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Outline

Angular Analysis of B æ Kú¸¸ [Belle, PRL 118, 111801 (2017)]

Test of LFU in B æ Kú¸¸ decays [Belle, arXiv: 1904.02440]
Test of LFU in B æ K¸¸ decays [LHCb, arXiv: 1903.09252]

Search for LFV B0 æ Kú0µe decays [Belle, PRD 98, 071101 (2018)]
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Introduction

B æ K¸¸ and B æ Kú¸¸ involve quark transition from b æ s which are FCNCs. These processes
occur through penguin loop and box diagrams in SM.
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Global analysis of B decays hint at lepton flavor non universality.

These decays are highly suppressed and very small BR (O (10≠6)).

These decays are very sensitive to NP.

Rare b-hadron decays place strong constraints on many BSM models by probing energy scales
higher than direct searches.

New physics can contribute by:

enhancing or suppressing decay rates.

modifying the angular distribution of the final state particles.
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Introduction

The amplitude of a hadron decay process is described as:

Wilson coe�cients Ci = Perturbative short distance e�ects
Operators Oi = non-perturbative long distance e�ects.

i = 7 : Photon penguin
i = 9, 10 : Electoweak penguin

NP can a�ect SM operator contributions (Wilson coe�cients) and/or enter through new operators.
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Contribution of C7, C9 and C10 depends on q2 (invariant mass square of two leptons).
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Introduction

The angular analysis for B æ Kú¸¸ has complex angular distribution that provides many
observables sensitive to di�erent types of BSM physics.

Each observable depends on di�erent Wilson coe�ciencts and form-factors. [S. Descotes-Genon et
al. JHEP 01(2013) 048]

In the SM, couplings of the gauge bosons to leptons are independent of lepton flavour. [G. Hiller
and M. Schmaltz JHEP02(2015) 055]

Branching fractions of e, µ and · di�er only by phase space and helicity-suppressed contributions.

Any sign of lepton non-universal interation would be a direct sign of new physics.

NP models accomodating LFU violation, will also show LFV [S.L Glashow et.al PRL 114, 091801
(2015)].
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Experimental facilities

e+e≠ æ �(4S) æ BB̄

The Belle experiment is located at the
KEKB accelerator in Tsukuba, Japan.

Data taking from 1999 to 2010.

It is designed as a B-factory.

Data collected: 772 million BB̄ pairs.

Located at the CERN LHC proton-proton
collider

Forward spectrometer with Vertex,
Tracking, PID and Calorimetry

Run 1, Collision energies 7,8 TeV
(2011,2012) 3 fb≠1

Run 2, Collision energy 13 TeV
(2015,2016) 3 fb≠1
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B æ K ú¸¸ angular analysis

The di�erential decay rate is given by:

1
d�/dq2

d4�
d cos ◊¸ d cos ◊K d„ dq2 =

9
32fi

[ 3
4

(1 ≠ FL) sin2 ◊K + FL cos2 ◊K + 1
4

(1 ≠ FL) sin2 ◊K cos 2◊¸ ≠ FL cos2 ◊K cos 2◊¸ +
S3 sin2 ◊K sin2 ◊¸ cos 2„ + S4 sin 2◊K sin 2◊¸ cos „ + S5 sin 2◊K sin ◊¸ cos „ + S6 sin2 ◊K cos ◊¸ +

S7 sin 2◊K sin ◊¸ sin „ + S8 sin 2◊K sin 2◊¸ sin „ + S9 sin2 ◊K sin2 ◊¸ sin 2„]

In the lepton massless limit there are eight independent observables:

FL: Fraction of the longitudinal polarization of the Kú

S6: The forward-backward asymmetry of the dimuon system
S3,4,5,7,8,9 : The remaining CP-averaged observables

FL and Si are function of q2.

Observable PÕ
i and Qi

PÕ
i=4,5,6,8 = Sj=4,5,7,8

FL(1 ≠ FL)
JHEP 05(2013) 137

Qi = Pµ
i ≠ Pe

i , i = 4, 5 JHEP 10(2016) 075

PÕ
i are free of form-factor uncertainties.

Any deviation from zero for Qi , would be a hint for NP.
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Belle: B æ K ú¸¸ Angular analysis

The channels reconstructed for analysis are

B0 æ Kú0µ+µ≠, B+ æ Kú+µ+µ≠

B0 æ Kú0e+e≠, B+ æ Kú+e+e≠

Kú is reconstructed from:

Kú0 æ K+fi≠

Kú+ æ K+fi0

Kú+ æ K 0
S fi+

Multivariate analysis technique (NN) is used to identify each particle type in the decay chain.
Kinematic variables which distinguish signal from background are

Mbc =


E 2
beam/c4 ≠ |pB |2/c4

�E = EB ≠ Ebeam

Requirment on kinematic variables:

5.22 < Mbc < 5.20 GeV/c2 and ≠0.10 (≠0.05) < �E < 0.05 GeV for ee(µµ)

Final selection requirment on the top-level NN is optimized by maximizing a figure of merit

FOM = nsÔ
ns + nb

Extended maximum likelihood fit to extract signal.
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Belle results for P Õ
4 and P Õ

5 [PRL 118 (2017) 111801]

All measurements are compatible with SM predictions.

The strongest tension of 2.6‡ is observed in PÕ
5 of the muon modes for the region 4 < q2 < 8

GeV2/c4.

For 4 < q2 < 8 GeV2/c4 bin, 1.3‡ deviation is found in electron mode.

Combining muon and electron modes, deviation is 2.5‡.
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Belle results for Q4 and Q5 [PRL 118 (2017) 111801]

Q4,5 observables show no significant deviation from zero.

q2 GeV2/c4 Q4 Q5
[1.00, 6.00] 0.498 ± 0.527 ± 0.166 0.656 ± 0.485 ± 0.103
[0.10, 4.00] ≠0.723 ± 0.676 ± 0.163 ≠0.097 ± 0.601 ± 0.164
[4.00, 8.00] 0.448 ± 0.392 ± 0.076 0.498 ± 0.410 ± 0.095

[14.18, 19.00] 0.041 ± 0.565 ± 0.082 0.778 ± 0.502 ± 0.065
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All results for P Õ
5

P. Cartelle, Dark Matter @ LHC Heidelberg, April 2018
https://cds.cern.ch/record/2311960/files/FlavourAnomaliesLHCbAlvarez.pdf

• LHCb JHEP 02 (2016) 104
⌅ Belle: PRL 118 (2017) 111801
⇤ ATLAS: JHEP 10 (2018) 517
¶ CMS: Phys. Lett. B 781(2018) 517

3.4‡ deviation for LHCb 4 < q2 < 6 GeV2/c4
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Test of LFU (RKú) for B æ K ú¸¸ Prior to Moriond, 2019
LHCb measurement of

RKú = BR(B0 æ Kú0
µ+µ≠)

BR(B0 æ Kú0 e+e≠)
shows deviations from SM expectation.

RKú (0.045 < q2 < 1.1 GeV2/c4) = 0.66+0.11
≠0.07 ± 0.03

RKú (1.1 < q2 < 6 GeV2/c4) = 0.69+0.11
≠0.07 ± 0.05

Compatibility with the SM estimated to be at the level of 2.1 ≠ 2.3‡ for low q2 and 2.4 ≠ 2.5‡ at
central q2 for a data sample of 3fb≠1.

Belle measurement for whole q2 region, RKú = 0.83±0.17±0.08, is consistent with SM prediction.

BaBar measured for low and high q2 bins and are consistent with SM with high uncertainty.
P. Cartelle, Dark Matter @ LHC Heidelberg, April 2018

https://cds.cern.ch/record/2311960/files/FlavourAnomaliesLHCbAlvarez.pdf

N BIP [EPJC 76 (2016) 440]
H CDHMV [JHEP 04 (2017) 016]
⌅ EOS [PRD 95 (2017) 035029]
⌥ flav. io [EPJC 77 (2017) 377]
• JC [PRD 93 (2016) 014028]

• LHCb [JHEP 08(2017) 055]
⌅ BaBar [PRD 86 (2012) 032012]
N Belle [PRL 103 (2009) 171801]
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New Belle results for RKú arXiv: 1904.02440

Similar particle selection and fitting procedure as that of B æ Kú¸¸ angular analysis.

The B æ Kú¸¸ mode is reconstructed by hierachical NN.

Background is suppressed by multivariate analysis technique which uses event topology
and NN outputs.

B æ KJ/Â is used as a control sample.

Signal is extracted using extended maximum likelihood fit.

RKú is calculated.

RKú = B æ Kúµµ

B æ Kúee
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Belle: RKú Data fit

Perfomed extended maximum likelihood fit.

PDF parameterization:
Signal : CB with the shape parameters determined from B æ KúJ/Â(æ ¸¸) candidates in J/Â
region.
Combinatorial background: Argus shape.
Events from charmonium decay: The events which pass the charmonium veto because of
misreconstruction are modeled with kernel density function.
Peaking background: Peaking from double flavor misidentification fitted with KDF.

The normalization from peaking and charmonium are derived from MC and fixed in the fit for the
signal yield.

Example fit for q2 > 0.045 GeV2/c4.

103.0+13.4
≠12.7 and 139.9+16.0

≠15.4 events for electon and muon modes, respectively.

Belle [arXiv:1904.02440]
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Belle Results: RKú (arXiv: 1904.02440)

First measurement of RKú+

q2 GeV2/c4 All modes B0 modes B+ modes
[0.045, 1.1] 0.52+0.36

≠0.26 ± 0.05 0.46+0.55
≠0.27 ± 0.07 0.62+0.60

≠0.36 ± 0.10
[1.1, 6] 0.96+0.45

≠0.29 ± 0.11 1.06+0.63
≠0.38 ± 0.13 0.72+0.99

≠0.44 ± 0.18
[0.1.8] 0.90+0.27

≠0.21 ± 0.10 0.86+0.33
≠0.24 ± 0.08 0.96+0.56

≠0.35 ± 0.14
[15 ≠ 19] 1.18+0.52

≠0.32 ± 0.10 1.12+0.61
≠0.36 ± 0.10 1.40+1.99

≠0.68 ± 0.11
[0.045, ] 0.94+0.17

≠0.14 ± 0.08 1.12+0.27
≠0.21 ± 0.09 0.70+0.24

≠0.19 ± 0.07
All results are found to compatible with SM prediction.
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Test of LFU (RK ) for B æ K¸¸ Prior to Moriond 2019

SM prediction is very accurate. R(SM)
K = 1 ± O (10≠2)

LHCb (PRL 113, 151601(2014)) shows deviation from SM

RK = BR(B+ æ K+µ+µ≠)
BR(B+ æ K+e+e≠)

= 0.745+0.090
≠0.074 ± 0.036

in q2 = [1 ≠ 6] GeV2/c4 : 2.6‡ tension for 3fb≠1 data sample (2011-12 data).

This observable is theoretically very clean, as most of the hadronic uncertainties cancel out in the
ratio.

The value of RK for Belle was consistent with unity within the uncertainty limit measured for a
data sample of 605fb≠1.

Bin RK Collaboration
1 < q2 < 6 0.745+0.090

≠0.074 ± 0.036 LHCb (2014)
1.1 < q2 < 6 0.846+0.060+0.016

≠0.054≠0.014 LHCb (2019)
whole q2 1.03 ± 0.19 ± 0.06 Belle

0.10 < q2 < 8.12 0.74+0.40
≠0.31 ± 0.06 BaBar

q2 > 10.11 1.43+0.65
≠0.44 ± 0.12 BaBar
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Updated RK measurement with LHCb data [arXiv: 1903.09252]

The analsysis of 2011 and 2012 data is re-optimized and analysis strategy is re-designed.

2015 and 2016 LHCb data are added.

This analysis uses twice as many B’s as the previous analysis.
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RK measurement at LHCb

Electron and muon tracks are very di�erent in LHCb.

Because of bremsstrahlung, electron has worse q2 resolution and low reconstruction e�ciency.
Better PID and trigger performances for muons.

Use double ratio to cancel out most of the systematic uncertainties.

RK = BR(B+ æ K+µ+µ≠)
BR(B+ æ K+e+e≠)

/
BR(B+ æ K+J/Â(æ µ+µ≠))
BR(B+ æ K+J/Â(æ e+e≠))

∆ RK = N(K+µµ)
N(K+J/Â(µµ)

.
N(K+J/Â(ee))

N(K+ee)
.
Á(K+J/Â(µµ))

Á(K+µµ)
.

Á(K+ee)
Á(K+J/Â(ee))

To check e�ciencies are correct,

rJ/Â = BR(B+ æ K+J/Â(æ µµ))
BR(B+ æ K+J/Â(æ ee))

= 1.0

rJ/Â is found to be 1.014±0.035 (stat. + syst.)
E�ciencies should be understandable as a func-
tion of any variable.

rJ/Â should be flat for all variables examined.
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Fit for B+ æ K+µ+µ≠ and B+ æ K+e+e≠

A single fit to the m(K+¸+¸≠) distributions is performed to determine RK from the entire
2011-2016 dataset.

The red-dotted line shows the distribution that would be expected from the observed number of
B+ æ K+µ+µ≠ or B+ æ K+e+e≠ decays and RK = 1.
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RK result with 2011 to 2016 data [arXiv: 1903.09252]

Using 2011 and 2012 LHCb data, RK was:

RK [1.0 ≠ 6.0] = 0.745+0.090
≠0.074 ± 0.036

2.6‡ from SM prediction.

Adding 2015 and 2016 data, RK become:

RK([1.1 ≠ 6.0]) = 0.846+0.016+0.060
≠0.054≠0.014≥ 2.5‡ from SM.
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Lepton Flavor Violation

The deviation from SM expectation in RK and RKú from LHCb result possibly show LFU violation.

LFV can come together with LFU violation [S. L. Glashow et.al PRL 114, 091801 (2015)].

Belle has published LFV decays B0 æ Kú0
¸¸Õ, where ¸ = µ, e [PRD 98.071101(2018)].
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Analysis procedure for LFV B0 æ K ú0
¸¸Õ

Particle selection and Background suppression

Charged particles are selected which satisfy PID criteria and originate from a region near the e+e≠

interaction point.

Kaon and pion candidates are combined to form Kú0.

B candidate is reconstructed by combining Kú0, µ± and e± candidates.

Constraint on kinematic variables are

Mbc > 5.2 GeV/c2

≠0.05 < �E < 0.04 GeV

Strong contribution from continuum (qq̄) and generic B (BB̄) backgrounds.

Two stage NN is used to suppress the backgrounds. i .e., Optimization of generic B background
from the optimal cut of continuum background.

Peaking Background
Peaking background due B0 æ Kú0(æ K+fi≠)J/Â(æ ¸¸), and PID misidentification
We veto:

For B0 æ Kú0µ+e≠

M(¸+¸≠) /œ [3.04, 3.12] GeV/c2

M(K+e≠) /œ [2.90, 3.12] GeV/c2

M(fi≠µ+) /œ [3.06, 3.12] GeV/c2

For B0 æ Kú0µ≠e+

M(¸+¸≠) /œ [3.02, 3.12] GeV/c2

M(fi≠e+) /œ [3.02, 3.12] GeV/c2
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Results for B0 æ K ú0
¸¸Õ

Good agreement between data and MC.
No evidence of signal observed æ upper limit is estimated.

3

While calculating the aforementioned invariant masses,189

the mass hypothesis for a hadron is taken to be that190

of associated leptons. These vetoes have signal effi-191

ciencies of 90.4% and 94.8% for B0 → K∗0µ+e− and192

B0 → K∗0µ−e+, respectively. We have also studied pos-193

sible backgrounds from B0 → K∗0π+π− decays in which194

the pions are misidentified as leptons. We find this con-195

tribution to be negligible, less than 0.01 event.196

To test our understanding of remaining backgrounds,197

we compare the Mbc distributions for data and MC198

events, as shown in Fig. 1. The plots show good agree-199

ment between data and MC for both the number of events200

observed and the shapes of the distributions.201

We calculate the signal yield by performing an un-202

binned extended maximum-likelihood fit to the Mbc dis-203

tribution. The probability density function (PDF) used204

to model signal decays is a Gaussian, and that for all205

backgrounds combined is an “ARGUS” function [33].206

The signal shape parameters are obtained from MC207

simulation. We check these parameters by fitting the208

Mbc distribution of a control sample of B0 → K∗0(→209

K+π−) J/ψ(→ ℓ+ℓ−) decays. For this control sample,210

we fit both data and MC events and find excellent agree-211

ment between them for the shape parameters obtained.212

All background shape parameters, along with the signal213

and background yields, are floated in the fit. The fit-214

ted Mbc distributions and the overall fit projections are215

shown in Fig. 2. The fitted yields are Nsig = −1.5+4.7
−4.1216

and 0.40+4.8
−4.5 for B0 → K∗0µ+e− and B0 → K∗0µ−e+,217

respectively. For both final states combined we obtain218

Nsig = −1.18+6.8
−6.2.219

As there is no evidence of a signal, we calculate 90%220

confidence levels (CL) upper limits on the signal yields221

using a frequentist method [34] as follows. We scan222

through a range of possible signal yields, and for each223

yield generate 10000 sets of signal and background events224

according to their PDFs. Each set of events is statisti-225

cally equivalent to our data set of 711 fb−1. We combine226

signal and background samples and perform our fitting227

procedure on these combined sets of events. We then cal-228

culate, for each value of input signal yield, the fraction of229

sets (fsig) that have a fitted yield less than that observed230

in the data. The upper limit NUL
sig is the value of signal231

yield with fsig = 0.10. We include systematic uncertainty232

into the upper limit by smearing the Nsig distributions233

by the total fractional systematic uncertainty (see below)234

before calculating fsig.235

To obtain a 90% CL upper limit on the branching frac-236

tion (BUL), we input NUL
sig into the formula237

BUL =
NUL

sig

B(K∗0 → K+π−)× 2×NBB̄ × f00 × ε
,

where B(K∗0 → K+π−) = 0.6651 is the branching frac-238

tion for the intermediate decay K∗0 → K+π−; NBB̄ is239

the number of BB̄ pairs, 7.70 × 108; f00 is the branch-240
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FIG. 1: (color online) The Mbc distribution for data and
MC events that pass the selection criteria for the decays
B0

→ K∗0µ+e− (top), B0
→ K∗0µ−e+ (middle), and also

both decays combined (bottom). Points with error bars are
the data, the color filled stacked histograms depict MC com-
ponents from generic B decays (blue), qq̄ continuum (green),
and negligible contributions from B → charmless decays (pur-
ple).

ing fraction B(Υ(4S) → B0B̄0) = 0.486 ± 0.006; and ε241

is the signal reconstruction efficiency as calculated from242

MC simulation. The resulting upper limits are listed in243

Table I.244

There are a number of sources of systematic uncer-245

tainty, as listed in Table II. The uncertainty due to the246

PDF shapes is evaluated by varying the fixed PDF shape247

parameters by ±1σ and repeating the fit; the change in248
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FIG. 2: (color online) The Mbc distribution for data events
that pass the selection criteria for the decays B0

→ K∗0µ+e−

(top), B0
→ K∗0µ−e+ (middle), and also both decays com-

bined (bottom). Points with error bars are the data, and the
blue solid curve is the result of the fit for the signal-plus-
background hypothesis, where the blue dashed curve is the
background component. The red filled histogram represents
the signal PDF with arbitrary normalization.

the central value of Nsig is taken as the systematic uncer-249

tainty. The systematic uncertainty due to charged track250

reconstruction is 0.35% per track. The uncertainties due251

to particle identification requirements is 2.8%. The un-252

certainty due to the requirements imposed on Oqq̄
NN and253

OBB
NN are evaluated by imposing the same requirements254

on the control sample of B → K∗0J/ψ, J/ψ → ℓ+ℓ−255

decays. We compare the efficiencies of the ONN cuts on256

TABLE I: Results from the fits. The rightmost columns cor-
respond to efficiency, signal yield, 90% CL upper limit on
the signal yield, and 90% CL upper limit on the branching
fraction.

Mode ε (%) Nsig NUL
sig B

UL(10−9)

B0
→ K∗0µ+e− 8.8 −1.5+4.7

−4.1 5.2 1.2

B0
→ K∗0µ−e+ 9.3 0.40+4.8

−4.5 7.4 1.6

B0
→ K∗0µe (combined) 9.0 −1.18+6.8

−6.2 8.0 1.8

the control sample to those obtained from correspond-257

ing Monte Carlo samples; the ratio is used to correct our258

signal efficiency, and the statistical error on the ratio is259

taken as the systematic uncertainty due to the ONN re-260

quirements. For Oqq̄
NN, this ratio is 1.002 ± 0.022; for261

OBB, the ratio is 0.919 ±0.026. The common systematic262

uncertainty due to criteria on both the NNs is 2.8%.263

TABLE II: Systematic uncertainties included in calculating
the upper limits.

Source
Systematic (%)

K∗0µ+e− K∗0µ−e+ K∗0µ±e∓

Reconstruction efficiency ±0.3 ±0.3 ±0.3

Number of B0B̄0 pairs ±1.4 ±1.4 ±1.4

f00
±1.2 ±1.2 ±1.2

Track reconstruction ±1.4 ±1.4 ±1.4

Particle identification ±2.8 ±2.8 ±2.8

O
qq̄
NN and O

BB
NN ±2.8 ±2.8 ±2.8

B → charmless decays ±0.5 ±2.2 ±1.4

PDF shape parameters +2.1
−3.0

+8.2
−8.1

+4.5
−4.5

Total +5.0
−5.4

+9.6
−9.5

+6.5
−6.5

In summary, we have searched for the lepton-flavor-264

violating decays B0 → K∗0µ±e∓ using the full Belle data265

set recorded at the Υ(4S) resonance. We see no statis-266

tically significant signal and set the following 90% CL267

upper limits on the branching fractions:268

B(B0 → K∗0µ+e−) < 1.2× 10−7 (1)

B(B0 → K∗0µ−e+) < 1.6× 10−7 (2)

B(B0 → K∗0µ±e∓) < 1.8× 10−7 . (3)

These results are the most stringent constraints on LFV269

in B decays to date.270
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Mode Á (%) Nsig N(UL)
sig B(UL) (10≠7)

B0 æ Kú0
µ+e≠ 8.8 ≠1.5+4.7

≠4.1 5.2 1.2
B0 æ Kú0

µ≠e+ 9.3 0.4+4.8
≠4.5 7.4 1.6

B0 æ Kú0
µ±eû 9.0 ≠1.2+6.8

≠6.2 8.0 1.8
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Conclusion

The angular analysis variable PÕ
5 of B æ Kú¸¸ show a deviation of 2.5‡ from SM

prediction for the bin of 4 < q2 < 8 GeV2/c4. This deviation is maximum for µµ mode.

RKú measurements are compatible with SM prediction for Belle data.

Updated RK analysis from LHCb has a significantly improved precision. There is ≥ 2.5‡
tension with SM.

Most stringent upper limit is found for B0 æ Kú0µe mode.

More data from LHCb collected in 2017 and 2018 is being analyzed.

Upgraded LHCb detector will collect many times more data in the early 2020’s.

The Belle II experiment (50 times more data than Belle) will also provide stringent limits
on any deviation from SM predictions.

Lots more data to come!
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