system-
atic, which is 0.1-0.2%. The decay model systematic for B → K$+$− modes is evaluated
by comparing reconstruction efficiencies calculated from MC samples generated with dif-
ferent models [39, 40] and is 0.3 to 2.0% depending on the q2 bin. For the B → J/ψK

branching fraction, we have considered all the sources except for the contribution due to

– 14 –

JHEP 03 (2021) 105

ℬ(B+ → K+μ+e−) < 8.5 × 10−8

ℬ(B+ → K+μ−e+) < 3.0 × 10−8

ℬ(B0 → K0
S μ−e+) < 3.8 × 10−8



•
•
•    (not today)

•   and related

B0 → ℓ±τ∓

B → K*0τ+τ−

B+ → K+τ±ℓ∓

B → D(*)τ+ντ

  &   decays to R(D(*)) B τ
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BELLE

PRD 104, L091105 (2021) 

Search for  (intro.)B0 → ℓ±τ∓

• LFV, hence forbidden in the SM 

• can occur via -mixing, but very small ~ [1] 

• NP models (e.g. Pati-Salam LQ) can predict [11] 

✓ leptoquarks, SUSY See-saw models, etc. 

• Existing limits  
✓  by BaBar, LHCb 

ν 𝒪(10−54)
ℬ ∼ 𝒪(10−9)

ℬ ≲ (1 − 2) × 10−5

• use hadronic B-tagging 

• do not explicitly reconstruct ; instead, look at recoil mass τ
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Evidence of the decay 
B0ÆȘʌ0

1CIPANP 2015

Bilas Pal, University of  Cincinnati
On behalf  of  the Belle Collaboration

Search for B0(d) → τ∓ ℓ± at Belle

!15

• In the Υ(4S) CM frame (Υ(4S)→BB):

• energy (E) and Momentum (p) of the other B (signal side) is known.

• Using E and p conservation, we can reconstruct τ mass (missing mass) without seeing any τ daughters. 

Fully 
reconstructed B 
meson (Btag)

The other B in 
the event (Bsig)

p
!
miss

p
!
l p

!
BSIG

p
!
BSIG

= −p
!
BTAG
,

p
!
miss = p

!
BSIG

− p
!
l

Emiss = EBEAM −El

EBSIG = EBEAM

Mmiss = Emiss
2 − p
!
miss( )2

• In an event

• Reconstruct a B meson decaying hadronically (Btag).

• Exclude tracks coming from Btag,

• In the other B (Bsig) side,


• calculate Mmiss for each lepton candidate,

• obtain the missing mass distribution. 

p
!
l

p
!
BSIG

p
!
miss

pμ
miss = pμ

Bsig − pμ
ℓ

Mmiss = E2
miss − | ⃗p miss |2
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Search for  (validation)B0 → ℓ±τ∓

• Validation with B → D(*)π
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Validation of the Analysis with the Control Sample B→D(*)π

!16

B0 → D− π+ B0 → D∗− π+

Nsig 2136.4± 71.1 2071.1 ± 73.9
εMC (1.69± 0.04)× 10−3 (1.55± 0.04)× 10−3

NBB̄ (771.581± 10.566)× 106 (771.581± 10.566)× 106

f00 0.486± 0.006 0.486± 0.006
Ctag 0.693± 0.045 0.700± 0.045
CπID 0.954± 0.020 0.950±±0.020

Table 16: The numbers needed to determine B(B0 → D(∗)− π+) using the full Belle data set.
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Figure 27: mmiss projection plot for B0 → D(∗)− π+ obtained by Belle data.

Mode World average This measurement Difference
B0 → D− π+ 2.52± 0.13 (stat+sys) 2.54± 0.11 (stat) 0.1σ
B0 → D∗− π+ 2.74± 0.13 (stat+sys) 2.67± 0.12 (stat) 0.4σ

Table 17: Result of the measurement of B (B0 → D(∗)− π+) and comparison with world average
(×10−3).

To study data and MC simulation differences we check the peak positions and resolutions272

of mmiss distribution. We define scale factor (σdata/σMC) and shift parameter (µdata − µMC) for273

B0 → D− π+ and B0 → D∗− π+. The scale factor is used to adjust the width of the core274

Gaussian used to model B0 → l±τ∓ signal PDFs and shift parameter is used to modify the mean275

41

• Applied the same event selection criteria used 
in B0→ τ µ .

Nsig 
B0 → D π   :  2136.4  ± 71.0 
B0 → D* π  :  2071.1 ± 74.0 

Figure 27 shows the missing mass distribution for data with fit result with signal and back-264

ground component. Table 17 summarizes the result of branching fractions of B0 → D(∗)− π+
265

in comparison with world average. Note that only the statistical uncertainty is assigned for this266

measurement. Our measurements differ by world average about 0.1σ and 0.4σ for B0 → D− π+
267

and B0 → D∗− π+, respectively268
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Table 17: Result of the measurement of B (B0 → D(∗)− π+) and comparison with world average
(×10−3).

To study data and MC simulation differences we check the peak positions and resolutions269
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B0 → D− π+ and B0 → D∗− π+. The scale factor is used to adjust the width of the core271

Gaussian used to model B0 → l±τ∓ signal PDFs and shift parameter is used to modify the mean272

of the same core Gaussian. In ideal case, the scale factor and the shift parameter are expected to273

be 1 and 0, respectively. In our measurement, the scale factors are 1.30± 0.04 for B0 → D− π+
274

and 1.15± 0.05 for B0 → D− π+ modes. We observe −2.0± 1.54 MeV/c2 shift in B0 → D− π+
275

and 0.6±1.44 MeV/c2 in B0 → D∗− π+ peak positions. These shifts are very small, especially for276

B0 → D∗− π+ mode the uncertainty is larger than the shift itself. Therefore, we won’t apply any277

mean shift correction for the B0 → D∗− π+ mode. Table 18 summarizes mean and sigma values278

of mmiss distributions and MC correction factors. The scale factors for both modes and the shift279
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Signal Efficiencies:  
B0 → D π : 1.0 x 10−3 
B0 → D*π : 1.0 x 10−3
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Table 17: Result of the measurement of B (B0 → D(∗)− π+) and comparison with world average
(×10−3).
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Table 17: Result of the measurement of B (B0 → D(∗)− π+) and comparison with world average
(×10−3).
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branching fractions in 10−3
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Search for  (results)B0 → ℓ±τ∓

• extract signal yield by unbinned extended max. likelihood fit 
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Results for B0→ τ∓ ℓ±

!17

• Unbinned extended maximum-likelihood fit to the Mmiss distribution.
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B→ τ μ B→ τ e 

• The upper limits are  B(B0 → τ μ) < 1.5 x 10−5 and B(B0 → τ e) < 1.6 x 10−5 90% C.L. 

Nsig =1.8−7.6
+8.2 Nsig =0.3−8.2

+8.8

Signal Efficiency: 1.1 x 10−3 Signal Efficiency: 1.0 x 10−3

ℬ(B0 → μτ) < 1.5 × 10−5 ℬ(B0 → eτ) < 1.6 × 10−5

−0.08! 0.05 events for B0 → τ!μ∓ and −0.00! 0.05
events for B0 → τ!e∓. We include these small potential
biases when evaluating systematic uncertainties. We also fit
ensembles of fully simulated events and again find the
signal yields to be consistent with the input values.
To further check our analysis procedure and acceptance

calculation, we measure the branching fractions for the
control channels B0 → Dð#Þ−πþ. The Mmiss distributions of
these decays along with projections of the fit result are
shown in Fig. 1. To assess the goodness of fit, we calculate
a χ2 statistic from the residuals of the fit result. Dividing
by the number of degrees of freedom (ndof) gives
χ2=ndof ¼ 0.89, where ndof is 41. The fitted yields are

2136! 71 and 2071! 74 for B0 → D−πþ and
B0 → D#−πþ, respectively, and the resulting branching
fractions are BðB0 → D−πþÞ ¼ ð2.54! 0.11Þ × 10−3

and BðB0 → D#−πþÞ ¼ ð2.67! 0.12Þ × 10−3, where the
uncertainties listed are statistical only. These values
are in excellent agreement with the current world avera-
ges BðB0 → D−πþÞ ¼ ð2.52! 0.13Þ × 10−3 and BðB0 →
D#−πþÞ ¼ ð2.74! 0.12Þ × 10−3 [23].
The Mmiss distributions for signal B0 → τ!l∓ decays

along with projections of the fit result are shown in Fig. 2.
The χ2=ndof values are 0.54 (ndof ¼ 44) and 0.70
(ndof ¼ 44) for B0 → τ!μ∓ and B0 → τ!e∓, respectively.
The fitted signal yields are Nsig ¼ 1.8þ8.2

−7.6 for B0 → τ!μ∓

and Nsig ¼ 0.3þ8.8
−8.2 for B0 → τ!e∓. Both yields are con-

sistent with zero. In the B0 → τ!μ∓ sample, we observe
(17! 10) B0 → D−πþ events and ð−2! 12Þ B0 → D#−πþ

events; these yields are consistent with expectations based
on MC simulation.

V. UPPER LIMIT CALCULATION

We calculate upper limits on Nsig and the branching
fractions at 90% CL using a frequentist method. We first
generate sets of MC-simulated events, with each set being
equivalent to the Belle data sample. Both signal and
background events are generated according to their respec-
tive PDFs. The number of background events generated is
equal to that obtained from the data fit. We vary the number
of input signal events, and for each value we generate an
ensemble of 10 000 data sets. We fit these data sets and
calculate the fraction (fsig) that has a fitted signal yield less
than that obtained from the Belle data (1.8 or 0.3 events).
Our 90% CL upper limit on the number of signal events
(NUL

sig ) is the number of input signal events that has
fsig ¼ 0.10. We convert NUL

sig to an upper limit on the
branching fraction (BUL) via the formula

BUL ¼
NUL

sig

2 × NBB̄ × f00 × ε
: ð2Þ

In this expression, NBB̄ is the number of BB̄ pairs; f00 ¼
0.486! 0.006 is the fraction that are B0B̄0 [23]; and ε is the
signal efficiency including tag-side branching fractions and
reconstruction efficiencies.
We include systematic uncertainties (discussed below) in

BUL as follows. We divide all systematic uncertainties into
two types (see Table II): those arising from the numerator of
Eq. (2) (“additive” uncertainties), and those arising from
the denominator of Eq. (2) (“multiplicative” uncertainties).
Additive uncertainties arise from fitting for the signal yield,
while multiplicative uncertainties correspond to the number
of B decays reconstructed. We account for the latter when
generating MC data sets in our frequentist procedure. The
number of signal events is varied randomly around the

FIG. 2. The Mmiss distributions of B0 → τ!μ∓ (upper) and
B0 → τ!e∓ (lower) candidates, along with projections of the fit
result. The black dots show the data, the dashed red curve shows
the background component, and the solid blue curve shows the
overall fit result. The dash-dotted green curve shows the signal
PDF, with a normalization corresponding to a branching fraction
of 10−4. In the upper plot, the dotted brown curve shows the
B0 → D−πþ component. The plots below the distributions show
the residuals divided by the errors (pulls).
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signal yields to be consistent with the input values.
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Search for B0 → K*0τ+τ−

Highly suppressed in SM :  

Test of  with 3rd gen. lepton ( ) 
• potentially very sensitive to NP

the only experimental result of : 
  (BaBar, 2017) 

use hadronic B-tagging 

Signal yield is extracted using  
• cross-check with 

ℬSM ∼ 𝒪(10−7)

RK* τ

b → sτ+τ−

ℬ(B+ → K+τ+τ−) < 2.25 × 10−3

Eextra
ECL

ℬ(B → D(*)ℓν)

40

BELLE

arXiv:2110.03871 
submitted to PRD
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FIG. 1. Fit results for M2
miss (upper) and Eextra

ECL (lower) for
the decays B0

→ D(∗)!ν!. The dots with error bars represent
the data, and the blue line indicates the fitted results with
the cyan band for fit uncertainty. The dashed lines indicate
different fit components. Eextra

ECL is plotted with the selection
M2

miss < 0.5 GeV2/c4.

with MC samples.

We test the analysis procedure and shape of the sim-
ulated Eextra

ECL distribution using B0 → D−!+ν! decays,
with D− → K∗0π−. The analysis steps and selection
criteria for the decay are the same as those for the
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FIG. 2. Distribution of Eextra
ECL combined for all signal modes.

The dots with error bars show the data, the blue line shows
the fitted results with the cyan band for fit uncertainty, and
the dashed lines show fit results for the different components.
The signal component is scaled with a factor of -10.

B0 → K∗0τ+τ− decay, except the requirement on M2
miss

is removed and the selection on MK∗0π− is reversed, re-
quiring 1.84 < MK∗0π− < 1.94 GeV/c2. Within statis-
tics, the Eextra

ECL distribution obtained from simulation is
in good agreement with the data and it is used to model
the signal and background in the final fit. As a cross-
check, we measure the branching fraction of the decay
B0 → D−!+ν! from a fit to the Eextra

ECL distribution, simi-
lar to our search for the decay B0 → K∗0τ+τ−, and also
to the M2

miss distribution. Results of these fits are shown
in Fig. 1. The branching fraction measured by fitting to
Eextra

ECL is (2.26± 0.17)% and to M2
miss is (2.19± 0.15)%,

where the quoted uncertainties are statistical only. The
results are in good agreement with the world average of
2.31± 0.10% [30].
Our fit to Eextra

ECL for the decay B0 → K∗0τ+τ− is
shown in Fig. 2, where all signal modes have been com-
bined. The numbers of signal and background events in
the signal window from the fit are Nsig = −4.9± 6.0 and
Nbkg = 122.4± 4.9, respectively. We find no evidence for
a signal.
Systematic uncertainties on the number of background

events, the signal reconstruction efficiency, and number
of BB̄ pairs arise from several sources and affect the
branching fraction upper limit. Statistical uncertainty
on the selection efficiency due to limited MC sample size
is estimated to be 5.2%. The uncertainty associated with
the Btag efficiency is 4.6%, which is estimated using vari-
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→ D(∗)!ν!. The dots with error bars represent
the data, and the blue line indicates the fitted results with
the cyan band for fit uncertainty. The dashed lines indicate
different fit components. Eextra

ECL is plotted with the selection
M2

miss < 0.5 GeV2/c4.

with MC samples.

We test the analysis procedure and shape of the sim-
ulated Eextra

ECL distribution using B0 → D−!+ν! decays,
with D− → K∗0π−. The analysis steps and selection
criteria for the decay are the same as those for the
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FIG. 2. Distribution of Eextra
ECL combined for all signal modes.

The dots with error bars show the data, the blue line shows
the fitted results with the cyan band for fit uncertainty, and
the dashed lines show fit results for the different components.
The signal component is scaled with a factor of -10.

B0 → K∗0τ+τ− decay, except the requirement on M2
miss

is removed and the selection on MK∗0π− is reversed, re-
quiring 1.84 < MK∗0π− < 1.94 GeV/c2. Within statis-
tics, the Eextra

ECL distribution obtained from simulation is
in good agreement with the data and it is used to model
the signal and background in the final fit. As a cross-
check, we measure the branching fraction of the decay
B0 → D−!+ν! from a fit to the Eextra

ECL distribution, simi-
lar to our search for the decay B0 → K∗0τ+τ−, and also
to the M2

miss distribution. Results of these fits are shown
in Fig. 1. The branching fraction measured by fitting to
Eextra

ECL is (2.26± 0.17)% and to M2
miss is (2.19± 0.15)%,

where the quoted uncertainties are statistical only. The
results are in good agreement with the world average of
2.31± 0.10% [30].
Our fit to Eextra

ECL for the decay B0 → K∗0τ+τ− is
shown in Fig. 2, where all signal modes have been com-
bined. The numbers of signal and background events in
the signal window from the fit are Nsig = −4.9± 6.0 and
Nbkg = 122.4± 4.9, respectively. We find no evidence for
a signal.
Systematic uncertainties on the number of background

events, the signal reconstruction efficiency, and number
of BB̄ pairs arise from several sources and affect the
branching fraction upper limit. Statistical uncertainty
on the selection efficiency due to limited MC sample size
is estimated to be 5.2%. The uncertainty associated with
the Btag efficiency is 4.6%, which is estimated using vari-

with M2
miss < 0.5

 with ℬ = (2.26 ± 0.17) % Eextra
ECL

 with = (2.19 ± 0.15) % M2
miss

compare w/  W. Avg.(2.31 ± 0.10) %
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Search for B0 → K*0τ+τ−

Main backgrounds (same final-state particles) 

•  (for  
modes)

•  (for  modes)

Background suppression with  & 

B0 → D(*)−ℓ+ν, D− → K*0ℓ−ν̄ ee, eμ, μμ

B0 → D(*)−X, D− → K*0π− eπ, μπ, ππ

M2
miss MK*π−

41

 modeeμ

 modeμπ

 modeππ

BELLE

arXiv:2110.03871 
submitted to PRD
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Search for B0 → K*0τ+τ−

42
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FIG. 1. Fit results for M2
miss (upper) and Eextra

ECL (lower) for
the decays B0

→ D(∗)!ν!. The dots with error bars represent
the data, and the blue line indicates the fitted results with
the cyan band for fit uncertainty. The dashed lines indicate
different fit components. Eextra

ECL is plotted with the selection
M2

miss < 0.5 GeV2/c4.

with MC samples.

We test the analysis procedure and shape of the sim-
ulated Eextra

ECL distribution using B0 → D−!+ν! decays,
with D− → K∗0π−. The analysis steps and selection
criteria for the decay are the same as those for the

Ev
en

ts
/(0

.1
 G

eV
)

0

50

100

150
Data Fit

(-10)]×Signal [
0

B0B
-B+B qq

Rare B uℓν

0 0.5 1 1.5 2
  (GeV)extra

ECLE

4−
2−
0
2
4

Pu
ll

FIG. 2. Distribution of Eextra
ECL combined for all signal modes.

The dots with error bars show the data, the blue line shows
the fitted results with the cyan band for fit uncertainty, and
the dashed lines show fit results for the different components.
The signal component is scaled with a factor of -10.

B0 → K∗0τ+τ− decay, except the requirement on M2
miss

is removed and the selection on MK∗0π− is reversed, re-
quiring 1.84 < MK∗0π− < 1.94 GeV/c2. Within statis-
tics, the Eextra

ECL distribution obtained from simulation is
in good agreement with the data and it is used to model
the signal and background in the final fit. As a cross-
check, we measure the branching fraction of the decay
B0 → D−!+ν! from a fit to the Eextra

ECL distribution, simi-
lar to our search for the decay B0 → K∗0τ+τ−, and also
to the M2

miss distribution. Results of these fits are shown
in Fig. 1. The branching fraction measured by fitting to
Eextra

ECL is (2.26± 0.17)% and to M2
miss is (2.19± 0.15)%,

where the quoted uncertainties are statistical only. The
results are in good agreement with the world average of
2.31± 0.10% [30].
Our fit to Eextra

ECL for the decay B0 → K∗0τ+τ− is
shown in Fig. 2, where all signal modes have been com-
bined. The numbers of signal and background events in
the signal window from the fit are Nsig = −4.9± 6.0 and
Nbkg = 122.4± 4.9, respectively. We find no evidence for
a signal.
Systematic uncertainties on the number of background

events, the signal reconstruction efficiency, and number
of BB̄ pairs arise from several sources and affect the
branching fraction upper limit. Statistical uncertainty
on the selection efficiency due to limited MC sample size
is estimated to be 5.2%. The uncertainty associated with
the Btag efficiency is 4.6%, which is estimated using vari-

<latexit sha1_base64="uCWCg/Rc4DoGn76w99getNIyHPs="></latexit>

B(B0 ! K⇤0⌧+⌧�) < 2.0⇥ 10�3 @ 90% CL

 ε = 1.2 × 10−5
Nsig = − 4.9 ± 6.0

BELLE

arXiv:2110.03871 
submitted to PRD



more on  from Belle, Belle IIτ

•  (LFV)

•  EDM 

τ+ → ℓ+γ

τ
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•
• low bkgd. & high resolution
• absolute BF

σ(ee → ττ) ≃ σ(ee → bb̄)

Why  at a B-factory?τ
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SUSY+GUT
(SUSY+Seesaw) Higgs mediated Little Higgs non-universal Z’

~2 x 10-3 0.06 - 0.1 0.4 - 2.3 ~16

~1 x 10-2 ~1 x 10-2 0.3 - 1.6 ~16

< 10-7 < 10-10 < 10-10 < 10-9

B(⌧ ! µµµ)

B(⌧ ! µ�)

B(⌧ ! µee)

B(⌧ ! µ�)

B(⌧ ! µ�)max

JHEP 0705, 013 (2007); PLB 547, 252 (2002)

Ratios of  LFV decay BF’s allow one to discriminate between 
new physics models

τ

∴ Good to measure LFV in as many modes as possible!

  LFV in new physics beyond-SMτ
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Analysis method of tau LFV 

2014/Sep/17 TAU2014 4 

e e 

t 

t 

m 

generic 1-prong 
decay 

g 

e+e- →t+t- 

clean environment 

CM
beam

CM
signal EEE 

   22 CM
signal

CM
signal pEM mg

Signal Extraction  

mgM ~ t mass 

E~0 

signal MC distribution. 
Size of boxes shows density. 

Blind analysis 
⇒Blind signal region 
     

Estimate BG level: sideband data and MC 
Signal extraction:  UEML fit/counting 
    on the Mmg-E plane. 
If no excess: set upper limits @ 90%CL 
 

UEML=Unbinned Extended Maximum Likelihood fit 

e− e+

Search for τ+ → ℓ+γ

46
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%

ℓ
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(

(
$ $

Thrust

Signal side

Tag side

Signal-side: Nℓ = 1 and ,# = 1
Tag-side: 1-prong - ( Eg. - → ℓ00, 20, 30 )

Signal region definition

4$% = 5$&'()* + − 7ℓ#)*
+

Δ5/ : = (5ℓ#)* − 5$&'()* )/ :

Background component
• ) SM decay: ( → ℓ'' + ISR % or beam bkg
• ++,, ..,: $$ → ℓℓ + ISR % or beam bkg

Signal extraction
• Perform UEML fit to the signal region
Unbinned Extended Maximum Likelihood

3#$%&'( ~ 5
2

※ Adopt blind analysis

beam-energy-constrained mass

ℓ: $ or !

Signal region
(SR)

0#$~2"

Δ4/ 6~0

CM frame

• �(e+e� ! ⌧+⌧�) = (0.919± 0.003) nb ⇡ �bb̄, at
p
s ⇡ 10.58 GeV

) e+e� B-factory is, at the same time, a ⌧ -factory, too!

• tag-side and signal-side ⌧ decays are cleanly separated

• signal extraction by Msig and �EMbc ΔE/ s

BELLE

JHEP 10 (2021) 019

• Calibration of  by  eventsEγ e+e− → μ+μ−γ

J
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Figure 1. Energy resolution as a function of the reconstructed photon energy in the e+e− → µ+µ−γ
events. Black (Blue) points are the photon energy resolution with (without) the calibration applied.
Error bars are the statistical uncertainties.

background events. Since we use all Υ(nS) resonance data with different center-of-mass
energy √

s, some of the selection variables are scaled by √
s.

The following preselection criteria are applied in this search. Exactly two oppositely
charged track are required to make the event’s net charge zero to suppress qq̄ events.
Candidate events are retained if both tracks have pCM ≤ 0.43√

sGeV/c, pT ≥ 0.1GeV/c
and −0.866 < cos θtrack < 0.956 in order to reduce e+e−γ, µ+µ−γ, and two-photon events
Here, θtrack is the polar angle of the track in the laboratory frame. For the search of
τ± → e±γ decays, the tracks that go through gaps between ECL crystals must be rejected
to avoid misidentification of electrons. Thus, the tracks are required to lie within the
ECL acceptance, cos θtrack ∈ [−0.907,−0.652] ∪ [−0.602, 0.829] ∪ [0.854, 0.956]. Photons
are required to have an energy Eγ > 0.1GeV within the region, −0.625 < cos θγ < 0.846,
where θγ is the polar angle of the photon in the laboratory frame.

A τ+τ− pair event is divided into two hemispheres in the CM frame using a thrust
vector [20, 21]: signal- and tag-side tau. The signal-side tau decays to a muon (electron)
and a photon for the τ± → µ±γ (τ± → e±γ) search. The number of photons in the signal
side should be exactly one, which must have Eγ > 0.5GeV and −0.602 < cos θγ < 0.829 to
suppress misreconstructed photons.

The tag-side tau is assumed to undergo one-prong decays such as τ → eνν̄, µνν̄, πν,
and ρν. If the track in the tag side is identified as an electron or a muon, the event is
classified as a leptonic channel. Otherwise, the event is classified as a π or ρ channel. If
there are no photons in the tag side, the event is classified as a π channel. Otherwise, it is a
ρ channel. In order to reduce the µ+µ−γ (e+e−γ) contamination, an extra muon (electron)
is vetoed using the criterion, Lµ < 0.1 (Le < 0.1) for τ± → µ±γ (τ± → e±γ) search.

After preselecting events, the following selection criteria are applied to further suppress
background events. The total visible energy in the CM frame, ECM

total/
√
s, is required to be

smaller than 0.93 for the leptonic channel, 0.86 for the π channel, and 0.94 for the ρ channel.

– 3 –

- by comparing  (data vs. MC), where 

- calibrated resolution (for  GeV) 
agrees with data, and with test-beam result

- performed for the first time at Belle; major 
improvement over the previous Belle result  
[PLB 666, 16 (2008)]

Eγ − Erecoil
Erecoil = s − Eμ+ − Eμ−

1 < Eγ < 6
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signal events efficiently, an elliptical region is adopted as follows:280

(Mbc � µMbc)
2

(2�Mbc)
2

+
(�E/

p
s� µ�E/

p
s)

2

(2��E/
p
s)

2
< 1.0, (2.6)

�Mbc = 0.5(�high
Mbc

+ �low
Mbc

),

��E/
p
s = 0.5(�high

�E/
p
s
+ �low

�E/
p
s).

�high/low
Mbc

and �high/low
�E/

p
s

are the standard deviations on the higher/lower side of the peak281

obtained by fitting an asymmetric Gaussian function to the signal distribution. The esti-282

mated resolutions are �high/low
Mbc

= 11.08±0.08/7.46±0.23 MeV/c2, �high/low
�E/

p
s

= (5.6±0.4)⇥283

10�3/(4.2 ± 0.2) ⇥ 10�3 for ⌧± ! µ±� events and �high/low
Mbc

= 11.55 ± 0.27/10.59 ± 0.19284

MeV/c2, �high/low
�E/

p
s

= (6.1± 0.7)⇥ 10�3/(4.4± 0.3)⇥ 10�3 for ⌧± ! e±� events. µMbc and285

µM�E/
p
s

are the mean value of the signal distribution: µMbc = 1.78 MeV/c2, µ�E/
p
s =286

�0.6 ⇥ 10�3 for ⌧± ! µ±� events and µMbc = 1.79 MeV/c2 µ�E/
p
s = �1.0 ⇥ 10�3 for287
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for the ⌧± ! e±� analysis. The uncertainties due to limited MC statistics and particle353

identification are negligible compared to the other uncertainties described above.354
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Trigger efficiency 2.1 3.4
Background PDF model 3.3 3.7
Total 6.2 6.5

4 Result355

Since no significant excess of the signal events is observed from the likelihood fit, the upper356

limit at the 90% confidence level (CL) is evaluated using a toy MC simulation. The toy357

MC generates signal and background events based on their PDFs while fixing the number358

of background events and varying the number of signal events (s̃). For every assumed s̃,359

10,000 pseudoexperiments are generated following Poisson statistics with means s̃ and b̃360

for the signal and background, respectively; the expected number of background events361

is used as b̃ and the signal yield (sMC) is evaluated by the fit. In order to obtain the362

expected (observed) upper limits on the branching fraction at 90% CL, the s̃ which gives363

a 90% probability for sMC larger than zero (signal events from the fit) is taken: s̃90. The364

likelihood defined as Eq. 3.4 is convolved with a Gaussian function whose width equals the365

total systematic uncertainty, so the sMC is smeared accordingly. The uncertainties inflate366

the upper limits on the branching fraction by ⇠2-3%; this effect is not large and consistent367

with the past results [5]. The expected upper limits on the branching fraction B(⌧± ! `±�)368

at 90% CL can be calculated: B(⌧± ! µ±�) < 4.9⇥ 10�8 and B(⌧± ! e±�) < 6.4⇥ 10�8.369
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where the number of ⌧ pairs produced is N⌧⌧ = (912± 14)⇥ 106 and the signal efficiencies373

are ✏ = 3.7% and ✏ = 2.9% for the ⌧± ! µ±� and ⌧± ! e±� searches, respectively.374
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UL (90% CL) Luminosity Reference

Belle 535 fb-1 PLB 666, 16 (2008) 4.5 x 10-8 12.0 x 10-8

BaBar 515 fb-1 PRL 104, 021802 (2010) 4.4 x 10-8 3.3 x 10-8

τ → μγ τ → eγ
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Figure 3. Distribution of ξ CM
τ(tag),track(tag) for (a) τ± → µ±γ and (b) τ± → e±γ channels.

Events satisfying all selection criteria except for the ξ CM
τ(tag),track(tag) requirement and Mbc ∈

[1.73, 1.85]GeV/c2 are plotted. The background MC samples are normalized to the cross sec-
tion times integrated luminosity of 988 fb−1. The blue histograms show the signal MC samples
with an assumed branching fractions B(τ± → $±γ) = 2.0 × 10−6.

where ECM
beam = √

s/2 and %p CM
!γ is the sum of the lepton and photon momenta in the CM

frame. Figure 4 shows the two-dimensional distribution of ∆E/
√
s vs. Mbc. The signal

events have Mbc ∼ mτ and ∆E/
√
s ∼ 0 and in order to select them, an elliptical region

around their expected values is adopted as follows:

(Mbc − µMbc)2
(2σMbc)2

+
(∆E/

√
s − µ∆E/

√
s)2

(2σ∆E/
√
s)2

< 1.0, (2.6)

σMbc = 0.5(σhigh
Mbc

+ σlow
Mbc),

σ∆E/
√
s = 0.5(σhigh

∆E/
√
s
+ σlow

∆E/
√
s).

Here, σhigh/low
Mbc

and σhigh/low
∆E/

√
s

are the widths on the higher/lower side of the peak obtained by
fitting the signal distribution to an asymmetric Gaussian function [5]. The estimated resolu-
tions are σhigh/low

Mbc
= 11.08±0.08/7.46±0.23MeV/c2 and σhigh/low

∆E/
√
s

= (5.6±0.4)/(4.2±0.2)×
10−3 for τ± → µ±γ events, and σhigh/low

Mbc
= 11.55±0.27/10.59±0.19MeV/c2 and σhigh/low

∆E/
√
s

=
(6.1±0.7)/(4.4±0.3)×10−3 for τ± → e±γ events. The mean values of the signal distribu-
tions are µMbc = 1.78MeV/c2 and µ∆E/

√
s = −0.6×10−3 for τ± → µ±γ events, and µMbc =

1.79MeV/c2 and µ∆E/
√
s = −1.0× 10−3 for τ± → e±γ events. The overall signal efficiency

estimated using the above signal region is 3.7% for τ± → µ±γ and 2.9% for τ± → e±γ.
The most dominant background in the τ± → µ±γ (τ± → e±γ) search arises from

τ+τ− events decaying to τ± → µ±νµντ (τ± → e±νeντ ) with a photon coming from initial-
state radiation or beam background. The µ+µ−γ and e+e−γ events are subdominant, with
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Figure 2. Distribution of missing-mass-squared on the tag side (m2
ν) for (a) τ± → µ±γ and

(b) τ± → e±γ channels. Events satisfying all selection criteria except for the m2
ν requirement and

Mbc ∈ [1.73, 1.85]GeV/c2 are plotted. The background MC samples are normalized to the cross
section times integrated luminosity of 988 fb−1. The blue histograms show the signal MC samples
with an assumed branching fraction B(τ± → #±γ) = 5.0 × 10−7.

in signal side and tag-side track,

$p CM
τ(tag) · $p CM

track(tag) =
m2

miss."γ.track(tag) − m2
τ − m2

track +
√
sECM

track(tag)
2 . (2.2)

The ξ CM
τ(tag),track(tag) is defined as

ξ CM
τ(tag),track(tag) =

$p CM
τ(tag) · $p CM

track(tag)
|$p CM

τ(tag)||$p
CM
track(tag)|

. (2.3)

Here, the momentum of the tag-side tau can be written as $p CM
τ(tag) = −$p CM

τ(signal) = −$p CM
γ −

$p CM
" for signal events. The ξ variable corresponds to the cosine of the angle between the

tau and the tag-side track, cos θτ(tag),track(tag) for an ideal signal event. Figure 3 shows the
distribution of ξ CM

τ(tag),track(tag). The distribution for signal τ± → #±γ events ranges from 0.0
to 1.0 except for detector resolution effect, whereas τ+τ− background events have a broad
distribution since eq. (2.2) is no more valid for background events. Therefore, a criterion
of 0.0 < ξ CM

τ(tag),track(tag) < 1.0 is applied to suppress τ+τ− background events.
The #γ pair has an invariant mass of mτ and the total energy in the CM frame of

ECM
"γ = √

s/2. The signal region is defined by two kinematic variables: the beam-energy-
constrained mass, Mbc, and the normalized energy difference, ∆E/

√
s, given as

Mbc =
√
(ECM

beam)2 − |$p CM
"γ |2, (2.4)

∆E/
√
s = (ECM

"γ −
√
s/2)/

√
s, (2.5)
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Search for    EDMτ

48

EDM of 
• charge asymmetry along the spin direction 
• non-zero EDM  P , T violation  

• CP violation parameter in the  vertex  

• SM prediction:  

• a non-zero EDM at Belle (II) sensitivity  a clear sign for NP

τ

⇒
γττ

|dτ | ∼ 𝒪(10−37) e cm
⇒
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We report a measurement of the electric dipole moment of the τ lepton (dτ ) using an 833 fb−1 data
sample collected near the Υ(4S) resonance, with the Belle detector at the KEKB asymmetric-energy
e+e− collider. Using an optimal observable method, we obtain the real and imaginary parts of dτ as
Re(dτ ) = (−0.62±0.63)×10−17 ecm and Im(dτ ) = (−0.40±0.32)×10−17 ecm, respectively. These
results are consistent with no electric dipole moment at the present level of experimental sensitivity
and improve the sensitivity by about a factor of three.

PACS numbers: 13.40.Gp, 13.35.Dx, 14.60.Fg

The electric dipole moment (EDM) of the τ lepton is a
fundamental parameter that parameterizes time-reversal
(T) or charge-conjugation–parity (CP) violation at the
γττ vertex. In the Standard Model (SM), CP violation
arises due to an irreducible phase in the CKM matrix [1],
which predicts an unobservably small τ -lepton EDM (dτ )
of order 10−37 ecm [2]. Hence, observation of a nonzero
dτ value would be a clear sign of new physics. Some
new physics models indicate a larger EDM of order 10−19

ecm [3].
The most sensitive previous measurement set an upper

limit on the EDM of order 10−17 ecm [4]; the results were
obtained by the Belle collaboration [5] using 29.5 fb−1 of
data collected at the KEKB collider [6] at the center-of-
mass (CM) energy

√
s = 10.58 GeV. The obtained real

and imaginary parts of dτ were Re(dτ ) = (1.15± 1.70)×
10−17 ecm and Im(dτ ) = (−0.83 ± 0.86) × 10−17 ecm,
respectively, and the corresponding limits were −2.2 ×
10−17 < Re(dτ ) < 4.5 × 10−17 ecm and −2.5 × 10−17 <
Im(dτ ) < 0.8× 10−17 ecm.
In this paper, we present updated results on dτ using a

much larger sample of 833 fb−1 Belle data: 571 fb−1 col-
lected at the Υ(4S) resonance, 74 fb−1 collected 60 MeV
below it, and 188 fb−1 collected near the Υ(1S), Υ(2S),
Υ(3S), and Υ(5S) resonances. The data samples are in-
dependent from the one used in the previous Belle result.
The sensitivity for Re(dτ ) and Im(dτ ) has improved by
about a factor of three, due to the increase of the data
statistics.
The effective Lagrangian for τ -pair production includ-

ing the EDM term in the vertex is

L = τ̄ [−eQγµAµ − idτσ
µνγ5∂µAν ]τ. (1)

Including the EDM term, the squared spin-density ma-
trix (χprod) for the production vertex in the process
e+e− → τ+τ− is given by [7]

χprod = χSM +Re(dτ )χRe + Im(dτ )χIm + |dτ |2χd2 , (2)

where χSM is the SM term, and χRe and χIm are the inter-
ference terms between the SM and the EDM for the real
and imaginary parts of dτ . Here, χd2 is a higher-order

EDM term, which we can neglect since dτ is small. The
matrix elements in Eq. (2) can be expressed using the
momenta of the electron beam and the τ lepton, and the
spins of τ+ and τ− in the e+e− CM frame. The interfer-
ence terms are proportional to CP-odd spin-momentum
correlation terms

χRe ∝ −{mτ + (k0 −mτ )(k̂ · p̂)2}(S+ × S−) · k̂
+k0(k̂ · p̂)(S+ × S−) · p̂, (3)

χIm ∝ −{mτ + (k0 −mτ )(k̂ · p̂)2}(S+ − S−) · k̂
+k0(k̂ · p̂)(S+ − S−) · p̂, (4)

where k0 is the energy of the τ±, mτ is the τ mass, p is
the three-momentum of the e+, k is the three-momentum
of the τ+, S± are the spin vectors for the τ±, and hats
denote unit momenta. In Eqs. (3) and (4) above, χRe is
T-odd and χIm is T-even. A more detailed discussion is
given in Ref. [4].
Several CP-violating observables have been proposed

in the literature [3]. For this analysis, we use the so-
called optimal observable method [8] to obtain the dτ
values. The optimal observables are

ORe =
χRe

χSM
, OIm =

χIm

χSM
. (5)

They maximize sensitivity to the τ EDM. The mean val-
ues of these observables (〈ORe〉, 〈OIm〉) are linearly de-
pendent on Re(dτ ) and Im(dτ ),

〈ORe〉 = aReRe(dτ )+bRe, 〈OIm〉 = aImIm(dτ )+bIm, (6)

since

〈ORe〉 ∝
∫

OReχproddφ

=

∫

χRedφ+Re(dτ )

∫

(χRe)2

χSM
dφ, (7)

where the integration is performed over the available
phase space φ and

aRe =

∫

(χRe)2

χSM
dφ, bRe =

∫

χRedφ. (8)
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, OIm =

χIm

χSM
. (5)

They maximize sensitivity to the τ EDM. The mean val-
ues of these observables (〈ORe〉, 〈OIm〉) are linearly de-
pendent on Re(dτ ) and Im(dτ ),

〈ORe〉 = aReRe(dτ )+bRe, 〈OIm〉 = aImIm(dτ )+bIm, (6)

since

〈ORe〉 ∝
∫

OReχproddφ

=

∫

χRedφ+Re(dτ )

∫

(χRe)2

χSM
dφ, (7)

where the integration is performed over the available
phase space φ and

aRe =

∫

(χRe)2

χSM
dφ, bRe =

∫

χRedφ. (8)

 for   ℒeff γττ

squared spin-density matrix for  
in the process  

γττ
e+e− → τ+τ−
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non-linearity is negligible for all modes.
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about the same order of statistical uncertainties of the
observables for the offsets.
In addition, we check the effect of ISR by introducing

it into the calculation. We obtain the momenta of the
ISR photons randomly from the KKMC generator, then,
boost all momenta of the final-state particles into the τ -
pair rest frame assuming that the ISR is coming from the
e+e− beam. We calculate the observables in this frame.
We iterate this process 100 times using the same hit-and-
miss approach as in the nominal analysis. For successful
trials, we obtain the mean of the observables. The shifts
and fluctuations with the ISR effect give estimates of the
systematic effects of ignoring it.
We calculate the final EDM values using the 833 fb−1

data sample, the results of which are listed in Table III
for each mode. We obtain the mean values of the electric

dipole moment weighted by a quadrature sum of statis-
tical and systematic uncertainties, for the real and imag-
inary parts,

Re(dτ ) = (−0.62± 0.63)× 10−17 ecm, (16)

Im(dτ ) = (−0.40± 0.32)× 10−17 ecm. (17)

The 95% confidence intervals become

−1.85× 10−17 < Re(dτ ) < 0.61× 10−17 ecm, (18)

−1.03× 10−17 < Im(dτ ) < 0.23× 10−17 ecm. (19)

Compared to the previous analysis [4], the obtained sta-
tistical uncertainties are reduced in proportion to the in-
crease in the data size. The systematic uncertainties are
improved because of the improved simulation, corrections
and the larger statistics of the MC samples. The sensitiv-
ity for Re(dτ ) and Im(dτ ) has improved by about a factor
of three. The systematic uncertainty from the detector
modeling limits our result and needs to be controlled for
future analysis.

Appendix
The spin vectors used in the analysis are listed here.
For τ → "ν"ντ ,

S± = A

(

±mτp"± −
c± + E"±mτ

k0 +mτ
k

)

, (20)

A =
4c± −m2

τ − 3m2
"

3m2
τc± − 4c2± − 2m2

"m
2
τ + 3c±m2

"

,

c± = k0E"± ∓ k · p"± ,

where k0 is the energy of the τ±, mτ is the τ mass, k is
the three-momentum of the τ+, p"± , E"± and m" are the
monentum, energy and mass of "±, respectively.
For τ → ρντ → ππ0ντ ,

S± = ∓A

(

∓H±
0 k +mτH

± +
k(k ·H±)

(k0 +mτ )

)

, (21)

A =
1

(k±H±)−m2
τ (pπ± − pπ0)2

,

(H±)ν = 2(pπ± − pπ0)ν(pπ± − pπ0)µ(k±)µ

+ (pπ± + pπ0)ν(pπ± − pπ0)2,

where k± = (k0,±k), H± = (H±
0 ,H±), and k±H± is

the 4-vector product. Here, pπ± and pπ0 are the four-
momenta of the final state π± and π0.
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about the same order of statistical uncertainties of the
observables for the offsets.
In addition, we check the effect of ISR by introducing

it into the calculation. We obtain the momenta of the
ISR photons randomly from the KKMC generator, then,
boost all momenta of the final-state particles into the τ -
pair rest frame assuming that the ISR is coming from the
e+e− beam. We calculate the observables in this frame.
We iterate this process 100 times using the same hit-and-
miss approach as in the nominal analysis. For successful
trials, we obtain the mean of the observables. The shifts
and fluctuations with the ISR effect give estimates of the
systematic effects of ignoring it.
We calculate the final EDM values using the 833 fb−1

data sample, the results of which are listed in Table III
for each mode. We obtain the mean values of the electric

dipole moment weighted by a quadrature sum of statis-
tical and systematic uncertainties, for the real and imag-
inary parts,

Re(dτ ) = (−0.62± 0.63)× 10−17 ecm, (16)

Im(dτ ) = (−0.40± 0.32)× 10−17 ecm. (17)

The 95% confidence intervals become
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Compared to the previous analysis [4], the obtained sta-
tistical uncertainties are reduced in proportion to the in-
crease in the data size. The systematic uncertainties are
improved because of the improved simulation, corrections
and the larger statistics of the MC samples. The sensitiv-
ity for Re(dτ ) and Im(dτ ) has improved by about a factor
of three. The systematic uncertainty from the detector
modeling limits our result and needs to be controlled for
future analysis.
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where k0 is the energy of the τ±, mτ is the τ mass, k is
the three-momentum of the τ+, p"± , E"± and m" are the
monentum, energy and mass of "±, respectively.
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Figure 1. Test of the SM prediction of the

relation between the τ leptonic branching

fractions and the τ lifetime and mass. B′τe
denotes the statistical average of

Be = B(τ→ eν̄eντ) and the Be SM

prediction from the Bµ measurement

Be(Bµ) = Bµ · ( fτe/ fτµ). The yellow band

represents the uncertainty from the τ

lifetime.

Using semi-hadronic processes
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2mhm2
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τττ
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1 − m2
h
/m2
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2

,

where h = π or K and the radiative corrections are δπ = (0.16± 0.14)% and δK = (0.90± 0.22)% [11].
We measure:

(

gτ/gµ
)

π
= 0.9961 ± 0.0027 ,

(

gτ/gµ
)

K
= 0.9860 ± 0.0070 .

Similar tests could be performed with decays to electrons, however they are less precise because the
hadron two body decays to electrons are helicity-suppressed. Averaging the three gτ/gµ ratios we
obtain

(

gτ/gµ
)

τ+π+K
= 1.0000 ± 0.0014 ,

accounting for all correlations.

4 |Vus| measurement

The measurements of the kaon branching fractions are used in conjunction with lattice QCD estimates
of hadronic form factors to provide the most precise determinations of |Vus| [1]. The τ exclusive
branching fractions to strange final states can be used in a similar way to obtain additional less precise
|Vus| determinations. Furthermore, the inclusive branching fraction of the τ to all strange final states,
B(τ→ Xsν), can be used to compute |Vus|with a procedure that does not require lattice QCD estimates
and has an independent and small theory uncertainty [12]:

|Vus|τs =

√

Rs/

[

RVA

|Vud |2
− δRtheory

]

.

Rs and RVA are the τ hadronic partial widths to strange and to non-strange hadronic final states
(Γs and Γhad) divided by the universality-improved branching fraction B(τ → eνν̄) = Buni

e =

(17.815 ± 0.023)% [2, 3]. We compute δRtheory = 0.242 ± 0.032 using inputs from Ref. [12]

3
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PhiPsi 2017

https://doi.org/10.1051/epjconf/201921805002Measurement of tau properties at Belle II 
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Mass, lifetime, leptonic decays

• Lepton Flavor Universality test: 

•  

• Inputs from tau decays: 

• Tau mass  

• Tau lifetime !! 

• Leptonic BR   

• Belle II has the potential of provide precise 
measurements of these parameters.  

• “Wait, did you just say LFU?” 
 Join us on Tuesday!

Bτℓ ∝ Bμe
ττ

τμ

m5
τ

m5μ

mτ

Bτℓ

Figure: EPJ Web Conf., 218 (2019) 05002

•  is a crucial element for a test of 
lepton universality
mτ

Tau Lepton Mass Measurement

19

Pseudomass distribution

• Measured in the decay mode ! → 3"#, using a pseudomass technique 
developed by the ARGUS collaboration.

• The tau mass can be calculated as 

 

     

•  As the direction of the neutrino is not known, the approximation 
 is taken, resulting in

• Then, the distribution of the pseudomass is fitted to an empirical edge 
function, and the position of the cutoff indicates the value of the mass.

m2
τ = (ph + pν)2

= 2Eh(Eτ − Eh) + m2
h − 2 | ⃗p h | (Eτ − Eh) cos( ⃗p h, ⃗p ν)

cos( ⃗p ν, ⃗p h) = 1

M2
min = 2Eh(Eτ − Eh) + m2

h − 2 | ⃗p h | (Eτ − Eh) < m2
τ

Figure: The ARGUS detector at DESY
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 approx. ⇐ cos(pν, ph)

“pseudo-mass”
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Figure 4. Distribution of the pseudomass for e+e� ! ⌧+⌧� process with subsequent 3-prong

(⌧+ ! ⇡+⇡�⇡+⌫̄⌧ ) and 1-prong (⌧� ! `�⌫̄`⌫⌧ , ⌧� ! h�⌫⌧ or ⌧� ! ⇡�⇡0⌫⌧ ) decays in the

entire range (up), and in the range 1.70 to 1.85 GeV/c2 (bottom). The description of the plot is

the same as that of Fig. 2.

• Momentum shift due to the B-field map: The leading source of uncertainty
for this measurement comes from a momentum scale factor of 0.056+0.051

�0.042% that
is introduced to compensate for the imperfections of the magnetic-field map used
during the reprocessing of data. The scale factor is measured according to an
observed shift in the invariant mass of D0 in data vs the PDG [13] value. The
central value for the scale factor is used to correct the momenta of the tracks in
data, and the average of the impact due to the up and down variations is used in
Monte Carlo to estimate the associated systematic uncertainty of 0.29 MeV/c2.
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Figure 6. The comparison of the ⌧ mass measurements obtained in this analysis (in blue text)

with the PDG average and measurements from various experiments. The green and blue bands

indicate the systematic and total uncertainties, respectively.

The leading source of systematic uncertainty is the momentum scale factor, which
is expected to be reduced in the near future. With the present level of the systematic
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extracting the ⌧ mass. Unlike the invariant mass distribution where the main background
contamination is due to misidentified ⌧+ ! ⇡+⇡�⇡+⌫̄⌧ decays, in the region of interest
of the pseudomass distribution all background contributions are negligible except for
e+e� ! qq̄. While ⌧+ ! ⇡+⇡�⇡+⌫̄⌧ decays show the endpoint behaviour, the background
processes in the selected region have a featureless Mmin distribution.

An empirical probability density function (p.d.f.)

F (M, ~P ) = (P3 + P4M) · tan�1[(M � P1)/P2] + P5M + 1 , (7)

is used to estimate the ⌧ lepton mass from the e+e� ! (⌧+ ! ⇡+⇡�⇡+⌫̄⌧ )(⌧� !
e�, µ�, ⇡�, ⇡�⇡0) Monte Carlo sample [11, 12], in which the parameter P1 is an estimator
of the ⌧ lepton mass. The fit results in

P1 = 1777.72 ± 0.17MeV/c2 . (8)

At the generator level, m⌧ is set to 1777MeV/c2; thus, the P1 parameter shows a bias in
the estimation of the ⌧ mass as observed in previous measurements of the ⌧ mass using the
pseudomass method [4–6]. The average bias of P1 is estimated to be 0.72 ± 0.12MeV/c2

independently of the generated ⌧ mass, by performing fits to Monte Carlo samples that
were generated using m⌧ values shifted with respect to the nominal values.

IV. SYSTEMATIC UNCERTAINTIES

The impact of various systematic sources of uncertainties on the ⌧ mass measurement
has been estimated. Table I summarizes the systematic uncertainties; the sources are
described in detail below.

11

• Dependence of the fit bias on the true mass: Allowing for the fit bias to vary
as a function of the true mass results in a difference of 0.02 MeV/c2 in the corrected
mass with respect to the method described in Section III.

• Trigger efficiency: The trigger efficiency is measured to be an essentially constant
value of 80% in the pseudomass region used for the m⌧ measurement. The impact of
this efficiency is seen to be negligible by repeating the fit on the signal Monte Carlo
sample with a reweighting of the data by a linear parameterisation of the trigger
efficiency as a function of Mmin.

• Model for background processes: The distribution of background processes in
the pseudomass window of interest is featureless. The fit procedure on the signal
Monte Carlo sample is repeated by adding the background processes to the fit. The
result of fit is insensitive to the presence of these background events.

• Decay model of a1(1260): To test the dependence of the fit result on the decay
model of ⌧+ ! ⇡+⇡�⇡+⌫̄⌧ , the nominal fit is performed on the generated Monte
Carlo sample with a phase space decay of the a1(1260). The shape of the Mmin

distribution in the fit window is found to be independent of the a1(1260) decay
model and therefore the size of this systematic is expected to be small. However,
due to the large statistical uncertainties of the alternative decay scenario, at this
point, a quantitative estimate of the size of this systematic uncertainty cannot be
made. Within the uncertainty, the result of the fit on the alternative decay model
is observed to be consistent with that of the nominal decay model [14].

• Tracking efficiency: As a test, the track reconstruction efficiency is artificially
reduced by ⇠ 1% in Monte Carlo to match that in data. This reduction of the
efficiency, however, has not impact on the result of the fit.

V. RESULTS

After unblinding the data, the fit procedure is performed on the data. Figure 5 shows
the result of the fit, indicating a P1 estimator value of 1778.00± 0.75MeV/c2. Using the
correction factor obtained in section III, and the systematic uncertainties described in
section IV, the mass of the ⌧ lepton is measured as:

m⌧ = 1777.28± 0.75 (stat.)± 0.33 (sys.) MeV/c2 (11)

VI. CONCLUSIONS

In summary, the mass of the ⌧ lepton has been measured using the pseudomass method
in a blinded analysis procedure. Using the ⌧+ ! ⇡+⇡�⇡+⌫̄⌧ decays in 8.8 fb�1 of data, the
mass of the ⌧ lepton has been found to be m⌧ = 1777.28±0.75 (stat.)±0.33 (sys.)MeV/c2.
This measurement is in good agreement with the current world average [2]. Figure 6 shows
this result compared to other recent ⌧ mass measurements.

14

bias corrections, etc. ⇒

arXiv:2008.04665
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indicate the systematic and total uncertainties, respectively.

The leading source of systematic uncertainty is the momentum scale factor, which
is expected to be reduced in the near future. With the present level of the systematic
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Projection towards high luminosity

‣ We expect significant reduction in the 
main systematic uncertainties.

1773 1774 1775 1776 1777 1778 1779 1780 1781
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Belle II (2020) 2 0.33 MeV/c± 0.75 ±1777.28 

BaBar (2009) 2 0.41 MeV/c± 0.12 ±1776.68 

Belle (2007) 2 0.35 MeV/c± 0.13 ±1776.61 

ARGUS (1992) 2 1.4 MeV/c± 2.4 ±1776.3 

BES III (2014) 2 0.13 MeV/c± 0.12 ±1776.91 

PDG average 2 0.12 MeV/c±1776.86 

 

• Our result is still dominated by statistical 
uncertainty, and consistent with previous 
measurements:

Blue: statistical; Green: systematic

“Can wait to see 
more details!” 
Join us on Friday! 

Current luminosity

Current syst: 0.33 MeV 
0.31 MeV/c2 @ 50 [fb-1]

arXiv:2008.04665
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• for  being an invisible particle  

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

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

•  pseudo-rest-frame by approx. 

α

τ ECM
τ ≃ s /2

53

Search for τ → ℓ+α

⌧± ! `±↵ (Belle II)

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

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

event topology

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

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

search strategy

• 2 body decay on the signal side

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

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

• approximation: ⌧ pseudo rest frame

⌧ pseudo rest frame: ECM
⌧ ⇡

p
s/2

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

3⇡

|~p CM
3⇡ |

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

Vthrust
max
=

P
i |~p

CM
i · n̂thrust |P
i |~p CM

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

߬ ՜ ݈ ҧߥߥఛ
߬ ՜ 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

MPP Colloquium  |  3 Dec 2019  |  Francesco Tenchini !33

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>
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<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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� Direction of the W given by the opposite to the 3S direction
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‣ Search for the two body decay !→e/µ+" where  
" is an unobserved particle (missing energy) 

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

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

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

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

MPP Colloquium  |  3 Dec 2019  |  Francesco Tenchini !33

Search for !→$+" (invisible)

E⌧ ⇡ ECMS/2
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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

preliminary
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⌧± ! `±↵ (Belle II)

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

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

event topology

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

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

search strategy

• 2 body decay on the signal side

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

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

• approximation: ⌧ pseudo rest frame

⌧ pseudo rest frame: ECM
⌧ ⇡

p
s/2

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

3⇡

|~p CM
3⇡ |

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

Vthrust
max
=

P
i |~p

CM
i · n̂thrust |P
i |~p CM

i |
13
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Search for τ → ℓ+α
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∫ -1dt = 62.8 fbL

Electrons Muons

12

Data and MC spectra

• !→#$ channels shown normalised to a BF of 5%.

τ → e+α τ → μ+α

preliminary
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Results for  τ → ℓ+α
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∫ -1dt = 62.8 fbL

! → "#

Analysis results

13

! → $#

• We observe no signal and set 95% confidence level upper limits  
on B(! → %#) / B(! → %&̅&).


• Most stringent measurements in these channels to date.

• We find no signal excess and set 95% CL upper limits on 
 

• Most stringent limits in these channels to date

ℬ(τ → ℓα)/ℬ(τ → ℓνν̄)

preliminary
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Results for  τ → ℓ+α
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Analysis results (comparison to past limit)

14

! → $#

• We observe no signal and set 95% confidence level upper limits  
on B(! → %#) / B(! → %&̅&).


• Most stringent measurements in these channels to date.
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! → "#

Analysis results

13

! → $#

• We observe no signal and set 95% confidence level upper limits  
on B(! → %#) / B(! → %&̅&).


• Most stringent measurements in these channels to date.

preliminary



One more thing on  (Belle II)!τ

e+e− → μ+μ−X(→ τ+τ−)
<latexit sha1_base64="s/C8JN6CwHlJTIUlce4R84hY5x4=">AAAB/3icbVDLSsNAFL3xWeur6tJNsAiCUBIp6rLoxmVF+4A2lsnkph06mYSZiVBCF36AW/0Ed+LWT/EL/A2nbRbaeuDC4Zx7ufceP+FMacf5spaWV1bX1gsbxc2t7Z3d0t5+U8WppNigMY9l2ycKORPY0ExzbCcSSeRzbPnD64nfekSpWCzu9ShBLyJ9wUJGiTbSHT6c9kplp+JMYS8SNydlyFHvlb67QUzTCIWmnCjVcZ1EexmRmlGO42I3VZgQOiR97BgqSITKy6anju1jowR2GEtTQttT9fdERiKlRpFvOiOiB2rem4j/esqcMsBgbr0OL72MiSTVKOhse5hyW8f2JAw7YBKp5iNDCJXMPGDTAZGEahNZ0STjzuewSJpnFfe8Ur2tlmtXeUYFOIQjOAEXLqAGN1CHBlDowzO8wKv1ZL1Z79bHrHXJymcO4A+szx/ZY5Zo</latexit>

e+

<latexit sha1_base64="CgFaybePT/KlvbiKm4HtB0nU4qQ=">AAAB/3icbVDLSsNAFL3xWeur6tJNsAhuLIkUdVl047KifUAby2Ry0w6dTMLMRCihCz/ArX6CO3Hrp/gF/obTNgttPXDhcM693HuPn3CmtON8WUvLK6tr64WN4ubW9s5uaW+/qeJUUmzQmMey7ROFnAlsaKY5thOJJPI5tvzh9cRvPaJULBb3epSgF5G+YCGjRBvpDh9Oe6WyU3GmsBeJm5My5Kj3St/dIKZphEJTTpTquE6ivYxIzSjHcbGbKkwIHZI+dgwVJELlZdNTx/axUQI7jKUpoe2p+nsiI5FSo8g3nRHRAzXvTcR/PWVOGWAwt16Hl17GRJJqFHS2PUy5rWN7EoYdMIlU85EhhEpmHrDpgEhCtYmsaJJx53NYJM2zinteqd5Wy7WrPKMCHMIRnIALF1CDG6hDAyj04Rle4NV6st6sd+tj1rpk5TMH8AfW5w/clZZq</latexit>

e�

<latexit sha1_base64="pcWXaJCTURcfE4SQMBzmoGs6Bco=">AAACAXicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevEYwU0CyRpmZ2eTITOzy8ysEEJOfoBX/QRv4tUv8Qv8DSfJHjSxoKGo6qa7K0w508Z1v5zCyura+kZxs7S1vbO7V94/aOokU4T6JOGJaodYU84k9Q0znLZTRbEIOW2Fw5up33qkSrNE3ptRSgOB+5LFjGBjJb8rsoezXrniVt0Z0DLxclKBHI1e+bsbJSQTVBrCsdYdz01NMMbKMMLppNTNNE0xGeI+7VgqsaA6GM+OnaATq0QoTpQtadBM/T0xxkLrkQhtp8BmoBe9qfivp+0pAxotrDfxVTBmMs0MlWS+Pc44MgmaxoEipigxfGQJJorZBxAZYIWJsaGVbDLeYg7LpHle9S6qtbtapX6dZ1SEIziGU/DgEupwCw3wgQCDZ3iBV+fJeXPenY95a8HJZw7hD5zPH4EFl1U=</latexit>

µ+

<latexit sha1_base64="phGgu1IWHwKJenvAgU+/rB7E2Iw=">AAACAXicbVDLTgJBEOzFF+IL9ehlIjHxItk1RD0SvXjExAUSWMns7CxMmJndzMyaEMLJD/Cqn+DNePVL/AJ/wwH2oGAlnVSqutPdFaacaeO6X05hZXVtfaO4Wdra3tndK+8fNHWSKUJ9kvBEtUOsKWeS+oYZTtupoliEnLbC4c3Ubz1SpVki780opYHAfcliRrCxkt8V2cNZr1xxq+4MaJl4OalAjkav/N2NEpIJKg3hWOuO56YmGGNlGOF0UupmmqaYDHGfdiyVWFAdjGfHTtCJVSIUJ8qWNGim/p4YY6H1SIS2U2Az0IveVPzX0/aUAY0W1pv4KhgzmWaGSjLfHmccmQRN40ARU5QYPrIEE8XsA4gMsMLE2NBKNhlvMYdl0jyvehfV2l2tUr/OMyrCERzDKXhwCXW4hQb4QIDBM7zAq/PkvDnvzse8teDkM4fwB87nD4Q3l1c=</latexit>

µ�

<latexit sha1_base64="9PGI2316fVusYbM3eRQm4wwCZxc=">AAAB/XicdVDLTgJBEJzFF+IL9ehlIjHxtFkWBLwRvXiERIQENmR2thcmzD4yM2tCNsQP8Kqf4M149Vv8An/DWcBEiVbSSaWqO91dbsyZVJb1YeTW1jc2t/LbhZ3dvf2D4uHRnYwSQaFDIx6JnkskcBZCRzHFoRcLIIHLoetOrjO/ew9Csii8VdMYnICMQuYzSpSW2r1hsWSZl42afWFjy7Ssul2pZcSuV+0KLmslQwkt0RoWPwdeRJMAQkU5kbJftmLlpEQoRjnMCoNEQkzohIygr2lIApBOOj90hs+04mE/ErpChefqz4mUBFJOA1d3BkSN5aqXiX96Up8yBm9lvfIbTsrCOFEQ0sV2P+FYRTiLAntMAFV8qgmhgukHMB0TQajSgRV0Mt/v4//JnW2Wa2a1XS01r5YZ5dEJOkXnqIzqqIluUAt1EEWAHtETejYejBfj1XhbtOaM5cwx+gXj/QsHHpYC</latexit>

X

<latexit sha1_base64="Wrr5/GLhBLgWWMewOASCRF9xWMk=">AAACAnicbVDLSgNBEJyNrxhfUY9eBoMgCGFXgnoMevEYwTwgWcPsbG8yZvbBTK8Qltz8AK/6Cd7Eqz/iF/gbTpI9aLSgoajqprvLS6TQaNufVmFpeWV1rbhe2tjc2t4p7+61dJwqDk0ey1h1PKZBigiaKFBCJ1HAQk9C2xtdTf32Aygt4ugWxwm4IRtEIhCcoZFaPWTp3Um/XLGr9gz0L3FyUiE5Gv3yV8+PeRpChFwyrbuOnaCbMYWCS5iUeqmGhPERG0DX0IiFoN1sdu2EHhnFp0GsTEVIZ+rPiYyFWo9Dz3SGDId60ZuK/3ranDIEf2E9BhduJqIkRYj4fHuQSooxneZBfaGAoxwbwrgS5gHKh0wxjia1kknGWczhL2mdVp2zau2mVqlf5hkVyQE5JMfEIeekTq5JgzQJJ/fkiTyTF+vRerXerPd5a8HKZ/bJL1gf305Fl8c=</latexit>
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X = Z 0, S, ALP

e+e− → μ+μ−X(→ τ+τ−)
Dataset:  

Signal selection 
• 1-prong  only  4 charged tracks 

[ ] 
• M(4 tracks) < 9.5 GeV 
• scan   

Background sources 
•  [1+3 prongs] 
•  
•  (no ISR in MC) 
•  
•  (no MC)

62.8 fb−1

τ ⇒
2μ + 2(e/μ/π)

Mrecoil(μμ)

ττ(γ)
qq̄
ℓ+ℓ−ℓ′ +ℓ′ −

μμππ
e+e−Xhad

Background suppression with MLP 
• based on 14 input neurons & one 

hidden layer of 15 neurons 
• separately in 8 ranges of Mrecoil(μμ)

g
 G. De Pietro

g g
15 

Z’ / S / ALP  → τ+τ– - Reconstruction

Background suppression via dedicated Neural Network
$ 8 NN ranges in Mrecoil(µµ)

Selection optimized for Z’⇥�+�– signal
$ achieved 99% background reduction

Belle II simulationBelle II simulation

Belle II simulation

Dataset: 63.3 fb-1

f

Basic selections:
- considering only 1-prong � decays

$ require 4 tracks
- 2µ + 2e/µ/⌥
- M(4 tracks) < 9.5 GeV
- allowed neutrals
- scan Mrecoil(µµ)

f

Main backgrounds:
- �+�–(⌃) (1x3-prongs events)
- qq
- l+l–l+l– (no ISR in our simulation)
- µ+µ–⌥+⌥– + e+e–Xhad. (not simulated)
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preliminary



masses above 6.5 GeV/c2, and a model with an ALP decaying to leptons, for which we242

are world-leading over the whole covered mass spectrum.243

Figure 4: Observed 90% CL upper limits on (top) the leptophilic dark scalar coupling
⇠ and (bottom) the ALP effective coupling to leptons |Ceff

ll |/⇤ in the hypothesis of equal
couplings to the three lepton families and no coupling with photons. Also shown are (top)
constraints for S decaying in electrons or muons from a BABAR search [20] and (bottom)
constraints for an ALP decaying to leptons from a reinterpretation [13, 14] of BABAR
searches.
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59

e+e− → μ+μ−X(→ τ+τ−)

• no excess anywhere
• set 90% UL on cross-sections (L) & couplings (R)

- 1st constraints on  (leptophilic dark scalar) for M > 6.5 GeV 
- 1st direct constraints on ALP 

S
→ τ+τ−

preliminary

we do not observe any significant excess above the background, we derive 90% CL upper221

limits on the process cross section, using the frequentist procedure CLS [41]. They are222

shown in Fig. 3. Results are dominated by their statistical uncertainties, with systematic223

uncertainties worsening the upper limits on average by 1%, compared to the case in which224

they are neglected. These constraints hold in a wider class of models than the benchmark225

Lµ � L⌧ used in this work, at least for the cases of a leptophilic dark scalar and an ALP226

decaying to leptons, for which the signal efficiency is explicitly estimated.227

The cross section results are translated into upper limits on the coupling constant g0228

of the Lµ � L⌧ model, on the coupling strength ⇠ of the leptophilic dark scalar S and on229

the effective coupling |Ceff
ll |/⇤ for an ALP decaying to leptons: values as low as 2.5⇥10�2,230

51 and 2 TeV�1 are found, respectively. The last two are shown in Fig. 4 as a function231

of the resonance mass. For the leptophilic dark scalar model, we constrain the coupling232

⇠ to be smaller than ⇡ 200 for masses above 6.5 GeV/c2, which are the first results in233

that region. For the model of ALP decaying to leptons, these are the first results for the234

ALP-⌧ coupling.235

Figure 3: Observed 90% CL upper limits on the cross section for the process e+e� !
µ+µ� Z 0 with Z 0 ! ⌧+⌧�, as a function of the Z 0 mass. The inset shows a blowup of the
region above 9 GeV/c2.

In summary, we search for a resonance decaying to ⌧+⌧� in e+e� ! µ+µ�⌧+⌧� events236

in a data sample of electron-positron collisions at 10.58 GeV collected by Belle II in 2019-237

2020, corresponding to an integrated luminosity of 62.8 fb�1. We find no significant excess238

above the background and set upper limits on the cross section for masses between 3.6239

and 10 GeV/c2. We derive exclusion limits on the couplings of three different models:240

the Lµ � L⌧ model, a leptophilic dark scalar model, for which we probe for the first time241
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 = leptophilic dark 
scalar coupling 

ξ

 = ALP eff. 
coupling to leptons

|C | /Λ



B-anomaly in 
and related

B → D(*)τ+ν

Observation of B0 ! D!"!#"! Decay at Belle
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• mτ ≫ me, mμ     ∴ B ➔ D* τ ν can be more sensitive 
to NP, e.g. from H+ 

• B ➔ D* τ ν was first observed by Belle 
• ∃ hints for deviations of R(D), R(D*) from SM; LUV?

R(D(⇤)) ⌘ B(B ! D(⇤)⌧+⌫)

B(B ! D(⇤)`+⌫)
<latexit sha1_base64="1Dj1gXCW0KhkZWaaYdgB7V2JOU4="></latexit>
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 and R(D) R(D*) R(D(⇤)) ⌘ B(B ! D(⇤)⌧+⌫)

B(B ! D(⇤)`+⌫)
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• Most precise R(D), R(D*) to date 
• First R(D) with SL-tag 
• 1.2σ from SM

• Belle average, now within 2σ from SM 
• World average — tension with SM, now ~3.1σ 

62

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

precise modeling of  is criticalB → Xℓν

63

July 8, 2022 Henrik Junkerkalefeld / R(#!/#) measurement at Belle II / 195

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

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

• Last measurements at LEP 

• Challenging due to larger background from less 
constrained . system

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

• ! "!,#/ℓ &' = $. &&' ± $. $$)

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

K. Vos, M. Rahimi, in progress

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

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

B (1→2,3)
TODAY:
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LFU test with inclusive B → Xℓν

July 8, 2022 Henrik Junkerkalefeld / R(#!/#) measurement at Belle II / 1911

EVENT SELECTION
• Reconstruct                     
" #$ → &'()% ℓ&?
" #$ → '&'()* ℓ&?

• 2ℓ∗ > -. 4 GeV

• Only basic quality 
cuts on tracks and 
calorimeter signals

• Tight constraints on 
tag quality

( = O (+. -%)
Precise knowledge of 
0+,- kinematics

Tight 5ℓ∗ cut to suppress 
• hadrons faking leptons (“fakes”)
• secondary leptons from 6 → 7 → (ℓ, 9) cascades (“secondaries”)
• 0 → :;<
[53% (!) / 66% (=) of selected B → :ℓ< is retained]
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LFU test with inclusive B → Xℓν
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July 8, 2022 Henrik Junkerkalefeld / R(#!/#) measurement at Belle II / 1912
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July 8, 2022 Henrik Junkerkalefeld / R(#!/#) measurement at Belle II / 1913
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LFU test with inclusive B → Xℓν

July 8, 2022 Henrik Junkerkalefeld / R(#!/#) measurement at Belle II / 1915

SAMPLE COMPOSITION

Background is constrained by wrong-sign lepton charge samples (BU)

slide taken from Belle II ICHEP2022 talk by H. Junkerkalefeld 
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LFU test with inclusive B → Xℓν

slide portion taken from Belle II ICHEP2022 talk by H. Junkerkalefeld 

July 8, 2022 Henrik Junkerkalefeld / R(#!/#) measurement at Belle II / 19

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

in a binned likelihood fit

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

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

Ø MC statistics 

Ø Lepton efficiency & fake rate                                                                           
corrections

SIGNAL EXTRACTION

17
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compatible within  with exclusive Belle measurement:
   [PRD 100, 052007 (2019)]

0.6σ
R(D*e/μ) = 1.01 ± 0.01 ± 0.03

R(Xe/μ)p*ℓ >1.3 = 1.033 ± 0.010 ± 0.020

July 8, 2022 Henrik Junkerkalefeld / R(#!/#) measurement at Belle II / 19

! .>/@
Hℓ∗I<.KLMN = >. ?aa ± ?. ?>?OPQP ± ?. ?H?OROP

!(#!/#) EXTRACTION

18

• Most precise BF based LFU test with semileptonic ^ decays to date!

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

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

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

Phys. Rev. D 100, 052007 (2019) 

NEW FOR
ICHEP    

K. Vos, M. Rahimi, in progress

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



More on B → Xℓ+ν

• — “inclusive vs. exclusive tension” 

•  efforts (quick summary) 

•  — a new method with  moments (Belle, Belle II, hep-ph)

Vcb, Vub

Vub

Vcb q2
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in the measurements of  between inclusive and exclusive approaches|Vcb | , |Vub |
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IX. SUMMARY AND CONCLUSIONS

We report measurements of partial branching frac-
tions with di↵erent requirements on the properties of the
hadronic system of the B ! Xu `+ ⌫` decay and with
a lepton energy of EB

` > 1 GeV in the B rest-frame,
covering 31-86% of the available phase space. The size-
able background from semileptonic B ! Xc `+ ⌫` de-
cays is suppressed using multivariate methods in the
form of a BDT. This approach allows us to reduce such
backgrounds to an acceptable level, whilst retaining a
high signal e�ciency. Signal yields are obtained using a
binned likelihood fit in either the reconstructed hadronic
mass MX , the four-momentum-transfer squared q2, or
the lepton energy EB

` . The most precise result is ob-
tained from a two-dimensional fit of MX and q2. Trans-
lated to a partial branching fraction for EB

` > 1 GeV we
obtain

�B(B ! Xu`+ ⌫`) = (1.59 ± 0.07 ± 0.17) ⇥ 10�3 , (50)

with the errors denoting statistical and systematic un-
certainties. The partial branching fraction is compatible
with the value obtained by a fit of the lepton energy
spectrum EB

` and with the most precise determination
of Ref. [66]. In addition, it is stable under variations
of the background suppression BDT. From this partial
branching fraction we obtain a value of

|Vub| = (4.10 ± 0.09 ± 0.22 ± 0.15) ⇥ 10�3 (51)

from an average over four theoretical calculations. This
value is higher than, but compatible with, the value
of |Vub| from exclusive determinations by 1.3 standard
deviations. The compatibility with the value expected
from CKM unitarity from a fit of Ref. [73] of |Vub| =⇣
3.62+0.11

�0.08

⌘
⇥ 10�3 is 1.6 standard deviations. Fig-

ure 12 summarizes the situation. The result presented
here supersedes Ref. [16]: this paper uses a more e�-
cient tagging algorithm, incorporates improvements of
the B ! Xu `+ ⌫` signal and B ! Xc `+ ⌫` background
descriptions, and analyzes the full Belle data set of 711
fb�1. The measurement of kinematic di↵erential shapes
of MX , q2, and other properties are left for future work.
These results will be crucial for future direct measure-
ments with Belle II that will attempt to use data-driven
methods to directly constrain the shape function using
B ! Xu `+ ⌫` information.
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TABLE VI. The theory rates ��(B ! Xu `+ ⌫`) from various theory calculations are listed. The rates are given in units of
ps�1.

Phase-space region BLNP [17] DGE [19, 20] GGOU [18] ADFR [21, 22]

MX < 1.7GeV 45.2+5.4
�4.6 42.3+5.8

�3.8 43.7+3.9
�3.2 52.3+5.4

�4.7

MX < 1.7GeV, q2 > 8GeV2 23.4+3.4
�2.6 24.3+2.6

�1.9 23.3+3.2
�2.4 31.1+3.0

�2.6

EB
` > 1GeV 61.5+6.4

�5.1 58.2+3.6
�3.0 58.5+2.7

�2.3 61.5+5.8
�5.1

average of the most precise determinations in Eq. 35 to
obtain

|Vub| = (4.10 ± 0.09 ± 0.22 ± 0.15) ⇥ 10�3 . (36)

This value is larger, but compatible with the ex-
clusive measurement of |Vub| from B ! ⇡ `+ ⌫` of
|Vub| = (3.67 ± 0.09 ± 0.12) ⇥ 10�3 within 1.3 standard
deviations.

D. Stability Checks

To check the stability of the result we redetermine the
partial branching fractions using two additional working
points. We change the BDT selection to increase and
decrease the amount of B ! Xc `+ ⌫` and other back-
grounds, and repeat the full analysis procedure. The
resulting values of �B(B ! Xu` ⌫`) are determined us-
ing the two-dimensional fit of MX : q2 and are shown
in Figure 10. The background contamination changes by

FIG. 10. The stability of the determined partial branching
fraction �B(B ! Xu` ⌫`) using the MX : q2 fit is studied
as a function of the BDT selection requirement. The clas-
sifier output selection of 0.83 and 0.87 correspond to signal
e�ciencies after the pre-selection of 22% and 15%, respec-
tively. These selections increase, or decrease the background
from B ! Xc `

+ ⌫` and other processes by 37% and 33%,
respectively. The grey and yellow bands show the total and
statistical error, respectively, with the nominal BDT working
point of 0.85.

+37% and �33%, respectively. The small shifts in cen-
tral value are well contained within the quoted system-
atic uncertainties. To further estimate the compatibility
of the result we determine the full statistical and sys-
tematic correlations of the results and recover that the
partial branching fraction with looser and tighter BDT
selection are in agreement with the nominal result within
1.1 and 1.4 standard deviations, respectively.

E. B ! Xu `+ ⌫` Charged Pion Multiplicity

The modeling the B ! Xu `+ ⌫` signal composition is
crucial to all presented measurements. One aspect dif-
ficult to assess is the Xu fragmentation simulation: the
charmless Xu state can decay via many di↵erent channels
producing a number of charged or neutral pions or kaons.
In Section V we discussed how we assess the uncertainty
on the number of ss̄ quark pairs produced in the Xu frag-
mentation. Due to the BDT removing such events to sup-
press the dominant B ! Xc `+ ⌫` background, no signal-
enriched region can be easily obtained. The accuracy of
the fragmentation into the number of charged pions can
be tested in the signal enriched region of MX < 1.7 GeV.
Figure 11 compares the charged pion multiplicity be-
tween simulated signal and background processes and
data. The signal and background predictions are scaled
to their respective normalizations obtained from the two-

FIG. 11. The post-fit charged pion multiplicity is shown for
events with MX < 1.7 GeV. The uncertainties on the MC
stack include all systematic uncertainties.

to quote a single value, we take a simple arithmetic avg. of 
the most inclusive results (2D fits) 
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Differential  — ResultsΔℬ(B → Xuℓ+ν)
Measure differential  with  GeV (Figs. below) 

All MC shapes are normalized to   
Useful input for future model-independent determination of 

Δℬ(B → Xuℓ+ν) EB
ℓ > 1

Δℬ = 1.59 × 10−3

|Vub |
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FIG. 3. The measured di↵erential B ! Xu `+ ⌫` branching fractions are shown: the lepton energy in the B rest frame (EB
` ),

the four-momentum-transfer squared of the B to the Xu system (q2 = (pB � pX)2), the invariant hadronic mass and mass
squared of the Xu system (MX , M2

X), and the light-cone momenta of the hadronic Xu system (P± = (EX ⌥ |pX |)). The hybrid
MC prediction and two inclusive calculations are also shown and scaled to �B = 1.59⇥ 10�3.

parameters listed in Table I. All predictions are scaled to
match the B ! Xu `+ ⌫` partial branching fraction (�B)
with EB

` > 1GeV of �B = 1.59 ⇥ 10�3 from Ref. [1].
The uncertainty band of the hybrid prediction includes
variations on the composition, form factors, and the in-
clusive modeling, whose central value is based on the
DFN prediction but includes the di↵erence to BLNP as
an additional uncertainty. The agreement between the
measured and predicted distributions is fair overall, with
di↵erences occurring for the fully inclusive predictions in

the resonance region of, e.g., low MX , and near the end-
point of q2 and EB

` . There the hybrid MC describes the
B ! Xu `+ ⌫` process more adequatly due to the explicit
inclusion of resonant contributions. The largest discrep-
ancy is observed in EB

` , but the data points ranging of
EB

` 2 [1 � 1.8]GeV exhibit strong correlations and are
only weakly correlated or anti-correlated with the other
bins of the spectrum.

In conclusion, this Letter presents the first measure-
ments of di↵erential branching fractions of inclusive
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Brief introduction

Alternative, novel Vcb determination

Determine |Vcb| from h(q2)ni,cut up to 1/m4
b

(arXiv:1812.07472)

Complementary and completely data driven determination

Analysis goal: provide first1measurement of q2 moments

1
CLEO, arXiv:hep-ex/0403052

1 / 36

 moments in  q2 B → Xcℓ+νℓ
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Motivations 
•  tension between exclusive & inclusive measurements of  

• inclusive approach for 

• free from uncertainties of form factor shape and normalization

• exploits HQE — total decay rate and spectral moments can be expanded 
into a manageable number of non-perturbative matrix elements

• measure  moments

• a novel approach by Fael, Manel, Keri Vos   [JHEP 02, 177 (2019)] 

• use “reparametrization invariance”

• data-driven method for  up to 

reduce # of parameters ( )

∃ |Vcb |
|Vcb |

q2

|Vcb | 1/m4
b

13 → 8
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Analysis features 
• use full reconstruction tagging (of the accompanying B) — Btag

• Remainder (after Btag) of the signal event ( ,  and a missing ) — measure ,  ℓ+ Xc ν MX q2

BELLE

PRD 104, 112011 (2021) 

νi ¼ ηsigfsigi þ ηB bkgfB bkg
i þ ηcontfconti : ð18Þ

Here, ηsig is the total number of B → Xclþνl signal events.
Furthermore, ηB bkg denotes the background events stem-
ming from double semileptonic cascades, B → Xulþνl
decays, and from hadrons misidentified as leptons origi-
nating from B meson decays. The number of continuum
events is denoted as ηcont. Furthermore, fi denotes the
fraction of events being reconstructed in a bin i with
shapes as determined by the MC simulation for a given
event category. Equation (17) is numerically maximized
to determine both the total number of B → Xclþνl and
background events from the observed event yields. This is

done using the sequential least squares programming
method implementation of Refs. [59,60]. The fit is
carried out in 20 equidistant bins of MX ranging from 0
to 3.5 GeV to determine the number of background events
for each studied threshold selection on q2, taking into
account systematic uncertainties on the composition of
B → Xclþνl and background templates (more details
about these will be discussed in Sec. V). The continuum
constraint Pcont is adjusted to reflect the number of
continuum events for a given q2 selection value as
determined by the off-resonance sample, for which the
Mbc selection was adjusted to account for the difference in
center-of-mass energies.
In a second step, the determined number of background

(η̂bkg) and continuum (η̂cont) events are used to construct
binned signal probabilities as a function of q2, which is
defined as

wi ¼ 1 −
η̂bkgf̃bkgi þ η̂contf̃conti

ni
: ð19Þ

Here, f̃i denotes the estimated fractions of events
being reconstructed in a bin i of q2 for a given back-
ground category as determined by the MC simulation.
Figure 4 shows the q2 spectrum for electron and muon
candidates and the wi distribution for the threshold
selection with q2 > 3.0 GeV2. To avoid dependence on
binning effects, we fit the binned signal probabilities for
each q2 selection with a polynomial function of a given
order n to determine event-by-event weights, wðq2Þ, by
performing a χ2 minimization. The order of the poly-
nomial is determined using a nested hypothesis test and
we accept a polynomial of order n over n − 1 if the
improvement in χ2 is larger than one. Furthermore, the χ2

takes into account the full experimental covariance of the
background shapes. The resulting polynomial, wðq2Þ,
allows for an unbinned background subtraction and is
required to have positive or zero event weights. We set all
weights with negative values to zero. The matching
figures for other q2 threshold selections can be found
in Appendix B.

IV. MOMENT CALIBRATION MASTER
FORMULA

The reconstructed q2 values are distorted by the
reconstruction of the Xc system and selection criteria. To
measure the first to the fourth moment of the B → Xclþνl
q2 spectrum, we need to correct for these effects. This is
done in three sequential steps:
(a) First, a calibration function is applied event-by-event

as a function of the reconstructed q2 value to correct
for resolution distortions. This linear correction is
determined separately for each order of the moment
we wish to measure. For a given event i, we denote the

FIG. 3. The reconstructed MX and q2 distributions are shown.
The error band of the simulated samples incorporates the full set
of systematic uncertainties discussed in Sec. V.

MEASUREMENTS OF q2 MOMENTS OF INCLUSIVE B → Xclþνl … PHYS. REV. D 104, 112011 (2021)

112011-9

νi ¼ ηsigfsigi þ ηB bkgfB bkg
i þ ηcontfconti : ð18Þ

Here, ηsig is the total number of B → Xclþνl signal events.
Furthermore, ηB bkg denotes the background events stem-
ming from double semileptonic cascades, B → Xulþνl
decays, and from hadrons misidentified as leptons origi-
nating from B meson decays. The number of continuum
events is denoted as ηcont. Furthermore, fi denotes the
fraction of events being reconstructed in a bin i with
shapes as determined by the MC simulation for a given
event category. Equation (17) is numerically maximized
to determine both the total number of B → Xclþνl and
background events from the observed event yields. This is

done using the sequential least squares programming
method implementation of Refs. [59,60]. The fit is
carried out in 20 equidistant bins of MX ranging from 0
to 3.5 GeV to determine the number of background events
for each studied threshold selection on q2, taking into
account systematic uncertainties on the composition of
B → Xclþνl and background templates (more details
about these will be discussed in Sec. V). The continuum
constraint Pcont is adjusted to reflect the number of
continuum events for a given q2 selection value as
determined by the off-resonance sample, for which the
Mbc selection was adjusted to account for the difference in
center-of-mass energies.
In a second step, the determined number of background

(η̂bkg) and continuum (η̂cont) events are used to construct
binned signal probabilities as a function of q2, which is
defined as

wi ¼ 1 −
η̂bkgf̃bkgi þ η̂contf̃conti

ni
: ð19Þ

Here, f̃i denotes the estimated fractions of events
being reconstructed in a bin i of q2 for a given back-
ground category as determined by the MC simulation.
Figure 4 shows the q2 spectrum for electron and muon
candidates and the wi distribution for the threshold
selection with q2 > 3.0 GeV2. To avoid dependence on
binning effects, we fit the binned signal probabilities for
each q2 selection with a polynomial function of a given
order n to determine event-by-event weights, wðq2Þ, by
performing a χ2 minimization. The order of the poly-
nomial is determined using a nested hypothesis test and
we accept a polynomial of order n over n − 1 if the
improvement in χ2 is larger than one. Furthermore, the χ2

takes into account the full experimental covariance of the
background shapes. The resulting polynomial, wðq2Þ,
allows for an unbinned background subtraction and is
required to have positive or zero event weights. We set all
weights with negative values to zero. The matching
figures for other q2 threshold selections can be found
in Appendix B.

IV. MOMENT CALIBRATION MASTER
FORMULA

The reconstructed q2 values are distorted by the
reconstruction of the Xc system and selection criteria. To
measure the first to the fourth moment of the B → Xclþνl
q2 spectrum, we need to correct for these effects. This is
done in three sequential steps:
(a) First, a calibration function is applied event-by-event

as a function of the reconstructed q2 value to correct
for resolution distortions. This linear correction is
determined separately for each order of the moment
we wish to measure. For a given event i, we denote the

FIG. 3. The reconstructed MX and q2 distributions are shown.
The error band of the simulated samples incorporates the full set
of systematic uncertainties discussed in Sec. V.

MEASUREMENTS OF q2 MOMENTS OF INCLUSIVE B → Xclþνl … PHYS. REV. D 104, 112011 (2021)

112011-9

 moments in  (Belle)q2 B → Xcℓ+νℓ



Youngjoon Kwon (Yonsei U.)                                             Oct. 11, 2022                                           FBLE @ MITP, Mainz 75

10

FIG. 5. The generator-level and reconstructed B ! Xc `
+ ⌫` moments are shown for the first to fourth q2 moment for

electrons. The different markers represent different threshold selections on the generator-level and reconstructed q2 and the
relation between the moments can be described with a linear parametrization of the form am + hq2mcal ii · bm = hq2mi i. The
corresponding plots for muons can be found in Appendix B.

for resolution distortions. This linear correction is516

determined separately for each order of the moment517

we wish to measure. The calibrated moments we518

denote in the following as q2m
cal with m being the519

order of the moment.520

- In a second step we correct for any residual bias521

not captured by the linear calibration function for522

a given moment using a global correction factor,523

which we denote as Ccal.524

- Thirdly, we correct for acceptance and selection ef-525

fects by applying a global correction factor, Cacc.526

This correction is calculated for each q2 threshold527

selection as well as each order of moment.528

The linear calibration functions and the two correc-
tion factors are determined using simulated event sam-
ples, which are statistically independent from the simu-
lated samples used in the background subtraction pro-
cedure. The calibration function is determined by com-
paring the reconstructed and generator-level moments.
Fig. 5 shows the first to fourth generator-level and re-
constructed B ! Xc `+ ⌫` moments with different selec-
tions on the generator-level and reconstructed q2 value
for electrons. There exists a strong linear relationship
for the studied order of moments, and we determine a

linear calibration function of the form,

q2m
cal i =

q2m
i � am

bm
. (20)

with am and bm denoting the offset and slope for mo-529

ments of the order m. The corresponding figures for530

muons can be found in Appendix B and show the same531

linear behavior. The residual bias correction factor Ccal is532

determined by comparing simulated samples of the cali-533

brated and generator-level moments for each q2 threshold534

selection and order of moment under study. Lastly, since535

different selection efficiencies are observed for different536

B ! Xc `+ ⌫` processes, we determine an additional fac-537

tor accounting for selection and acceptance effects. The538

correction factor, Cacc, is calculated by comparing the539

moments of the generator-level simulated events with540

a sample without any selection criteria applied. Fig. 6541

shows the size of both calibration factors for the first to542

fourth q2 moment for electrons. Both factors are close to543

unity and the corresponding factors for muons, displaying544

a similar behavior, are found in Appendix B. In addition,545

selection and acceptance efficiencies for generator-level546

simulated B ! Xc `+ ⌫` samples are shown in Appendix547

C.548

The q2 moments are then given by

hq2m
i =

Ccal · CaccPevents
i w(q2

i )
⇥

eventsX

i

w(q2
i ) · q

2m
cal i . (21)
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FIG. 6. The residual bias and acceptance correction factors, denoted as Ccal (circles) and Cacc (diamonds), respectively, are
shown for the first to fourth q2 moment for electrons. The corresponding plots for muons can be found in Appendix B.

Here the sums run over all selected events and q2
i denotes549

the measured four-momentum transfer squared of a given550

event i with a corresponding calibrated four-momentum551

transfer squared q2m
cal i. The continuous signal probability552

w(q2
i ) is calculated for each event, while the calculated553

moments are normalized by the sum of signal probabil-554

ities. The full background subtraction and calibration555

procedure was tested on ensembles of statistically inde-556

pendent simulated samples and no statistical significant557

biases in the unfolded moments are observed.558

559560561

V. SYSTEMATIC UNCERTAINTIES562

A. Overview563

Several systematic uncertainties affect the measured q2
564

moments. Tables II and III summarize the relative sta-565

tistical and systematic uncertainties on the measured q2
566

moments for electron and muon final states, given in per-567

mille. The most important sources of systematic uncer-568

tainty are associated with the assumed composition of the569

B ! Xc `+ ⌫` process: the decays involving the higher570

mass states beyond the 1S D and D⇤ meson are poorly571

known and the composition affects the background sub-572

traction as well as the calibration of the measured mo-573

ments. We evaluate the uncertainties on the background574

subtraction by considering various sources of systematic575

uncertainty included as NP constraints in the binned like-576

lihood fits (labeled “Bkg. subtraction” in Tables II and577

III). We consider signal modeling uncertainties by varia-578

tions of the BGL parameters and heavy quark form fac-579

tors of B ! D `+ ⌫`, B ! D⇤ `+ ⌫`, and B ! D⇤⇤ `+ ⌫`580

within their uncertainties. In addition, we propagate the581

branching fraction uncertainties, cf. Table I. The un-582

certainties on the B ! Xc `+ ⌫` gap branching fractions583

are taken to be large enough to account for the differ-584

ence between the sum of all exclusive branching frac-585

tions measured and the inclusive branching fraction mea-586

sured. We also evaluate the impact on the efficiency of587

the lepton- and hadron-identification uncertainties, and588

the overall tracking efficiency uncertainty. The statisti-589

cal uncertainty on all generated MC samples is also eval-590

uated and propagated into the systematic errors. The591

B ! Xu `+ ⌫` background component is varied within592

its branching fraction uncertainty (“B ! Xu`⌫ BF”).593

For the calibration we change the composition of the594

assumed B ! Xc `+ ⌫` process and redetermine the cal-595

ibration function as well as the bias and acceptance cor-596

rection factors (“B ! Xc`⌫ BF”). For the B ! D⇤⇤ `+ ⌫`597

and gap contributions, we redetermine these factors by598

completely removing their respective contributions, to599

account for the poor knowledge of their precise decay600

processes. We vary the B ! D `+ ⌫` and B ! D⇤ `+ ⌫`601

within their respective branching fractions. In addition,602

we evaluate the impact of the modeling of non-resonant603

decays by replacing the model described in Section II604

with a model based on the equidistribution of all final-605

state particles in phase-space (“Non-resonant model”).606

The signal modeling is evaluated in a similar manner607
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• use full reconstruction tagging (of the accompanying B) — Btag

• Remainder (after Btag) of the signal event ( ,  and a missing ) — measure ,  
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FIG. 5. The generator-level and reconstructed B ! Xc `
+ ⌫` moments are shown for the first to fourth q2 moment for

electrons. The different markers represent different threshold selections on the generator-level and reconstructed q2 and the
relation between the moments can be described with a linear parametrization of the form am + hq2mcal ii · bm = hq2mi i. The
corresponding plots for muons can be found in Appendix B.

for resolution distortions. This linear correction is516

determined separately for each order of the moment517

we wish to measure. The calibrated moments we518

denote in the following as q2m
cal with m being the519

order of the moment.520

- In a second step we correct for any residual bias521

not captured by the linear calibration function for522

a given moment using a global correction factor,523

which we denote as Ccal.524

- Thirdly, we correct for acceptance and selection ef-525

fects by applying a global correction factor, Cacc.526

This correction is calculated for each q2 threshold527

selection as well as each order of moment.528

The linear calibration functions and the two correc-
tion factors are determined using simulated event sam-
ples, which are statistically independent from the simu-
lated samples used in the background subtraction pro-
cedure. The calibration function is determined by com-
paring the reconstructed and generator-level moments.
Fig. 5 shows the first to fourth generator-level and re-
constructed B ! Xc `+ ⌫` moments with different selec-
tions on the generator-level and reconstructed q2 value
for electrons. There exists a strong linear relationship
for the studied order of moments, and we determine a

linear calibration function of the form,

q2m
cal i =

q2m
i � am

bm
. (20)

with am and bm denoting the offset and slope for mo-529

ments of the order m. The corresponding figures for530

muons can be found in Appendix B and show the same531

linear behavior. The residual bias correction factor Ccal is532

determined by comparing simulated samples of the cali-533

brated and generator-level moments for each q2 threshold534

selection and order of moment under study. Lastly, since535

different selection efficiencies are observed for different536

B ! Xc `+ ⌫` processes, we determine an additional fac-537

tor accounting for selection and acceptance effects. The538

correction factor, Cacc, is calculated by comparing the539

moments of the generator-level simulated events with540

a sample without any selection criteria applied. Fig. 6541

shows the size of both calibration factors for the first to542

fourth q2 moment for electrons. Both factors are close to543

unity and the corresponding factors for muons, displaying544

a similar behavior, are found in Appendix B. In addition,545

selection and acceptance efficiencies for generator-level546

simulated B ! Xc `+ ⌫` samples are shown in Appendix547

C.548

The q2 moments are then given by

hq2m
i =

Ccal · CaccPevents
i w(q2

i )
⇥

eventsX

i

w(q2
i ) · q

2m
cal i . (21)

: residual bias correctionCcal
: acceptance correctionCacc
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FIG. 4. The reconstructed q2 distributions with an example q2 threshold selection of 3.0GeV2 (top) for electron (left) and
muon (right) candidates and the determined binned signal probabilities (bottom) are shown. The background contributions
are scaled to their estimated values using the fit described in the text. The binned signal probabilities are obtained by a fit of
a polynomial of a given order n (red curve).

observed event yields. This is done using the sequen-478

tial least squares programming method implementation479

of Ref. [59, 60]. The fit is carried out in 20 equidistant480

bins of MX ranging from 0 to 3.5 GeV to determine the481

number of background events for each studied threshold482

selection on q2, taking into account systematic uncertain-483

ties on the composition of B ! Xc `+ ⌫` and background484

templates (more details about these will be discussed in485

Section V). The continuum constraint Pcont is adjusted486

to reflect the number of continuum events for a given q2
487

selection value.488

In a second step, the determined number of back-
ground (b⌘bkg) and continuum (b⌘cont) events are used to
construct binned signal probabilities as a function of q2,
which is defined as

wi = 1 �
b⌘bkgf̃ bkg

i + b⌘contf̃ cont
i

ni
. (19)

Here, f̃i denotes the estimated fractions of events being489

reconstructed in a bin i of q2 for a given background490

category. Fig. 4 shows the q2 spectrum for electron and491

muon candidates and the wi distribution for the thresh-492

old selection with q2 > 3.0 GeV2. To avoid dependence493

on binning effects, we fit the binned signal probabilities494

for each q2 selection with a polynomial function of a given495

order n to determine event-wise weights, w(q2), by per-496

forming a �2 minimzation. The order of the polynomial is497

determined using a nested hypothesis test and we accept498

a polynomial of order n over n� 1 if the improvement in499

�2 is larger than one. Furthermore, the �2 takes into ac-500

count the full experimental covariance of the background501

shapes. The resulting polynomial, w(q2), allows for an502

unbinned background subtraction and is required to have503

positive or zero event weights. We set all weights with504

negative values to zero. The matching figures for other505

q2 threshold selections can be found in Appendix A.506

IV. MOMENT CALIBRATION MASTER507

FORMULA508

The reconstructed q2 values are distorted by the recon-509

struction of the Xc system and selection criteria. To mea-510

sure the first to the fourth moment of the B ! Xc `+ ⌫`511

q2 spectrum, we need to correct for these effects. This is512

done in three sequential steps:513

- First, a calibration function is applied event-wise as514

a function of the reconstructed q2 value to correct515
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FIG. 4. The reconstructed q2 distributions with an example q2 threshold selection of 3.0GeV2 (top) for electron (left) and
muon (right) candidates and the determined binned signal probabilities (bottom) are shown. The background contributions
are scaled to their estimated values using the fit described in the text. The binned signal probabilities are obtained by a fit of
a polynomial of a given order n (red curve).
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templates (more details about these will be discussed in485

Section V). The continuum constraint Pcont is adjusted486

to reflect the number of continuum events for a given q2
487

selection value.488

In a second step, the determined number of back-
ground (b⌘bkg) and continuum (b⌘cont) events are used to
construct binned signal probabilities as a function of q2,
which is defined as
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muon candidates and the wi distribution for the thresh-492

old selection with q2 > 3.0 GeV2. To avoid dependence493

on binning effects, we fit the binned signal probabilities494

for each q2 selection with a polynomial function of a given495

order n to determine event-wise weights, w(q2), by per-496
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FIG. 5. The generator-level and reconstructed B ! Xc `
+ ⌫` moments are shown for the first to fourth q2 moment for

electrons. The different markers represent different threshold selections on the generator-level and reconstructed q2 and the
relation between the moments can be described with a linear parametrization of the form am + hq2mcal ii · bm = hq2mi i. The
corresponding plots for muons can be found in Appendix B.

for resolution distortions. This linear correction is516

determined separately for each order of the moment517

we wish to measure. The calibrated moments we518

denote in the following as q2m
cal with m being the519

order of the moment.520

- In a second step we correct for any residual bias521

not captured by the linear calibration function for522

a given moment using a global correction factor,523

which we denote as Ccal.524

- Thirdly, we correct for acceptance and selection ef-525

fects by applying a global correction factor, Cacc.526

This correction is calculated for each q2 threshold527

selection as well as each order of moment.528

The linear calibration functions and the two correc-
tion factors are determined using simulated event sam-
ples, which are statistically independent from the simu-
lated samples used in the background subtraction pro-
cedure. The calibration function is determined by com-
paring the reconstructed and generator-level moments.
Fig. 5 shows the first to fourth generator-level and re-
constructed B ! Xc `+ ⌫` moments with different selec-
tions on the generator-level and reconstructed q2 value
for electrons. There exists a strong linear relationship
for the studied order of moments, and we determine a

linear calibration function of the form,

q2m
cal i =

q2m
i � am

bm
. (20)

with am and bm denoting the offset and slope for mo-529

ments of the order m. The corresponding figures for530

muons can be found in Appendix B and show the same531

linear behavior. The residual bias correction factor Ccal is532

determined by comparing simulated samples of the cali-533

brated and generator-level moments for each q2 threshold534

selection and order of moment under study. Lastly, since535

different selection efficiencies are observed for different536

B ! Xc `+ ⌫` processes, we determine an additional fac-537

tor accounting for selection and acceptance effects. The538

correction factor, Cacc, is calculated by comparing the539

moments of the generator-level simulated events with540

a sample without any selection criteria applied. Fig. 6541

shows the size of both calibration factors for the first to542

fourth q2 moment for electrons. Both factors are close to543

unity and the corresponding factors for muons, displaying544

a similar behavior, are found in Appendix B. In addition,545

selection and acceptance efficiencies for generator-level546

simulated B ! Xc `+ ⌫` samples are shown in Appendix547

C.548

The q2 moments are then given by

hq2m
i =

Ccal · CaccPevents
i w(q2

i )
⇥

eventsX

i

w(q2
i ) · q

2m
cal i . (21)

for w(q2
i )
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FIG. 8. The expectation of lepton flavor universality of the moments are tested for the first to fourth q2 moments: in the ratio
of electron to muon moments many of the associated systematic uncertainties cancel and all reported moments are compatible
with the expectation of lepton flavor universality (bottom top). Note that the individual electron and muon moments are
highly correlated. Furthermore, the generator-level and measured moments for all threshold selections on q2 are compared as
a ratio (bottom middle) and difference (bottom lower) for both electrons and muons.
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Analysis features  
• exploit FEI for Btag

• raw and central (variance) moments for  up to 

• first  measurement in range  range 

• kinematic fit improves  resolution significantly

• signal probability in  bin estimated by  fit; interpolated with cubic spline 

q2 > 1.5 GeV2 q2 > 8.5 GeV2

⟨q2n⟩ [1.5, 2.5] GeV2

q2

q2 MX
6

FIG. 3. Comparison of reconstructed, fitted and generated q2

for B ! Xc ` ⌫̄`. The residuals are the difference of generated
(’gen’) and estimated (’reco’) values.

constraints,

bp 2
X > 0 , bp 2

Btag
= m2

B , (bp` + bpX + bp⌫)
2 = m2

B , (11)

and
⇣
bp
e
+
e
� � bpBtag

� bp` � bpX � bp⌫
⌘
= 0 (12)

using Lagrange multipliers. For each event the �2 func-
tion is numerically minimized with the constraints, fol-
lowing the algorithm described in Ref. [48] implemented
in SciPy [49].

Figure 3 show the distribution of the residuals of q2

before and after the kinematic fit with simulated signal
events. Here the residual is calculated from the recon-
structed and generated values. The kinematic fit results
in more symmetric residuals and a reduction in the tails
of the residuals. The RMS improves from 5.76GeV2/c4

to 2.65GeV2/c4 and the bias reduces from 3.43GeV2/c4

to 1.20GeV2/c4.

IV. MEASUREMENT OF LEPTON MASS

SQUARED MOMENTS

To measure the lepton mass squared moments, back-
ground contributions from other processes must be sub-
tracted from the q2 distribution. Binned likelihood fits
are applied to the MX distribution to determine the num-
ber of signal and background events. With this infor-
mation and the shapes of backgrounds from simulation,
an event-wise signal probability w is constructed as a
function of q2. We correct for acceptance and recon-
struction effects by applying an event-wise calibration
q2reco ! q2calib and two additional calibration factors Ccalib
and Cgen, discussed in Section IV B. The background-
subtracted q2 moment of order n is calculated as a

weighted mean

hq2ni =

PNdata
i w(q2i )⇥ q2ncalib,iPNdata

j w(q2j )
⇥ Ccalib ⇥ Cgen ,

(13)

with sums over all events. For each q2 threshold, the
binned likelihood fit to MX is repeated to update the
event-wise signal probability weights. We use thresholds
in the range [1.5, 8.5]GeV2/c4 in steps of 0.5GeV2/c4.

A. Background Subtraction

The likelihood fit to the binned MX distribution is
carried out separately in the B+`�, B0`�, and B0`+

channels to account for efficiency differences in the FEI
algorithm. Electron and muon channels are not sep-
arated. Contributions from B ! Xu ` ⌫̄` decays are
treated as background and have on average high q2.
We suppress this background by fitting the range with
MX > 0.5GeV/c2. To determine the number of back-
ground events in each of these channels as well as for each
q2 threshold, we distinguish the following three event cat-
egories:

1. B ! Xc ` ⌫̄` signal (with yield ⌘sig),

2. e+e� ! qq̄ continuum processes (⌘qq̄), and

3. BB background dominated by secondary leptons
and hadronic B decays misidentified as signal lep-
ton candidates (⌘BB).

The likelihood is the product of Poisson likelihoods for
each bin i with ni observed events and ⌫i expected events,
with

⌫i =
X

k

⌘k fki , (14)

where fki is the fraction of events of category k recon-
structed in bin i as determined with simulated events.
The yield ⌘qq̄ is constrained to its expectation as deter-
mined from off-resonance data. To reduce the depen-
dence on the modeling of signal and backgrounds, the fit
is carried out in five MX bins. For each channel and q2

threshold, an adaptive binning is chosen. The likelihood
is numerically maximized using the Minuit algorithm [50]
in scikit-hep/iminuit [51].

The sample composition projections for q2 >
1.5GeV2/c4 are shown in Appendix A. The MX and
q2 distributions with the fitted MC yields are shown in
Fig. 4 for q2 > 1.5GeV2/c4 with finer granularity than
used in the fit. The agreement is fair and the p value
from a �2 test for the q2 distribution in the range of
1.5� 15GeV2/c4 is 30%.

7

FIG. 4. MX and q2 spectra with B ! Xc ` ⌫̄` and background
components normalized to the results of the MX fits.

The event-wise signal probability w is obtained by con-
structing a binned probability as a function of q2 via

wi(q
2) = (ni � ⌘̃BB f̃BB

i � ⌘̃qq̄ f̃
qq̄
i )/ni , (15)

where f̃i is the estimated fraction of events reconstructed
in bin i of q2 for a given background category estimated
from the simulation and ⌘̃ denote the sum of the esti-
mated number of background events from the MX fits.

We calculate a continuous signal probability w(q2) by
interpolating the binned distribution with smoothed cu-
bic splines [52]. Negative probabilities are set to zero.
The cubic-spline fit and statistical uncertainties of the
signal probability are shown in Fig. 5. The statistical
uncertainty on hq2ni is evaluated by a bootstrapping pro-
cedure [53] and a selection of spline fits from replicas is
shown in Fig. 5. The statistical uncertainty of w(q2) in-
creases towards large q2.

B. q2
Calibration

The q2 distribution from the kinematic fit is calibrated
exploiting the linear relationship between reconstructed
and generated moments. Figure 6 shows the linear rela-
tionship for simulated events for the first moment and as

FIG. 5. Binned signal probability wi together with a
smoothed cubic-spline fit (dark red). In addition, variations
of the signal spline fit (light red) determined with bootstrap
replicas are shown.

functions of q2 threshold between the reconstructed and
true q2 distribution. We calibrate each event with

q2ncalib = (q2nreco � cn)/mn, (16)

with cn and mn the intercept and slope of the linear
relationship for a given moment of order n. More details
on the linear calibration for the higher moments can be
found in Appendix B.

Due to the linearity of the calibration, a small bias
remains, which we corrected with an additional multi-
plicative calibration factor in Eq. (13) calculated from
simulated events by comparing the calibrated hq2ncalibi and
true generated hq2ngen,seli moments,

Ccalib = hq2ngen,seli/hq
2n
calibi . (17)

The Btag reconstruction and the Belle II detector accep-
tance and performance result in an additional bias. To
account for these effects we apply a second multiplica-
tive calibration factor Cgen by comparing the generated
moments with all selection criteria applied (hq2ngen,seli) to
their value without any selection applied (hq2ngeni),

Cgen = hq2ngeni/hq
2n
gen,seli . (18)

The hq2ngeni are determined from an MC sample without
Photos simulation and also corrects for FSR.

Both Ccalib and Cgen are determined for each q2 thresh-
old and from independent samples from those used to
determine the linear calibration function. The Ccalib fac-
tors range between 0.98 and 1.02 depending on the lower
q2 threshold. The Cgen factors vary between 0.90 and
1.00 with lower selection threshold values tending to have
higher corrections. More details on the event-wise cali-
bration can be found in Appendix C.
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Abstract

We present the first determination of Vcb from inclusive B ! Xc`⌫̄` using moments

of the dilepton invariant mass, q2. These moments are reparametrization invariant

quantities and depend on a reduced set of non-perturbative parameters. This re-

duced opens a new path to extract these parameters up to 1/m4

b purely from data

and thereby reducing the uncertainty on Vcb. In this paper, we present our first

determination of Vcb using this method. Combining the recent measurements of q2

moments by Belle and Belle II, our default fit gives |Vcb| = (41.69± 0.63) · 10�3
. This

results presents an important independent cross check of, and is consistent with, the

previous state-of-the-art inclusive determinations using lepton energy and hadronic

invariant mass moments.
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Figure 4: Fit projections for the central q2 moments as a function of the q
2 threshold,

combined with the measurement moments from both Belle and Belle II.

Figure 5: Comparison between Belle, Belle II and the combined fit for the correlation
between |Vcb| and ⇢
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|Vcb | = (41.69 ± 0.63) × 10−3



Honorable mentions — the Dark Sector

7

and 0.907 as a function of the square of the center-of-
mass energy, s. The value of |1 � ⇧(s)|2 is taken from
Ref. [43, 44] and varies between 0.9148 and 1.102 depend-
ing on s. Based on Eqs. 5 and 6, the 90% C.L. upper
limits on Born and visible cross sections as a function of
mZ0 are calculated and shown in Fig. 6.

1 10
]2c [GeV/Z'm 

210

310

) [
ab

]
-
µ+

µ
→

(Z
'

Β×
Z'

)
-
µ+

µ
→- e+

(e
σ

Born
Visible

FIG. 6: 90% C.L. upper limit on the cross section for e+e� !
µ+µ�(Z0 ! µ+µ�) as a function of mZ0 . The red solid line
represents the Born cross section and the blue dashed line the
visible cross section.

B. Limits on the Coupling Strength g0

With a theoretical cross section �th(
p
s), for a given

mZ0 , at
p
s and the coupling g0, the expected number of

signal for data sample used in this analysis is given as:

Nexp =

g02"B
⇣
�⌥(4S)
th (mZ0)L⌥(4S) + �⌥(3S)

th L⌥(3S) + . . .
⌘
.

(7)

With Eq. (7), the 90% C.L. upper limit on g0 corre-
sponding to Nexp = Nobs, is calculated and shown in
Fig. 7. The result excludes most of the Z 0 parameter
space that could be related to the updated (g � 2)µ re-
gion, from the Muon (g � 2) experiment [17, 18]. Also
shown in Fig. 7 are comparisons with the CHARM-II ex-
periment, the first measurement of the neutrino trident
production [45], the reinterpretation of the Columbia-
Chicago-Fermilab-Rochester (CCFR) results [21, 46] and
the first Z 0 ! µ+µ� search done by BABAR [29].

1 10
]2c [GeV/Z'm

3−10

2−10

1−10

1

g'

Belle (Born)
Belle (visible)

BABAR
CCFR
CHARM-II

σ2±
µ(g-2)

FIG. 7: 90% C.L. upper limit on g0 as a function of mZ0 . The
red solid and blue dashed lines show the Belle results with
Born and visible cross section, respectively. The black dotted
line represents BABAR results [29], the light gray shaded
area is the result of CCFR, and the light purple hashed area
the result of CHARM-II over the Z0 parameter space [21, 46],
and the green region indicates the two sigma allowed region
of the Z0 contribution to (g�2)µ suggested by the Muon g�2
collaboration [17, 18].

V. CONCLUSION

In summary, we report the first search for a new gauge
boson Z 0 in the Lµ � L⌧ model with the on-shell pro-
duction of e+e� ! Z 0µ+µ�, followed by Z 0 ! µ+µ�,
with proper treatment of the ISR e↵ect. Since no signif-
icant excess is observed, the upper limit on the coupling
is set and the Z 0 contribution to the (g� 2)µ anomaly is
constrained. The upper limits remain weak, but in the
future, Belle II will be able to perform a more stringent
test for the region mZ0 < 2mµ [47–49].
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Figure 4. 90% upper limits of Higgs portal coupling (�) versus the dark photon mass for the 2.00,
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2 dark Higgs.

Figure 5. 90% upper limits of Higgs portal coupling (�) versus the dark Higgs mass for the 0.02,
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2 dark photon.
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90% CL upper limits on B(B0
! ⇤ DS) as a function of

m DS are shown in Fig. 3. A summary of these limits and
the di↵erent distinct variables used in their calculation
for each m DS is presented in Table II.

TABLE I. Range of systematic uncertainties in the estimate
of the signal e�ciencies, �✏, and the number of expected BB

background events, �nBB
bkg, across the di↵erent values of m DS .

Source �✏ (%) �nBB
bkg (%)

Btag correction 8.6 8.6

Proton PID 0.5–2.8 4.3–5.7

Tracking e�ciency 0.7–1.9 1.1–1.9

Charged track veto 5.3–6.5 5.3–6.5

⇤ selection 2.5–3.6 4.4–4.7

Signal MC statistics 1.2–2.0 –

Rare B decays correction – 10.6–13.4

Branching fractions – 50.0

FIG. 3. The observed (solid line) and median expected
(dashed line) 90% CL upper limits on B(B0

! ⇤ DS) as
a function of m DS . The ±1� and ±2� expected exclusion
regions are indicated in green and yellow, respectively. A lin-
ear interpolation is performed between the values obtained for
the probed m DS values. The gray shaded region shows the
resulting 90% CL constraints from the reinterpretation of a
search at ALEPH for decays of b-flavored hadrons with large
missing energy [2, 4].

The fraction of decays not expected to contain hadrons
other than ⇤ in the final state as a function ofm DS is cal-
culated in Ref. [2] using phase-space considerations. This
fraction multiplied with BM provides the lower bounds
on B(B0

! ⇤ DS) for B-Mesogenesis. Those bounds
together with the observed 90% CL upper limits on
B(B0

! ⇤ DS) as a function of m DS are presented in

Fig. 4. The region m DS & 3.0GeV/c2 is excluded for
the O

2
us and O

3
us operator cases.
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FIG. 4. The observed 90% CL upper limits on B(B0
! ⇤ DS)

as a function of m DS (solid line), and the lower bounds on
B(B0

! ⇤ DS) for B-Mesogenesis using phase-space consid-
erations (shaded bands). The b-quark pole mass is chosen
as the benchmark mass in the phase-space integral (dashed
lines) while two other choices, the B0 meson mass and the
b-quark MS mass, delineate the upper and lower edges of the
shaded bands, respectively. The calculation is performed for
the “type-1” operator O

1
us = ( DSb)(us), and the “type-2”

and “type-3” cases O2
us = ( DSs)(ub) and O

3
us = ( DSu)(sb),

for which the phase-space integration is the same.

In summary, we have reported the results of a search
for the decays of B0 mesons into a final state containing
a ⇤ baryon and missing energy with a fully reconstructed
Btag using a data sample of 772⇥106 BB pairs collected
at the ⌥ (4S) resonance with the Belle detector. No sig-
nificant signal is observed and we set upper limits on the
branching fractions at 90% CL, which are the most strin-
gent constraints to date. Our analysis yields significant
improvements, and partially excludes the B-Mesogenesis
mechanism. We expect that the Belle II experiment [20]
will be able to fully test this mechanism.
The authors would like to thank G. Alonso-Álvarez,
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We shall not cease from exploration 
And the end of all our exploring 

Will be to arrive where we started 
And know the place for the first time. 

… 

T. S. Eliot, from “Little Gidding”
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Operation status in 2020
▪SuperKEKB/Belle II was operated under Covid-19 pandemic 

while minimizing risk of infection:

• Minimize person-to-person contact and avoid 3C

− Remote control room shifts and expert shifts

− Travel restrictions (~40 Belle II colleagues on-site)

− Online meetings

• Hygiene (face mask, alcohol disinfection, ventilation, …)
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