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SuperKEKB

Energy asymmetric e+e� collider @
p

s = 10.58 GeV:

.
p
s = 10.58 GeV$⌥(4S) resonance!

⌥(4S) ! BB̄ + nothing else with B > 96%
! clean B sample (on-resonance)

. @ 60 MeV below⌥(4S) resonance
! control sample to constrain continuum backgrounds
(e+e� ! qq̄, where q = (u, d, s, c)) (off-resonance)

With nanobeam scheme and upgraded rings SuperKEKB aims to reach
30 ⇥ higherLinst than KEKB at cost ofO(10)⇥ higher backgrounds:

. x 1.5 currents

. x 1/20 vertical beam size
!3

SuperKEKB is an asymmetric-energy e+e-  collider in 
Tsukuba, Japan:

@Υ(4S) resonance (√s = 10.58 GeV): on-resonance 
data

@ 60 MeV below Υ(4S): off-resonance data
@ Υ(5S) resonance: Bs physics (future) 

With nano-beam scheme and upgraded rings plan to achieve  
30 x higher inst. lumi than KEKB:

x 1.5 higher currents

x 20 smaller β∗y

In Belle II expect O(~15) higher backgrounds than Belle

SuperKEKB Accelerator  
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Chapter 1. Introduction 2

PEP-II is run at the Υ (4S) resonance most of the time, but it is important
to occasionally run ‘off-peak’. Typically just over 10% of the time, PEP-II is
run around 40 MeV below the resonance peak. This is achieved by lowering the
energy of the electron beam, which reduces the boost by less than one percent.

Figure 1.2: The spectrum of hadron production near PEP-II’s operational CM
energy. The curve shows the cross-section for inclusive production
of hadrons (vertical axis) as a function of CM energy. The peak at
the Υ (4S) resonance is clearly visible. The plot is originally from
Upsilon Spectroscopy by Besson and Skwarnicki [1].

Continuum is the name used to describe all non-BB events produced in
the detector. The continuum contains many types of events, by far the most
common of which is e+e− → e+e− (Bhabha events) which have a cross-section
close to 40 nb. For each type of quark q (apart from t), events of the type
e+e− → qq have a cross-section of order 1 nb. The other leptons (µ+µ− or
τ+τ−) are produced with cross-sections also close to 1 nb.

These cross-sections all scale in a known way when PEP-II runs at the de-
creased off-peak energy, while Υ (4S) (and hence BB) production is ‘switched
off’. The off-peak data can then be used to understand on-peak backgrounds
and when scaled in the correct way can be used to count B events in on-peak
data. Any B physics analysis at BABAR will make use of the off-peak data, and
it is an integral part of B Counting.

Υ(4S) → B+B−, B0B̄0 with ℬ > 96 %
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Belle II Detector

|  Belle II Highlights and Prospects | Slavomira Stefkova 39

KL  and muon ID detectors
Resistive plate chambers

 Scintillators

7 GeV electron

Charged PID detectors
Time of propagation counter (TOP) (barrel)

Aerogel Cerenkov detector (ARICH) (forward)

Central Drift Chamber (CDC)
14336 sense wires in He-C2H6

Smaller cells + longer lever 
arm + faster electronics

Vertex detectors (PXD+SVD) 
 2 pixel layers  (DEPFET)

4 layers of silicon 
microstrip layers

EM Calorimeter (ECL)
CsI(TI) crystals 

Updated electronics with 
waveform sampling

Magnet
1.5 Ts

4 GeV positron

. Belle II was designed to give
similar or better performance
than Belle even underO(10)⇥
higher backgrounds

. DAQ and trigger systems were
also upgraded (higher readout
frequency + low multiplicity
channels)!
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Luminosity
Status:

. Collected⇠ 268 fb�1 since April 2019

. Slower luminosity accumulation than initially
planned, but with⇠90% data-taking efficiency

. Record-breaking instantaneous luminosity:
3.8 ⇥ 1034cm�2s�1

. Highest daily integrated luminosity: 2.2 fb�1

44

ALL SHOWN RESULTS 
63 fb-1 on-resonance + 

9 fb-1 of off-resonance data

01
/20
19

01
/20
20

01
/20
21

01
/20
22

Time

Plans:

. Short-term plan: shutdown in 2023:

. full PXD installation! important tomaintain good vertex
resolution at high luminosity

. Replacement of 50% of barrel TOP PMTs

. Goal: 50 ab�1
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Performance Highlights

21

Greatly improved time resolution 
compared to previous B-factories.

 QBelle II = (30.0 ± 1.3) %

Flavor tagging efficiency comparable to Belle.
 X

Performance overview

Strong charged particle identification. High ɣ efficiency.Good momentum resolution.

docs.belle2.org/record/2604docs.belle2.org/record/2012docs.belle2.org/record/1558

ICHEP 2020To be submitted to EPJC
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Factor 2 improvement  
in proper time resolution

Good particle identification

 High photon matching efficiency 

Good flavour tagger performance

   

[PRL 127, 211801 (2021)]

[arxiv:2110.00790]

[BELLE2-NOTE-PL-2020-024]

[BELLE2-NOTE-PL-2021-008]
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Electroweak and Radiative Penguin Decays
Flavour changing neutral current (FCNC) transitions occurring at loop level only! highly suppressed

. In this this talk concentrate mostly on b ! s transitions:
Radiative penguin decays:

. Measurement of B(B ! K⇤�) (exclusive)

. Observation of B ! Xs� (inclusive)

Electroweak penguin decays:

. Study of B+
! K+l+l� (exclusive)

. Search for B+
! K+⌫⌫̄ (exclusive)

Introduction

p Radiative and Electroweak penguin decays are flavor-changing neutral current (FCNC), 
which proceeds via one-loop diagrams in the standard model (SM) and thus suppressed.

p New physics (NP) can appear in the loop or mediate FCNC at tree level.

SUSY 2021, 23-28 August 2021 Yo Sato (KEK)
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Radiative and Electroweak Penguin decays in SM NP contributions

e.g. 
Charged Higgs

e.g. 
Leptoquark

Interesting as NP can appear either in a loop or mediate FCNC at the tree level, recently tensions wrt SM
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Measurement of B(B ! K⇤�) arxiv:2110.08219

. SM B(B ! K⇤�) = O(10�5) with large uncertainties due to FF

. First step before measurement of theoretically cleaner observables such as
CP violation asymmetry ACP and isospin asymmetry�0+ :

ACP =
�(B̄ ! K̄⇤�)� �(B ! K⇤�)

�(B̄ ! K̄⇤�) + �(B ! K⇤�)
,

�0+ =
�(B0

! K⇤0�)� �(B+
! K⇤+�)

�(B0 ! K⇤0�) + �(B+ ! K⇤+�)
,

which are then more sensitive to NP
. Latest measurement from Belle with 772⇥ 106 BB̄ pairs! 3.1� evidence for the isospin asymmetry violation

Observable Belle [PRL 119, 191802 (2017)] SM [JHEP 04,027 (2017)][PRD D88, 094004 (2013)]
B(B0 ! K⇤0�) (3.96± 0.07± 0.14)⇥ 10�5 (3.48± 0.81)⇥ 10�5

B(B+ ! K⇤+�) (3.76± 0.10± 0.12)⇥ 10�5 (3.43± 0.84)⇥ 10�5

ACP(B0 ! K⇤0�) (−1.3± 1.7± 0.4)% (0.3± 0.1)%
�0+ (+6.2± 1.5± 0.6± 1.2)% (4.9± 2.6)%

. Challenge: in future�0+ will be dominated by f+�/f00, ACP will be statistically limited
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Measurement of B(B ! K⇤�) arxiv:2110.08219

Full decay chain reconstruction:

. K⇤ : K⇤0(K+⇡�, K0
s ⇡

0), K⇤+(K+⇡0, K0
s ⇡

+); K0
s ! ⇡+⇡�,⇡0

! ��

. � : (2.25 < ECMS
� < 2.85 GeV)

Main backgrounds:

. Continuum events with �s coming from ⇡0, ⌘! veto events consistent
with (⇡0, ⌘) kinematics + BDT suppression with event-based variables

. Misreconstructed events

. Combinatorial background

Signal extraction with unbinned ML fit to�E = E⇤B � E⇤beam

B =
nsig

2⇥NBB ⇥ f±(f 00)⇥ ✏
,

where nsig is the signal yield from fit, ✏ is the signal selection e�ciency, NBB is the number
of BB pairs, and f± (f 00) is the branching fraction of ⌥ (4S) to charged (neutral) BB pairs.
The results are listed in Tables I and II. The measured branching fractions are compatible
with their world average values reported by the Particle Data Group (PDG) [23] at the
level of one and two standard deviations for the neutral and charged modes, respectively.
Individually none of these deviations is statistically significant, albeit being in the same
direction. While the size of the discrepancy of our combined result is only 2.3 standard
deviations, the presence of residual systematic e↵ects cannot be ruled out at this stage.
Potential sources could be related to the peaking background, which will be systematically
investigated in the next iteration of the analysis with more data.

Table I. Signal yield, e�ciency and measured branching fraction (Bmeas) for each mode. When
two uncertainties are given, the first is statistical and the second is systematic. The world-average
values reported by the PDG are given for comparison.

Mode Signal yield E�ciency (%) Bmeas [10�5] BPDG [10�5]

B0
! K⇤0[K+⇡�]� 454± 28 15.22± 0.03 4.5± 0.3± 0.2 4.18± 0.25

B0
! K⇤0[K0

S⇡
0]� 50± 10 1.73± 0.01 4.4± 0.9± 0.6 4.18± 0.25

B+
! K⇤+[K+⇡0]� 169± 18 4.84± 0.02 5.0± 0.5± 0.4 3.92± 0.22

B+
! K⇤+[K0

S⇡
+]� 160± 17 4.23± 0.02 5.4± 0.6± 0.4 3.92± 0.22

Table II. Measured branching fraction (Bmeas) for combined charged and neutral modes. The first
uncertainty is statistical and the second is systematic. The world-average values reported by the
PDG are given for comparison.

Mode Bmeas [10�5] BPDG [10�5]

B0
! K⇤0� 4.5± 0.3± 0.2 4.18± 0.25

B+
! K⇤+� 5.2± 0.4± 0.3 3.92± 0.22

7. SYSTEMATIC UNCERTAINTIES

In this section, we describe the various sources of systematic uncertainties. A systematic
uncertainty of 1.6% is assigned to the uncertainty in the number of BB events [13]. The per-
formance of ⇡0/⌘ veto between data and simulation is studied using B+

! D0[! K+⇡�]⇡+

and B0
! D0[! K+⇡�⇡�]⇡+ samples, where the fast pion coming from the B decay is

treated as a photon candidate. We assign a systematic uncertainty of 3.8% due to ap-
plication of ⇡0/⌘ veto. The uncertainty in the selection e�ciency of high energy photon
candidates is estimated from a control sample of radiative dimuon events. The di↵erence

12

Consistent with world average within 1�(2�) for neutral (charged) mode

modeled with the sum of a Cruij↵ function [22] and a Gaussian. To model the distribution
of misreconstructed signal events, we use a Cruij↵ function. The ratio of misreconstructed
to correctly reconstructed signal events is kept fixed to the value obtained from signal MC.
The fraction of misreconstructed signal varies from 2–11% depending on mode. The shape of
the background PDF is determined by fitting the �E distribution of events from BB and qq
background MC. The background can be classified into two categories, namely combinato-
rial and peaking. We model the peaking component with a Gaussian and the combinatorial
background using a Chebyshev polynomial. The yields of correctly reconstructed signal,
combinatorial, and peaking background events are determined from the fit.

An ensemble of 1000 toy datasets is generated using the fit model. These datasets are
fitted with the same fit model to study potential fit bias. The pull distributions of fit
parameters were consistent with normal distribution within the fit uncertainties, implying
that the fit strategy is unbiased. The results of fit performed for all four modes in data are
shown in Fig 2.

(a) B0
! K⇤0[K+⇡�]� (b) B0

! K⇤0[K0
S⇡

0]�

(c) B+
! K⇤+[K+⇡0]� (d) B+

! K⇤+[K0
S⇡

+]�

Figure 2. �E distributions for each B ! K⇤� mode with the fit result superimposed. The black
dots with error bars denote the data, the blue curve denotes the total fit, the dashed red curve is
the signal component, the dotted green curve is the background component, and the filled cyan
region is the misreconstructed signal component.

6. MEASUREMENT OF BRANCHING FRACTION

The branching fraction is calculated using the following expression:

11

B0 ! K⇤0(! K+⇡�)�

modeled with the sum of a Cruij↵ function [22] and a Gaussian. To model the distribution
of misreconstructed signal events, we use a Cruij↵ function. The ratio of misreconstructed
to correctly reconstructed signal events is kept fixed to the value obtained from signal MC.
The fraction of misreconstructed signal varies from 2–11% depending on mode. The shape of
the background PDF is determined by fitting the �E distribution of events from BB and qq
background MC. The background can be classified into two categories, namely combinato-
rial and peaking. We model the peaking component with a Gaussian and the combinatorial
background using a Chebyshev polynomial. The yields of correctly reconstructed signal,
combinatorial, and peaking background events are determined from the fit.

An ensemble of 1000 toy datasets is generated using the fit model. These datasets are
fitted with the same fit model to study potential fit bias. The pull distributions of fit
parameters were consistent with normal distribution within the fit uncertainties, implying
that the fit strategy is unbiased. The results of fit performed for all four modes in data are
shown in Fig 2.

(a) B0
! K⇤0[K+⇡�]� (b) B0

! K⇤0[K0
S⇡

0]�

(c) B+
! K⇤+[K+⇡0]� (d) B+

! K⇤+[K0
S⇡

+]�

Figure 2. �E distributions for each B ! K⇤� mode with the fit result superimposed. The black
dots with error bars denote the data, the blue curve denotes the total fit, the dashed red curve is
the signal component, the dotted green curve is the background component, and the filled cyan
region is the misreconstructed signal component.

6. MEASUREMENT OF BRANCHING FRACTION

The branching fraction is calculated using the following expression:

11

B+ ! K⇤+(! K0
s ⇡

+)�

DESYª | S. Stefkova | Lepton-Photon 2021, 11th January 2022 Page 8

https://arxiv.org/abs/2110.08219
Slavomira Stefkova



Observation of B ! Xs� BELLE2-NOTE-PL-2021-004

First step towards the inclusive measurement ofB(B ! Xs�)

. Sensitive to NP: charged Higgs [EPJC 78 8, 675 (2018)]

Analysis strategy:

. Untagged approach (reconstruct high energy � on signal side)

. Basic selection includes ⇡0 and ⌘ veto

. Suppression of the continuum backgrounds using BDT trained with
event shape variables

. Expected continuum backgrounds obtained from off-resonance
data; charged B backgrounds and neutral B backgrounds obtained
from simulation

Signal extraction from inclusive photon energy spectrum by looking at
the excess wrt total expected background

1. INTRODUCTION

The radiative decay B ! K⇤(892)� is a flavor-changing neutral current process, which is
forbidden at tree level in the standard model (SM) of particle physics. The transition pro-
ceeds dominantly through a one-loop b ! s� diagram. The contribution from annihilation
diagrams is highly suppressed by factors of O(�QCD/mb) and Cabibbo-Kobayashi-Maskawa
matrix elements [1], where �QCD is the location of Landau pole of quantum chromodynamics
and mb is the mass of the b quark. The largest SM contribution to the b ! s� transition is
from the diagram shown in Fig. 1 having a t quark and W boson in the loop. Throughout
this document, K⇤ implies a K⇤(892) meson and charge conjugate processes are included
implicitly unless stated otherwise.

Extensions of the SM predict new particles that can contribute to the loop, potentially
altering the branching fraction as well as other observables from their SM predictions, making
the decay an excellent probe for such models [2, 3]. These observables include the CP
violation asymmetry

ACP =
�(B ! K

⇤
�)� �(B ! K⇤�)

�(B ! K
⇤
�) + �(B ! K⇤�)

and the isospin asymmetry

�0+ =
�(B0

! K⇤0�)� �(B+
! K⇤+�)

�(B0 ! K⇤0�) + �(B+ ! K⇤+�)
.

The SM prediction of the branching fraction su↵ers from large uncertainties related to
form factors [4, 5]. In contrast, observables like ACP and �0+ are theoretically clean due
to cancellation of these factors in the ratio [6, 7]. The latest measurement by the Belle
experiment [8] with 771⇥106 BB pairs, reported the first evidence for isospin violation at
3.1� significance. Earlier to that, the CLEO [9] and BaBar [10] Collaborations had also
performed similar measurements. This brief summary of the current status of experimental
and theoretical studies demonstrates that the B ! K⇤� channel provides an ideal ground
for indirect searches for new physics e↵ects and tests of SM predictions. The current study
presents preliminary results of branching fractions of K⇤� modes measured using e+e� col-
lision data collected in the period of 2019–2020 by the Belle II detector. The measurement
of observables like ACP and �0+ will be done when Belle II accumulates a data sample
equivalent to that used in the Belle study in order to have similar sensitivities.

b s
u, c, t

W�

�

Figure 1. Leading order b ! s� loop diagram.

2. THE BELLE II DETECTOR AND DATASET

Belle II is a large-solid-angle magnetic spectrometer designed to study products of e+e�

collisions. The detector is located at the collision point of the SuperKEKB accelerator [11].

7

1. PLOT FOR MORIOND8

FIG. 1. Photon energy spectrum of selected b ! (s, d)� candidates measured in the ⌥ (4S) rest
frame overlaid with expectations for continuum events and background BB̄ events. The data
points come from the dataset collected by the Belle II experiment in 2019 and 2020 with integrated
luminosity of 62.8 fb�1. The dataset with integrated luminosity of 9.2 fb�1 collected below the
⌥ (4S) resonance is used as a model for the continuum (e+e� ! qq̄, q = u, d, s, c) background:
the continuum spectrum are the o↵-resonance data scaled to match the on-resonance luminosity.
The shape of the BB̄ background component is obtained from simulation. The BB̄ contribution
is scaled so that sum of the expectations from BB̄ background, continuum, and signal components
in the first bin matches the number of observed events in this bin (the expected number of signal
events is taken from simulations). The bottom plot shows the di↵erence between the observed
number of candidates and the sum of expected number of background candidates for each bin.
Bottom plot indicates the evidence for an inclusive B ! X(s,d)� signal. The shown uncertainties
are statistical only.

2

Excess compatible with B ! Xs� signal
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Study of B+ ! K+l+l� BELLE2-NOTE-PL-2021-005

First look at the rare B+ ! K+l+l� in Belle II:

. Both muon and electron modes are reconstructed

. Background suppression with BDT using event shape, vertex information

. Signal extraction with simultaneous ML fit toMbc =
p

E⇤2beam � p⇤2B and�E

. Peaking background from B+
! K+⇡+⇡�

. Nsig = 8.6+4.3
�3.9(stat)± 0.4(syst)! hint for B+ ! K+l+l� signal
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FIG. 1: Signal enhanced projection for a fit to the distributions of beam-energy-constrained mass
Mbc and energy di↵erence �E of B+ ! K+`+`� candidates, where ` is an electron or muon. The
Mbc projection is obtained in a window �0.06 < �E < 0.04 GeV whereas the �E projection is
obtained for Mbc > 5.27 GeV/c2. The fit model for Mbc contains the following three components:
a Crystall Ball function for the signal (red dot-dash line), another Crystall Ball function for the
peaking background from B+ ! K+⇡+⇡� decays (magenta filled area), and an ARGUS function
for the combinatorial background from qq continuum and other B decays (green dashed line).
Similarly, the fit model for �E contains the following three components: a double-sided Crystal
Ball summed with a Gaussian function for the signal (red dot-dash line), another double-sided
Crystal Ball summed with a Gaussian function for the peaking background from B+ ! K+⇡+⇡�

decays (magenta filled area), and an exponential function for the combinatorial background from
qq continuum and other B decays (green dashed line). Black markers with error bars are data.
The signal shape parameters obtained from correctly reconstructed simulated events are kept fixed
in the fit. The ARGUS endpoint is fixed to the kinematic threshold of 5.29GeV/c2 and the
second parameter is determined from the fit to data. We also determine the parameter of the
exponential from the fit to data. The number of peaking background events is fixed to the value
0.7, which is estimated from simulated events. The signal component has an overall significance of
2.7 standard deviations, with a yield of 8.6+4.3

� 3.9 ±0.4, where the quoted uncertainties are statistical
and systematic, respectively.

2

3.1� evidence for LFU violation in
b ! sl+l� transitions by LHCb!

[arxiv:2103.11769]
R(K) = B(B+!K+µ+µ�)

B(B+!K+e+e�)

0.5 1 1.5
KR

-1LHCb 9 fb
4c/2 < 6.0 GeV2q1.1 < 

Belle
4c/2 < 6.0 GeV2q1.0 < 

BaBar
4c/2 < 8.12 GeV2q0.1 < 

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.

8

Belle II (5 ab )-1

3.1σ3.1σ

R(K)@ Belle II statistically limited
for foreseeable future, future

challenge: lepton ID

Belle II with> 5 ab�1 to provide significant independent information on R(K)
DESYª | S. Stefkova | Lepton-Photon 2021, 11th January 2022 Page 10
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Search for B+ ! K+⌫⌫̄ PRL 127, 181802 (2021)

SM Theory:

. Does not suffer from charm-loop contributions
! clean SM computation

. B(B+
! K+⌫⌫̄) = (4.6± 0.5)⇥ 10�6 [arxiv:1606.00916]

. SM q2(⌫⌫̄) distribution [arXiv:1409.4557]

BSM:

. Complementary channel to b ! sll transitionswhere tensionswith
the SM have been observed

. NP scenarios: Leptoquarks [PRD 98, 055003 (2018)], Axions [PRD
102, 015023 (2020)], and Dark Matter candidates [PRD 101,
095006 (2020)]

This decay has not been observed yet:

. So far best upper limit of 1.6⇥ 10�5 @ 90% C.L. set by
BaBar [PRD 87, 112005 (2013)] using an exclusive reconstruction
(✏max

sig = 0.2%)

B+
sigB-

tag Y(4S)

K+

ν

ν1. 2.
DESYª | S. Stefkova | Lepton-Photon 2021, 11th January 2022 Page 11

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.181802
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.015023
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.095006
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Slavomira Stefkova



Search for B+ ! K+⌫⌫̄ PRL 127, 181802 (2021)
With only 1/10 L new inclusive tag exploits very distinct signal kinematics:

. 1. Reconstruct signal: highest-pT track in the event with at least 1 PXD hit (✏sig = 78%)

. 2. Reconstruct remaining tracks and clusters in the event

B+
sigB-

tag Y(4S)

K+

ν

ν1.2.

. Minimise the background contamination with two nested BDTs
(variables: event topology, missing energy, vertex separation, signal kinematics)

. 20⇥ higher signal efficiency (✏sig = 4.3%) wrt exclusive reconstruction but also higher background
contamination

. Validation with control channel: B+ ! J/ (! µ+µ�)K+

Signal

Signal proxy
1. remove dimuon
2. mimic 3-body 

kinematics

Background proxy

BB qqB(→Kνν)BBB qqB(→Kνν)B BB qqB(→Kνν)B

DESYª | S. Stefkova | Lepton-Photon 2021, 11th January 2022 Page 12
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Search for B+ ! K+⌫⌫̄ PRL 127, 181802 (2021)

Results and prospects:
. Binned simultaneous ML fit to pT(K+)⇥ BDT2 to extract

signal strength µ ( 1 µ = SM B = 4.6⇥ 10�6)

. No significant signal is observed, limit of 4.1 ⇥ 10�5 @ 90 C.L. is set
! competitive with ”only” 63 fb�1

. Inclusive tag shows the best performance, can be used in similar channels

. For next iteration, leading systematics can be reduced

. Combined analysis of inclusive + exclusive tagged events can lead to
faster observation

μ = 4.2+2.9
−2.8(stat)+1.8

−1.6(syst)

On-resonance data

 Purity: 22%

                        Purity: 6%
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Summary
In conclusion:

. Belle II is accumulating high-quality data! the first electroweak and radiative penguin signals have been seen

. Search for B+
! K+⌫⌫̄! first published Belle II B-physics paper employing novel inclusive tagging approach

yielding highly competitive limit with ”only” 1/10 of previous B-factory dataset

. Expect improved measurements soon (4⇥ bigger dataset on tape, improved analysis techniques)

. Belle II is going to become crucial player in understanding the flavour anomalies

Thank you!

DESYª | S. Stefkova | Lepton-Photon 2021, 11th January 2022 Page 14

Slavomira Stefkova
Simulation event: B → K νν

Slavomira Stefkova
+
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BACKUP
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LHCb vs Belle II

LHCb Belle II
single-arm detector hermetic detector

longitudinal momentum of B not known known initial state kinematics
pro @ neutral object reconstruction (photon, KL)

. B+ ! K+⌫⌫̄ is a golden channel @ Belle II: clean environment and well defined initial state but still
challenging as two neutrinos in the final state leave no signature

DESYª | S. Stefkova | Lepton-Photon 2021, 11th January 2022 Page 16



BDT parameters I
To suppress the backgrounds list of potential features (>100) such as:

. variables related to event-shape,

BB qqB(→Kνν)BBB qqB(→Kνν)B BB qqB(→Kνν)B

R1: Momentum 
imbalance 
higher for signal 
because of 
neutrinos

DESYª | S. Stefkova | Lepton-Photon 2021, 11th January 2022 Page 17



BDT parameters II

To suppress the backgrounds list of potential features (>100) such as:

. variables related to event-shape, ROE-related variables, variables related to the distance wrt to beam spot and
tag-vertex, variables related to 2/3-track vertex fits, missing mass ...

51 most discriminating variables w/o loss of performace are chosen as an input to BDTs

D candidate

DESYª | S. Stefkova | Lepton-Photon 2021, 11th January 2022 Page 18



Two-stage BDT
Two consecutive BDTs (BDT1 and BDT2) have been trained on simulated subsamples to suppress the backgrounds:

. BDT1 trained on the chosen 51 variables on⇠ 106 events for all types of backgrounds and signal

. BDT2 is trained with the same set of variables but only on events with BDT1 > 0.9 (⇠ 28% ✏sig)

. Boosting of statistics in signal region! improvement of signal purity of 35% @ 4% ✏sig

. No overtraining is observed

DESYª | S. Stefkova | Lepton-Photon 2021, 11th January 2022 Page 19



Validation I: B+ ! J/ (! µ+µ�)K+

BDT1 and BDT2 validated with data/MC comparison using B+
! J/ (! µ+µ�)K+

. Used because of high BF and clean signature

. Validation for both signal and B-backgrounds !

. Excellent agreement! for BDT2 > 0.95, data/MC = 1.06± 0.10

Signal-like B+
! J/ (! µ+µ�)K+

. 0. Reconstruct B+
! J/ (! µ+µ�)K+

. 1. Ignore dimuon from J/ to mimic miss-
ing energy

. 2. Replace four-momenta of K+ by that of
the signal to mimic 3-body kinematics

Signal

Signal proxy
1. remove dimuon
2. mimic 3-body 

kinematics

Background proxy

DESYª | S. Stefkova | Lepton-Photon 2021, 11th January 2022 Page 20



Fit Region Definition

. Signal region: maximum sensitivity! BDT2 > 0.95! 4.3% ✏sig

. In SR, kaon PID > 0.9! keep 62% kaons, remove 97% pions

. 24 bins in pT ⇥ BDT2 space
(12 bins on-resonance + 12 bins off-resonance)

. Bin boundaries determined from 2D grid optimisation

Region 2D Bin Boundary Definition Physics Processes
p
s

Signal pT(K+) 2 [0.5, 2.0, 2.4, 3.5] GeV/c signal + ⌥(4S)
Region (SR) BDT2 2 [0.95, 0.97, 0.99, 1.0] all backgrounds
Control pT(K+) 2 [0.5, 2.0, 2.4, 3.5] GeV/c signal + ⌥(4S)

Region 1 (CR1) BDT2 2 [0.93, 0.95] all backgrounds
Control pT(K+) 2 [0.5, 2.0, 2.4, 3.5] GeV/c continuum off-resonance

Region 2 (CR2) BDT2 2 [0.95, 0.97, 0.99, 1.0] backgrounds (�60MeV/c2)
Control pT(K+) 2 [0.5, 2.0, 2.4, 3.5] GeV/c continuum off-resonance

Region 3 (CR3) BDT2 2 [0.93, 0.95] backgrounds (�60MeV/c2)

DESYª | S. Stefkova | 38th B2GM, 10.02.2021 Page 2
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Validation II: Continuum
Data/MC comparison between off-resonance data and continuum simulation in pT ⇥ BDT2 bins

. Very good agreement in shape

. Discrepancy in scale: Data/MC factor = 1.40±0.12

. Introduction of normalisation uncertainty of 50% to all the backgrounds (conservative)

12

Investigation of the Data-MC agreement between simulated continuum 
and off-resonance data in CR2-CR3.

Validation using off-resonance data

Filippo Dattola |  at  Belle IIb → sνν̄

1D projection of 2D CR2-CR3 Regions = {SR, CR1, CR2, CR3}

DESYª | S. Stefkova | Lepton-Photon 2021, 11th January 2022 Page 22



Statistical Model

. Likelihood implemented within Tv?7 package

. Cross-check with b;?7: simplified Gaussian model

. Inclusion of systematics in the model via nuisance parameters:
background normalisation uncertainty, tracking inefficiency, neu-
tral energy miscalibration for photons, neutral energy miscalibra-
tion for unmatched photons, uncertainty on PID correction due to
limited statistics, uncertainty on branching fractions of leading bkg
processes, uncertainty on SM form factor

. All 7 background samples considered separately: mixed B, charged
B, cc̄, uū, s̄s, dd̄, ⌧+⌧�

. Total number of fit parameters: 175 nuisance parameters (~�) and
1 parameter of interest ( signal strength=µ )

. 1 µ = SM BF = (4.6± 0.5)⇥ 10�6

13

Fit procedure

∏
r∈regions

∏
b∈bins

Pois(nrb |νrb(η, χ)) ∏
χ

cχ(aχ | χ)f (n, a |η, χ) =

Simultaneous measurements of 
multiple regions

Constraintsparameter of interest
nuisance parameters

η =
χ =

Extended Maximum Likelihood Binned Fit:

• Systematic uncertainties (normalisations of 
bkg’s yields, BR of the leading B-decays, 
PID correction, …) as (175) nuisance 
parameters: event count modifiers.

• 1 parameter of interest: signal strength μ: 
multiplicative factor with respect to the SM 
expectation. 

μ = 1 → SM BF = 4.6 × 10−6

Filippo Dattola |  at  Belle IIb → sνν̄

Regions = {SR, CR1, CR2, CR3}

13

Fit procedure

∏
r∈regions

∏
b∈bins

Pois(nrb |νrb(η, χ)) ∏
χ

cχ(aχ | χ)f (n, a |η, χ) =

Simultaneous measurements of 
multiple regions

Constraintsparameter of interest
nuisance parameters

η =
χ =

Extended Maximum Likelihood Binned Fit:

Filippo Dattola |  at  Belle IIb → sνν̄

Regions = {SR, CR1, CR2, CR3}
off-resonanceon-resonance
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Fit To Data

. Binned simultaneous ML fit to data to extract signal strength µ

. Result: µ = 4.2+2.9
�2.8(stat)

+1.8
�1.6(syst) = 4.2+3.4

�3.2

. Continuum bkgs pulled up by up to 40%, B-bkgs stay the same

μ = 4.2+2.9
−2.8(stat)+1.8

−1.6(syst)

On-resonance data

 Purity: 22%

                        Purity: 6%
Off-resonance data
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Limit Setting
. As no significant signal is observed! limit setting

. Use both Tv?7 and b;?7to compute a limit! consistent results

. Result: B(B+ ! K+⌫⌫̄) < 4.1 ⇥ 10�5 @ 90 CL

. Leading systematic: background normalisation

DESYª | S. Stefkova | Lepton-Photon 2021, 11th January 2022 Page 25
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Reinterpretation

. Publish ✏sig as a function of q2(⌫⌫̄)

. Reminder: default signal model! PHSP model with SM form factor reweighting [arXiv:1409.4557]

. At low q2 maximum signal efficiency of⇠ 13%, but no sensitivity for q2 > 16 GeV2/c2

DESYª | S. Stefkova | Lepton-Photon 2021, 11th January 2022 Page 26
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Comparison with Other Measurements

. Competitive limit

. Comparison with other experiments via �BR assuming
same luminosity! the performance of inclusive tag:

. 3.5 better than hadronic tag

. 20% better than semileptonic tag

. 10% better than combined hadronic and semilep-
tonic tag

17

Measurement summary…

Experiment Year Observed limit on Approach Data  aa

BABAR 2013
[Phys.Rev.D87,112005]

SL + Had 
tagging

Belle 2013
[Phys.Rev.D87,111103(R)]

Had 
tagging

Belle 2017 [Phys.Rev.D96,091101(R)]
SL 

tagging

Belle II 2021 Inclusive 
tagging

[fb−1]

429

711

711

63

< 1.6 × 10−5

< 5.5 × 10−5

< 1.9 × 10−5

< 4.1 × 10−5

BR(B+ → K+νν̄)

Filippo Dattola |  at  Belle IIb → sνν̄

• This measurement represents the first search for  performed with an 
inclusive tagging and the first measurement using Belle II in its nominal 
configuration. 

• No signal yet, but an observed upper limit on the branching ratio of  is 
set at the 90% CL.

B+ → K+νν̄

4.1 × 10−5
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Conclusion and Prospects
. Paper got recently accepted by PRL :) Paper link: arxiv:2104.12624

. Bigger dataset (+ possible combination with Belle dataset)

. Attacking biggest systematic (background normalisations, e.g continuum modelling)

. More channels (K⇤, K0
s , K⇤+...)

. Possible improvement in background suppression (use of NN architecture, discriminating vars)

. Combined analysis of inclusive and exclusive tagged events

…and future perspectives

Filippo Dattola |  at  Belle IIb → sνν̄

• More data: larger sample ready to be analysed.

• More input variables: e.g.  ID.

• More channels: extension of the technique to  and .

• Reduction of systematics: improvement of the continuum modelling.

• Improvement of the multivariate classification: possible mixed NN and BDT 
architecture. 

3 ×

KL

B0 → K0
S νν̄ B → K*νν̄

(arXiv:2104.12624) (Summer 2021 — 
current lumi)

(Summer 2022 — 
expected)

(+ Belle I sample)

1.55 0.78 0.52 0.32

- 0.68 0.45 0.28

σBR(K+)

σBR(K+ + K0
S)

63 fb−1 197 fb−1 450 fb−1 (450 + 700) fb−1

 uncertainty for next analyses, assuming 25% improvement + 40% 105 × σBR K0
S

19

Preli
minar

y

BPAC 2020 0629 42020/6/29

• Updated plan
• Proposed in Roadmap 2020

SuperKEKB Roadmap2020

• Peak luminosity ~6E35 cm-2s-1 in ~2028
• Integrated luminosity 50 ab-1 in ~2030 

(40 ab-1 in ~2029)
• PXD exchange in 2021~2022
• Partial RF-power upgrade (2 stations) 

in 2026
• IR (QCS and its beam pipes etc.) 

upgrade in 2026
• by

*=0.3 mm in 2026 after IR upgrade, 
and ~0.5 mm before that

• Max. beam currents: LER 2.8 A, HER 
2.0 A (1761 bunches) in 2027

• Basically, 8 months operation per year.

PXD

IR (QCS*)

RF
[partial]

(Tuning)

Pe
ak

 lu
m

in
os

ity
 [x

10
35

cm
-2

s-1
]

[Investment in equipment]
• IR (QCS and its beam pipes etc.)
• Partial RF-power upgrade (2 stations)
• Beam collimator upgrade
• Linac upgrade
• Belle II upgrade

Int. lum
inosity [ab

-1]

*QCS:
Superconducting final focusing quadrupole magnetDESYª | S. Stefkova | Lepton-Photon 2021, 11th January 2022 Page 28
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Slavomira Stefkova
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Basic Event Selection
. Track cleanup: pT > 0.1GeV/c, ✓ 2 CDC, |dr| < 0.5cm, |dz| < 3.0cm, E< 5.5 GeV

. Photon cleanup: E> 0.1 GeV, 2 CDC, E< 5.5 GeV

. Other loose preselection to reject low-multiplicity background:
. 4  Mh`�+Fb*H2�M2/  10
. 0.3 < ✓(pmiss) < 2.8 rad
. Visible E in CMS frame> 4GeV

DESYª | S. Stefkova | Lepton-Photon 2021, 11th January 2022 Page 29



Continuum Modelling Improvement

Additional BDTc is trained on events with BDT1 > 0.9 in order to correct mismodeling of continuum simulation:

. Signal = off-resonance data , background = continuum simulation

. Continuum simulation events are reweighted with p
1�p , where p = BDTc output

. Method taken from here: J. Phys.: Conf. Ser. 368 012028

Before reweighting After reweighting

DESYª | S. Stefkova | Lepton-Photon 2021, 11th January 2022 Page 30
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Overtraining
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Fit Validation

. Test with injected signal! check pulls = µfit�µinj
�µ

for 1, 5, 20⇥ signal

. Test the fit quality! high p-value, good agreement with �2 distribution
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pyhf versus sghf
. Check correlation between pyhf and sghf fitted µ for 1, 5, 20⇥ signal! very good correlation

DESYª | S. Stefkova | Lepton-Photon 2021, 11th January 2022 Page 33



Profile Likelihood Scan
. Assymetric uncertainty on signal strength µ estimated by fitting of parabola of the points from profile likelihood

scan

DESYª | S. Stefkova | Lepton-Photon 2021, 11th January 2022 Page 34



Background Composition in the Fit Region
Background composition in the fit region

•  signal side:B0B̄0 •  tag side:B0B̄0

•  signal side:B+B− •  tag side:B+B̄−

31Filippo Dattola |  at  Belle IIb → sνν̄DESYª | S. Stefkova | Lepton-Photon 2021, 11th January 2022 Page 35



Belle II Projections for R(K) and R(K*)

22-Mar-2021 Belle II Academy  |   S. Sandilya 31

• Upcoming Belle II measurements will be helpful in reducing statistical 
uncertainties.

• Total uncertainties on R(K) and R(K*) measurements can reach down to below 5% 
with full data-set at Belle II.

• Uncertainties are still statistical dominant (total systematic is below 1% with 
dominating uncertainty from lepton identification a 0.4%)

B2TIP report | arXiv:1808.10567

Belle II Prospects (R(K*), angular)

!20

Belle P’5 

The largest deviation with 2.6 
sigma observed in muon channel

Electron channel is deviating with 
1.1 sigma

With 2.8 ab-1 the uncertainty on 
P’5 (both e & mu) will be 
comparable to LHCb 3 fb-1 (mu 
only)

[Belle  Phys. Rev. Lett. 118, 111801]

[Belle arXiv: 1904.02440]

Belle (R(K*))  

Largest deviation in the low q2 bin

Current R(K*) Status

22-Mar-2021 Belle II Academy  |   S. Sandilya 24

• Belle also provided first measurement of R(K*�).

• Latest R(K*) measurement from Belle are consistent with the SM as well as 

with the previous measurements from LHCb (and BaBar).

• LHCb measurements for R(K*):  
𝟎. 𝟔𝟔−𝟎.𝟎𝟕+𝟎.𝟏𝟏 𝐬𝐭𝐚𝐭 r 𝟎. 𝟎𝟑 (𝐬𝐲𝐬. )

for q2 � (0.045,1.1) GeV2/c4

𝟎. 𝟔𝟗−𝟎.𝟎𝟕+𝟎.𝟏𝟏 𝐬𝐭𝐚𝐭 r 𝟎. 𝟎𝟓 (𝐬𝐲𝐬. )
for q2 � (1.1,6.0) GeV2/c4

• Belle measurements for R(K*):  

𝟎. 𝟓𝟐−𝟎.𝟐𝟔+𝟎.𝟑𝟔 𝐬𝐭𝐚𝐭 r 𝟎. 𝟎𝟓 (𝐬𝐲𝐬. )
for q2 � (0.045,1.1) GeV2/c4

𝟎. 𝟗𝟔−𝟎.𝟐𝟕+𝟎.𝟐𝟗 𝐬𝐭𝐚𝐭 r 𝟎. 𝟏𝟏 (𝐬𝐲𝐬. )
for q2 � (1.1,6.0) GeV2/c4

2.1 – 2.3 V from SM

2.4 – 2.5 V from SM

LHCb, JH
EP08(2017)055

Belle [arXiv: 1904.02440]

SM example: JHEP 1801 (2018) 093

for q2 � (0.045,1.1) GeV2/c4 : 0.92 r 0.02

for q2 � (1.1,6.0) GeV2/c4 : 1.00 r 0.01

2022 ~2024 ~2031

Belle II prospects for angular analysis

22-Mar-2021 Belle II Academy  |   S. Sandilya 52
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Belle II LHCb

Signal K+, Ks K+

Same K e e 
Statistics

1 ab-1 1 fb-1

B->K mu 
mu  

Efficiency

30 % ~5 %

B->K e e  
Efficiency

30 % <5% Lower 
due to 

tracking 
and trigger

B->K e e 
Resolution 

Better 
thanks to 

Mbc

Worse 
because of 

Brems

High q2 bin Accessible Hard

R(K) Belle II vs LHCb 
In comparison to LHCb, 3 differing 
aspects to consider: efficiency, 
statistics and resolution

|  Belle II Highlights and Prospects | Slavomira Stefkova

Moriond 2021:63 fb-1
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FIG. 1: Signal enhanced projection for a fit to the distributions of beam-energy-constrained mass
Mbc and energy di↵erence �E of B+ ! K+`+`� candidates, where ` is an electron or muon. The
Mbc projection is obtained in a window �0.06 < �E < 0.04 GeV whereas the �E projection is
obtained for Mbc > 5.27 GeV/c2. The fit model for Mbc contains the following three components:
a Crystall Ball function for the signal (red dot-dash line), another Crystall Ball function for the
peaking background from B+ ! K+⇡+⇡� decays (magenta filled area), and an ARGUS function
for the combinatorial background from qq continuum and other B decays (green dashed line).
Similarly, the fit model for �E contains the following three components: a double-sided Crystal
Ball summed with a Gaussian function for the signal (red dot-dash line), another double-sided
Crystal Ball summed with a Gaussian function for the peaking background from B+ ! K+⇡+⇡�

decays (magenta filled area), and an exponential function for the combinatorial background from
qq continuum and other B decays (green dashed line). Black markers with error bars are data.
The signal shape parameters obtained from correctly reconstructed simulated events are kept fixed
in the fit. The ARGUS endpoint is fixed to the kinematic threshold of 5.29GeV/c2 and the
second parameter is determined from the fit to data. We also determine the parameter of the
exponential from the fit to data. The number of peaking background events is fixed to the value
0.7, which is estimated from simulated events. The signal component has an overall significance of
2.7 standard deviations, with a yield of 8.6+4.3

� 3.9 ±0.4, where the quoted uncertainties are statistical
and systematic, respectively.

2

Electrons (and muons) in Belle II have better resolution 
thanks to Mbc 
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Figure 2: Candidate invariant mass distributions. Distribution of the invariant mass
m(J/ )(K

+`+`�) for candidates with (left) electron and (right) muon pairs in the final state for the
(top) nonresonant B+

! K+`+`� signal channels and (bottom) resonant B+
! J/ (! `+`�)K+

decays. The fit projection is superimposed. In the resonant-mode distributions, some fit
components are too small to be visible.

statistical and systematic uncertainty is then determined by scanning the profile-likelihood
and the statistical contribution to the uncertainty is isolated by repeating the scan with
the e�ciencies fixed to their fitted values.

The determination of the rJ/ ratio requires control of the relative selection e�ciencies
for the resonant electron and muon modes, and does not therefore benefit from the
cancellation of systematic e↵ects in the double ratio used to measure RK . Given the scale
of the corrections required, comparison of rJ/ with unity is a stringent cross check of
the experimental procedure. In addition, if the simulation is correctly calibrated, the
measured rJ/ value will not depend on any variable. This ratio is therefore also computed
as a function of di↵erent kinematic variables that are chosen to provide overlap with the
spectra of the nonresonant decays. Although the range of q2 di↵ers between resonant
and nonresonant decays, the e�ciency depends on laboratory-frame variables such as the
momenta of the final-state particles, or the opening angle between the two leptons, rather
than directly on q

2. A given set of values for the final-state particles’ momenta and angles
in the B

+ rest frame will result in a distribution of such values when transformed to the
laboratory frame. As a result, there is significant overlap between the nonresonant and
resonant samples in the relevant distributions, even if they are mutually exclusive as a
function of q2.

The value of rJ/ is measured to be 0.981± 0.020, where the uncertainty includes both

5
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Measurement is going to be statistically limited for foreseeable 
future with leading systematics due to lepton ID~0.4% 

In order to confirm LHCb’s R(K) anomaly (5 sigma) need at 
least 20 ab-1

!18

Towards R(K) in Belle II

Signal yield extracted with 2D ML                
        fit to Mbc and ∆E:

Significance: 2.7 sigma
Peaking background from

8.6+4.3
−3.9(stat) ± 0.4(syst)

B+ → K+π+π−

First Belle II measurement of B+ → K+l+l− Prospects for R(K)

Mbc = E2
beam − | ⃗pB |2 ΔE = EB − Ebeam

|  Belle II Highlights and Prospects | Slavomira Stefkova

Moriond 2021:63 fb-1

[The Belle II Physics Book]
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FIG. 1: Signal enhanced projection for a fit to the distributions of beam-energy-constrained mass
Mbc and energy di↵erence �E of B+ ! K+`+`� candidates, where ` is an electron or muon. The
Mbc projection is obtained in a window �0.06 < �E < 0.04 GeV whereas the �E projection is
obtained for Mbc > 5.27 GeV/c2. The fit model for Mbc contains the following three components:
a Crystall Ball function for the signal (red dot-dash line), another Crystall Ball function for the
peaking background from B+ ! K+⇡+⇡� decays (magenta filled area), and an ARGUS function
for the combinatorial background from qq continuum and other B decays (green dashed line).
Similarly, the fit model for �E contains the following three components: a double-sided Crystal
Ball summed with a Gaussian function for the signal (red dot-dash line), another double-sided
Crystal Ball summed with a Gaussian function for the peaking background from B+ ! K+⇡+⇡�

decays (magenta filled area), and an exponential function for the combinatorial background from
qq continuum and other B decays (green dashed line). Black markers with error bars are data.
The signal shape parameters obtained from correctly reconstructed simulated events are kept fixed
in the fit. The ARGUS endpoint is fixed to the kinematic threshold of 5.29GeV/c2 and the
second parameter is determined from the fit to data. We also determine the parameter of the
exponential from the fit to data. The number of peaking background events is fixed to the value
0.7, which is estimated from simulated events. The signal component has an overall significance of
2.7 standard deviations, with a yield of 8.6+4.3

� 3.9 ±0.4, where the quoted uncertainties are statistical
and systematic, respectively.
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