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RK analysis

¥ Analysis on full Belle 711fb-1 dataset 

¥ 3D unbinned ML fit to beam constrained 
mass, beam energy difference and neutral 
network output 

¥ Reconstructed modes:
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We present measurements of the branching fractions for the decays B ! Kµ + µ! and B !
Ke + e! , and their ratio ( RK ), using a data sample of 711 fb! 1 that contains 772 " 106 B øB events.
The data were collected at the ! (4S) resonance with the Belle detector at the KEKB asymmetric-
energy e+ e! collider. The ratio RK is measured in four bins of dilepton invariant-mass squared, q2;
the results are

RK =

!
"""#

"""$

0.95 +0 .27
! 0.24 ± 0.06 q2 # (0.1, 4.0) GeV2/c 4,

0.81 +0 .28
! 0.23 ± 0.05 q2 # (4.0, 8.12) GeV2/c 4,

0.98 +0 .27
! 0.23 ± 0.06 q2 # (1.0, 6.0) GeV2/c 4,

1.11 +0 .29
! 0.26 ± 0.07 q2 > 14.18 GeV2/c 4.

The Þrst uncertainties listed are statistical, and the second uncertainties are systematic. The RK

value in the whole q2 range is found to be 1.06 +0 .15
! 0.14 ± 0.07. We also measureCP $ averaged isospin

asymmetries in the same q2 bins; the results are consistent with a null asymmetry with the largest
di" erence of 2.7 standard deviations is found in the q2 # (1.0, 6.0) GeV2/c 4 bin in the mode with
muon Þnal states. The measured branching fractions areB(B ! K µ+ µ! ) = (5 .5± 0.5± 0.3) " 10! 7

and B(B ! Ke+ e! ) = (5 .1 ± 0.5 ± 0.3) " 10! 7. These results are compatible with standard model
expectations.

PACS numbers: 13.20.He, 13.25.Hw, 11.30Fs

The decaysB ! K ! + ! ! (! = e, µ), which are mediated
by the b ! s! + ! ! quark-level transition, constitute a
ßavor-changing neutral current process. Such processes
are forbidden at tree level in the standard model (SM)
but can proceed via suppressed loop-level diagrams, and
are therefore sensitive to particles predicted in a number
of new physics models [1, 2]. A robust observable [3] to
test the SM is the lepton-ßavor-universality ratio,

RH =

R
d�
dq2

[B ! Hµ + µ! ]dq2

R
d�
dq2

[B ! He+ e! ]dq2
, (1)

where H is a K or K " meson and the decay rate! is
integrated over a range of the dilepton invariant-mass
squared, q2 " M 2(! + ! ! ). For RK ! , recently LHCb [4]
reported hints of deviations from SM expectations, while
Belle [5] results were consistent with the SM. LHCb also
measured RK [6], reporting a di" erence of about 2.5
standard deviations (" ) from the SM prediction in the
q2 # (1.1, 6.0) GeV2/c 4 bin. Previous measurement of the
same quantity was performed by Belle [7] in the wholeq2

range with a data sample of 657$ 106 B øB events. The re-
sult presented here is obtained from a multi-dimensional
Þt performed on the full Belle data sample, and super-
sedes our previous result.

Another theoretically robust observable [8], where the

dominant form-factor-related uncertainties cancel, is the
CP-averaged isospin asymmetry, that measures the dif-
ference in partial widths,

AI =
(#B+ / #B0 )B(B 0 ! K 0! + ! ! ) %B(B + ! K + ! + ! ! )
(#B+ / #B0 )B(B 0 ! K 0! + ! ! ) + B(B + ! K + ! + ! ! )

,

(2)
where #B+ / #B0 = 1 .076 is the lifetime ratio of B + to
B 0 [9]. The AI value is close to zero in the SM [10].
Earlier, BaBar [11], Belle [7] and LHCb [12] had reported
AI to be signiÞcantly below zero, especially in theq2

region below theJ/ $ resonance.
We report here a measurement of the decay branching

fractions of B ! K ! + ! ! , and RK and AI in the whole q2

range as well as in fourq2 bins [(0.1, 4.0), (4.0, 8.12), (1.0,
6.0), and> 14.18 GeV2/c 4]. The analysis uses a 711 fb! 1

data sample containing (772± 11)$ 106 B øB events. The
data were collected by the Belle experiment running near
the # (4S) resonance at the KEKB e+ e! collider [13]. An
89 fb! 1 data sample recorded 60 MeV below the# (4S)
peak (o" -resonance) is used to calculate the contribution
of continuum background in the analysis.

The Belle detector is a large-solid-angle magnetic spec-
trometer composed of a silicon vertex detector (SVD), a
50-layer central drift chamber (CDC), an array of aero-
gel threshold Cherenkov counters (ACC), a barrel-like ar-
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We present measurements of the branching fractions for the decays B ! Kµ+µ� and B !

Ke+e�, and their ratio (RK), using a data sample of 711 fb�1 that contains 772⇥ 106 BB̄ events.
The data were collected at the ⌥(4S) resonance with the Belle detector at the KEKB asymmetric-
energy e+e� collider. The ratio RK is measured in four bins of dilepton invariant-mass squared, q2;
the results are
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!
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value in the whole q2 range is found to be 1.06 +0.15
�0.14 ± 0.07. We also measure CP�averaged isospin

asymmetries in the same q2 bins; the results are consistent with a null asymmetry with the largest
di↵erence of 2.7 standard deviations is found in the q2 2 (1.0, 6.0)GeV2/c4 bin in the mode with
muon final states. The measured branching fractions are B(B ! Kµ+µ�) = (5.5±0.5±0.3)⇥10�7

and B(B ! Ke+e�) = (5.1± 0.5± 0.3)⇥ 10�7. These results are compatible with standard model
expectations.
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The decays B ! K`
+
`
� (` = e, µ), which are mediated

by the b ! s`
+
`
� quark-level transition, constitute a

flavor-changing neutral current process. Such processes
are forbidden at tree level in the standard model (SM)
but can proceed via suppressed loop-level diagrams, and
are therefore sensitive to particles predicted in a number
of new physics models [1, 2]. A robust observable [3] to
test the SM is the lepton-flavor-universality ratio,

RH =

R
d!
dq2 [B ! Hµ

+
µ
�]dq2

R
d!
dq2 [B ! He+e�]dq2

, (1)

where H is a K or K
⇤ meson and the decay rate ! is

integrated over a range of the dilepton invariant-mass
squared, q2 ⌘ M

2(`+`�). For RK ! , recently LHCb [4]
reported hints of deviations from SM expectations, while
Belle [5] results were consistent with the SM. LHCb also
measured RK [6], reporting a di" erence of about 2.5
standard deviations (�) from the SM prediction in the
q
2
2 (1.1, 6.0)GeV2

/c
4 bin. Previous measurement of the

same quantity was performed by Belle [7] in the whole q2

range with a data sample of 657⇥106 BB̄ events. The re-
sult presented here is obtained from a multi-dimensional
fit performed on the full Belle data sample, and super-
sedes our previous result.

Another theoretically robust observable [8], where the

dominant form-factor-related uncertainties cancel, is the
CP -averaged isospin asymmetry, that measures the dif-
ference in partial widths,

AI =
(⌧B+ /⌧B0 )B(B0

! K
0
`
+
`
�)� B(B+

! K
+
`
+
`
�)

(⌧B+ /⌧B0 )B(B0 ! K0`+`�) + B(B+ ! K+`+`�)
,

(2)
where ⌧B+ /⌧B0 = 1.076 is the lifetime ratio of B

+ to
B

0 [9]. The AI value is close to zero in the SM [10].
Earlier, BaBar [11], Belle [7] and LHCb [12] had reported
AI to be significantly below zero, especially in the q

2

region below the J/ resonance.
We report here a measurement of the decay branching

fractions of B ! K`
+
`
�, and RK and AI in the whole q2

range as well as in four q2 bins [(0.1, 4.0), (4.0, 8.12), (1.0,
6.0), and > 14.18 GeV2

/c
4]. The analysis uses a 711 fb�1

data sample containing (772± 11)⇥ 106 BB̄ events. The
data were collected by the Belle experiment running near
the # (4S) resonance at the KEKB e

+
e
� collider [13]. An

89 fb�1 data sample recorded 60MeV below the # (4S)
peak (o" -resonance) is used to calculate the contribution
of continuum background in the analysis.
The Belle detector is a large-solid-angle magnetic spec-

trometer composed of a silicon vertex detector (SVD), a
50-layer central drift chamber (CDC), an array of aero-
gel threshold Cherenkov counters (ACC), a barrel-like ar-
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rangement of time-of-ßight scintillation counters (TOF),
and an electromagnetic calorimeter (ECL) comprising
CsI(Tl) crystals. All these are located inside a super-
conducting solenoid coil that provides a 1.5 T magnetic
Þeld. An iron ßux return yoke placed outside the coil
is instrumented with resistive plate chambers (KLM) to
detect K 0

L mesons and muons. Further details about the
detector can be found in Ref. [14]. Two inner detector
conÞgurations were used: a 2.0 cm radius beam-pipe and
a three-layer SVD for the Þrst sample of 140 fb! 1; and a
1.5 cm radius beam-pipe, a four-layer SVD, and a small-
cell inner CDC for the remaining 571 fb! 1 [15].

To study properties of signal events and optimize selec-
tion criteria, we use samples of Monte Carlo (MC) sim-
ulated events. These are generated with theEvtGen
package [16] based on a model described in Ref. [17];
PHOTOS [18] is used to incorporate Þnal state ra-
diation. The detector response is simulated with
GEANT3 [19].

We reconstruct B ! K ! + ! ! (K = K + , K 0
S ) [20] de-

cays by selecting charged particles that originate from
the vicinity of the e+ e! interaction point (IP), except
for those originating from K 0

S decays. We require impact
parameters less than 1.0 cm in the transverse plane and
less than 4.0 cm along thez axis (opposite thee+ beam).
To reduce backgrounds from low-momentum particles,
we require that tracks have a minimum transverse mo-
mentum of 100 MeV/c .

From selected tracks, we identify K ± candidates us-
ing a likelihood ratio RK/ ⇡

= LK / (LK + L
⇡
), where L

⇡

and LK are the likelihoods for charged kaons and pions,
respectively, calculated based on the number of photo-
electrons in the ACC, the speciÞc ionization in the CDC,
and the time-of-ßight as determined from the TOF. We
select kaons by requiringRK/ ⇡

> 0.6, for which the kaon
identiÞcation e! ciency is 92% with a pion misidentiÞca-
tion rate of 7%. For the neutral B decay, candidateK 0

S

mesons are reconstructed by combining two oppositely
charged tracks (assuming pion mass for both) with an
invariant mass between 487 and 508 MeV/c 2; this corre-
sponds to 3" window around the nominal K 0

S mass [9],
and are identiÞed with a neural network (NN). The vari-
ables used for this NN are: theK 0

S momentum in the
laboratory frame, the distance along thez axis between
the two track helices at their closest approach, the ßight
length in the x " y plane, the angle between theK 0

S mo-
mentum and the vector joining the IP to the K 0

S decay
vertex, the angle between the pion momentum and the
laboratory-frame direction in the K 0

S rest frame, the dis-
tance of closest approach in thex " y plane between the
IP and the two pion helices, and the total number of hits
(in the CDC and SVD) for each pion track.

Muon candidates are identiÞed based on information
from the KLM. We require that candidates have a mo-
mentum greater than 0.8 GeV/c , and a penetration depth
and degree of transverse scattering consistent with those

of a muon [21]. A criterion on the normalized muon like-
lihood, Rµ > 0.9, is used to select muon candidates. For
this requirement, the average muon detection e! ciency
is 89%, with a pion misidentiÞcation rate of 1.5% [22].

Electron candidates are required to have a momentum
greater than 0.4 GeV/c and are identiÞed using the fol-
lowing information: the ratio of ECL energy to the CDC
track momentum; the ECL shower shape; the position
matching of the CDC track with the ECL cluster; and
the speciÞc ionization in the CDC [23]. A requirement
on the normalized electron likelihoodRe > 0.9 is im-
posed. This requirement has an e! ciency of 92% and
a pion misidentiÞcation rate below 1% [22]. To recover
energy loss due to possible bremsstrahlung, we search for
photons inside a cone of radius 50 mrad centered around
the electron momentum. If a photon is found within the
cone, its four-momentum is added to that of the electron.

Charged (neutral) B candidates are reconstructed by
combining K ± (K 0

S ) with suitable µ± or e± candidates.
To distinguish signal from background events, two kine-
matic variables are used: the beam-energy-constrained
mass M bc =

!
(Ebeam /c 2)2 " (pB /c )2, and the energy

di" erence# E = EB " Ebeam , where Ebeam is the beam
energy, andEB and pB are the energy and momentum,
respectively, of theB candidate. All these quantities are
calculated in the e+ e! center-of-mass (CM) frame. For
signal events, the # E distribution peaks at zero, and
the M bc distribution peaks near the B mass. We re-
tain events satisfying the requirements " 0.1 < # E <
0.25 GeV and M bc > 5.2 GeV/c 2.

With the above selection criteria applied, about 2% of
events are found to have more than one signalB can-
didate. We retain the candidate having the smallest#2

value from a vertex Þt of the B daughter candidates.
From MC simulation, we Þnd that this criterion identiÞes
the correct signal decay 78-85% of the time, depending on
the decay mode. The decaysB ! J/ $ (! ! + ! ! )K and
B ! $ (2S)( ! ! + ! ! )K , later used as control samples,
are suppressed in the signal selection via a set of vetoes
8.75 < q 2 < 10.2 GeV2/c 4 and 13.0 < q 2 < 14.0 GeV2/c 4

with the dimuon; 8.5 < q 2 < 10.2 GeV2/c 4 and 12.8 <
q2 < 14.0 GeV2/c 4 with the dielectron Þnal states for
B ! J/ $K and B ! $ (2S)K , respectively. An ad-
ditional veto of the low q2 region (< 0.05 GeV2/c 4) is
applied in the case ofB ! Ke+ e! to suppress possible
contaminations from %" ! e+ e! and &0 ! %e+ e! .

At this stage of the analysis, there is signiÞcant back-
ground from e+ e! ! qøq (q = u, d, s, c) continuum events
and other B decays. As lighter quarks are produced with
large kinetic energy, the former events tend to consist of
two back-to-back jets of pions and kaons. In contrast,
B øB events are produced almost at rest in the CM frame,
resulting in more spherically distributed daughter parti-
cles. We thus distinguishB øB events fromqøq background
based on event topology.

Background arising from B decays mostly has two un-

Introduction

The rare decayB ! K (! ) !! involves b ! s quark level transition, which are ßavor changing neutral
currents (FCNCs). These processes occur through penguin loop and box diagrams in standard
model (SM).

u u

b s

+K+B

-W

+l

-l

)t, c, u(

0/Z!

u u

b s

+K+B

(?)-W

+l

-l

(?)t

!/0Z

Global analysis ofB decays hints at lepton ßavor non universality.

These decays are highly suppressed and very small BR (O (10" 7)).

These decays are very sensitive to new physics (NP).

New physics can contribute by:

enhancing or suppressing decay rates.

modifying the angular distribution of the Þnal state particles.

S. Choudhury (IIT Hyderabad, India) Measurement of Lepton Flavor Universality in B decays at Belle July 12 2019 3 / 17
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RK analysis

¥ The NN is trained with event shape, 
vertex quality and kinematic 
variables to suppress the 
background from continuum and 
generic B decays.  

¥ Signal, continuum background, BB 
background and B ! charmless 
contributions considered in the fit 

¥ J/psi side-band used for calibration 

¥ Peaking backgrounds studied from 

¥ B ! J/psi K (*), B !D(!Kpi)pi

Belle 2019 7
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FIG. 1: Signal enhanced Mbc (left), �E (middle), and O
0 (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 big dashed, green dashed-dotted, and black dashed curves represent continuum, BB̄
background, and B ! charmless decays, respectively.
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FIG. 2: Signal enhanced Mbc (left), �E (middle), and O
0 (right) projections of three-dimensional unbinned extended maximum-

likelihood fits to the data events that pass the selection criteria for B0
! K0

S µ
+µ� (top), and B0

! K0
S e

+e� (bottom). The
legends are the same as in Fig. 1.

Electron modes

Muon modesFit results forB ! K !! [New]

Extended maximum likelihood Þt is performed in 3-dimensionsi .e., Mbc , ! E and O! .

B ! KJ / ! (! "" ) is used as a control sample to calibrate the signal PDF ofB ! K "" .

Example Þt of B+ ! K + µµ and B+ ! K + e+ e" for q2 > 0.1 GeV2/ c4.
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137 ± 14, 138± 15 events in B+ ! K + µ+ µ" , B+ ! K + e+ e" modes.

27.3+ 6. 6
" 5. 8 and 21.8+ 7. 0

" 6. 1 events in B0 ! K 0
Sµ+ µ" and B0 ! K 0

Se+ e" modes.
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RK analysis

¥ Dominant systematic 
uncertainty from lepton 
identification 

¥ Estimated based on data/MC 
ratio from a study of 2"!ee 
ee/µµ decays, in dependence 
of track angle with respect to 
the beam direction and 
momentum

Systematic uncertainties 

20. SYSTEMATIC UNCERTAINTIES CONTENTS

Table 20.12: Systematic uncertainty of LFU modes for1 < q2 < 6 GeV2/c 4 bin. The
uncertainties are in%.

Source B + ! K + µ+ µ! B + ! K + e+ e! B 0 ! K 0
Sµ+ µ! B 0 ! K 0

Se+ e!

Electron identiÞcation " ± 3.50 " ± 3.50
Muon identiÞcation ± 4.00 " ± 4.00 "
Kaon identiÞcation ± 0.80 ± 0.80 " "
K 0

S identiÞcation " " ± 1.57 ± 1.57
NN ± 1.50 ± 1.54 ± 2.78 ± 2.83

No. of continuum events +0 .40
! 0.30

+0 .60
! 0.40

+0 .10
! 0.10

+0 .20
! 0.20

PDF shape parameters +0 .30
! 0.20

+0 .50
! 0.60

+0 .20
! 0.30

+0 .10
! 0.10

charmlessB ! K !! +0 .00
! 0.10 0.00 +0 .00

! 0.10 0.00
Track reconstruction ± 1.05 ± 1.05 ± 1.40 ± 1.40

f + ! / 00 ± 1.20 ± 1.20 ± 1.20 ± 1.20
No. of B øB pairs ± 1.40 ± 1.40 ± 1.40 ± 1.40

E! ciency calculation ± 0.17 ± 0.15 ± 0.21 ± 0.19
Total +4 .86

! 4.85
+4 .52
! 4.51

+5 .62
! 5.63

+5 .31
! 5.30

K 0
Sµ+ e! modes are+3 .75

! 3.71,
+3 .47
! 3.48 and +3 .86

! 3.93, respectively and are tabulated in Table1184

20.17.1185
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RK analysis

¥ All measurements in agreement with 
recent results and SM 

¥ The combined result is the weighted 
average of the B+ and B0 modes

Results for RK

8

and this makes it di! cult to independently vary the
yields of both backgrounds. Hence, the continuum yields
are obtained for each mode in eachq2 bin from the o" -
resonance data sample. These yields are consistent with
those of the high-statistics o" -resonance MC sample and
kept Þxed during the Þts. The results of the Þt projected
in a signal-enhanced region [M bc ! (5.27, 5.29) GeV/c 2,
|# E | < 0.05 GeV and O! ! (1.0, 8.0)] for M bc , # E and
O! distributions in the data sample are shown in Figs. 1
and 2.

The Þt is also performed in the aforementioned fourq2

bins including the bin 1 < q 2 < 6 GeV2/c 4, where LHCb
result has deviation, andRK and AI are calculated from
Eqs. (1) and (2), respectively. The results are listed in
Table I. The results for RK and AI are also shown in
Figs. 3 and 4, respectively.
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FIG. 3: RK in bins of q2, for B + ! K + ! + ! ! (top-left), B 0 !
K 0

S ! + ! ! (top-right), and combining both modes (bottom).
The red marker represents the bin of 1 < q 2 < 6 GeV2/c 4,
and the blue markers are for 0.1 < q 2 < 4, 4 < q 2 < 8.12
and q2 > 14.18 GeV2/c 4bins. The green marker denotes the
whole q2 region excluding the charmonium resonances.

Systematic uncertainties in the branching fraction arise
mainly from lepton identiÞcation: about 2% (1.6%) for
muon (electron) identiÞcation for each lepton. Uncer-
tainty due to hadron identiÞcation is about 0.8% for K ±

and 1.6% for K 0
S . The systematic uncertainty due to

charged track reconstruction is 0.35% per track. These
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FIG. 4: AI measurements in bins of q2, for decays B !
Kµ + µ! (top-left), B ! Ke + e! (top-right), and combining
both modes (bottom). The legends are the same as in Fig. 3.

uncertainties related to detector performance are de-
termined from dedicated control samples. The uncer-
tainty in e ! ciency due to limited MC statistics is about
0.2%, and the uncertainty in the number of B øB events
is 1.4%. Systematic uncertainty in the branching frac-
tion ratio, B[$ (4S) " B + B " ]/ B[$ (4S) " B 0 øB 0] =
1.058± 0.024 [9] is 1.2%. We compare the e! ciency of
the O > Omin criterion between data and MC samples
for the control channel B " J/ ! K , J/ ! " "+ "" , and
the corresponding uncertainty is estimated as 1.5%. The
uncertainty due to PDF shapes is evaluated by varying
the Þxed shape parameters by± 1# and repeating the
Þt; the change in the central value ofNsig is taken as
the systematic uncertainty, which ranges from 0.1% to
0.6%. The uncertainty due to the Þxed yield of contin-
uum events is estimated by varying the yield by± 1# in
the Þt; the resulting variation in Nsig is found to be less
than 1%. In the case ofRK , systematic uncertainties
due to charged track reconstruction, hadron identiÞca-
tion, number of B øB events, and the ratio B[$ (4S) "
B + B " ]/ B[$ (4S) " B 0 øB 0] cancel, while for theAI mea-
surement lepton identiÞcation and the number of B øB
events cancel.

In summary, we have measured the branching frac-
tions, their ratios ( RK ) and the CP-averaged isospin
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and this makes it di! cult to independently vary the
yields of both backgrounds. Hence, the continuum yields
are obtained for each mode in eachq2 bin from the o" -
resonance data sample. These yields are consistent with
those of the high-statistics o" -resonance MC sample and
kept Þxed during the Þts. The results of the Þt projected
in a signal-enhanced region [M bc ! (5.27, 5.29) GeV/c 2,
|# E | < 0.05 GeV and O! ! (1.0, 8.0)] for M bc , # E and
O! distributions in the data sample are shown in Figs. 1
and 2.

The Þt is also performed in the aforementioned fourq2

bins including the bin 1 < q 2 < 6 GeV2/c 4, where LHCb
result has deviation, andRK and AI are calculated from
Eqs. (1) and (2), respectively. The results are listed in
Table I. The results for RK and AI are also shown in
Figs. 3 and 4, respectively.
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FIG. 3: RK in bins of q2, for B + ! K + ! + ! ! (top-left), B 0 !
K 0

S ! + ! ! (top-right), and combining both modes (bottom).
The red marker represents the bin of 1 < q 2 < 6 GeV2/c 4,
and the blue markers are for 0.1 < q 2 < 4, 4 < q 2 < 8.12
and q2 > 14.18 GeV2/c 4bins. The green marker denotes the
whole q2 region excluding the charmonium resonances.

Systematic uncertainties in the branching fraction arise
mainly from lepton identiÞcation: about 2% (1.6%) for
muon (electron) identiÞcation for each lepton. Uncer-
tainty due to hadron identiÞcation is about 0.8% for K ±

and 1.6% for K 0
S . The systematic uncertainty due to

charged track reconstruction is 0.35% per track. These
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FIG. 4: AI measurements in bins of q2, for decays B !
Kµ + µ! (top-left), B ! Ke + e! (top-right), and combining
both modes (bottom). The legends are the same as in Fig. 3.

uncertainties related to detector performance are de-
termined from dedicated control samples. The uncer-
tainty in e ! ciency due to limited MC statistics is about
0.2%, and the uncertainty in the number of B øB events
is 1.4%. Systematic uncertainty in the branching frac-
tion ratio, B[$ (4S) " B + B " ]/ B[$ (4S) " B 0 øB 0] =
1.058± 0.024 [9] is 1.2%. We compare the e! ciency of
the O > Omin criterion between data and MC samples
for the control channel B " J/ ! K , J/ ! " "+ "" , and
the corresponding uncertainty is estimated as 1.5%. The
uncertainty due to PDF shapes is evaluated by varying
the Þxed shape parameters by± 1# and repeating the
Þt; the change in the central value ofNsig is taken as
the systematic uncertainty, which ranges from 0.1% to
0.6%. The uncertainty due to the Þxed yield of contin-
uum events is estimated by varying the yield by± 1# in
the Þt; the resulting variation in Nsig is found to be less
than 1%. In the case ofRK , systematic uncertainties
due to charged track reconstruction, hadron identiÞca-
tion, number of B øB events, and the ratio B[$ (4S) "
B + B " ]/ B[$ (4S) " B 0 øB 0] cancel, while for theAI mea-
surement lepton identiÞcation and the number of B øB
events cancel.

In summary, we have measured the branching frac-
tions, their ratios ( RK ) and the CP-averaged isospin

RK , RK + and RK 0 results from Belle[New]

RK + , RK 0 and RK are measured for[0.1 , 4.0], [4.0 , 8.12], [1.0 , 6.0], > 14.18 and > 0.1 q2 bins.

RK is taken as weighted average ofRK + and RK 0 .
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The measurements are found to be consistent with SM prediction as well as LHCb result.
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RK analysis

¥ Systematic deviation observed, in 
agreement with recent measurements 

¥ Slight tension with the SM, 2.7 sigma in  
B!Kµµ

Measurements of Ai

8

and this makes it di! cult to independently vary the
yields of both backgrounds. Hence, the continuum yields
are obtained for each mode in eachq2 bin from the o" -
resonance data sample. These yields are consistent with
those of the high-statistics o" -resonance MC sample and
kept Þxed during the Þts. The results of the Þt projected
in a signal-enhanced region [M bc ! (5.27, 5.29) GeV/c 2,
|# E | < 0.05 GeV and O! ! (1.0, 8.0)] for M bc , # E and
O! distributions in the data sample are shown in Figs. 1
and 2.

The Þt is also performed in the aforementioned fourq2

bins including the bin 1 < q 2 < 6 GeV2/c 4, where LHCb
result has deviation, andRK and AI are calculated from
Eqs. (1) and (2), respectively. The results are listed in
Table I. The results for RK and AI are also shown in
Figs. 3 and 4, respectively.
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FIG. 3: RK in bins of q2, for B + ! K + ! + ! ! (top-left), B 0 !
K 0

S ! + ! ! (top-right), and combining both modes (bottom).
The red marker represents the bin of 1 < q 2 < 6 GeV2/c 4,
and the blue markers are for 0.1 < q 2 < 4, 4 < q 2 < 8.12
and q2 > 14.18 GeV2/c 4bins. The green marker denotes the
whole q2 region excluding the charmonium resonances.

Systematic uncertainties in the branching fraction arise
mainly from lepton identiÞcation: about 2% (1.6%) for
muon (electron) identiÞcation for each lepton. Uncer-
tainty due to hadron identiÞcation is about 0.8% for K ±

and 1.6% for K 0
S . The systematic uncertainty due to

charged track reconstruction is 0.35% per track. These
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FIG. 4: AI measurements in bins of q2, for decays B !
Kµ + µ! (top-left), B ! Ke + e! (top-right), and combining
both modes (bottom). The legends are the same as in Fig. 3.

uncertainties related to detector performance are de-
termined from dedicated control samples. The uncer-
tainty in e ! ciency due to limited MC statistics is about
0.2%, and the uncertainty in the number of B øB events
is 1.4%. Systematic uncertainty in the branching frac-
tion ratio, B[$ (4S) " B + B " ]/ B[$ (4S) " B 0 øB 0] =
1.058± 0.024 [9] is 1.2%. We compare the e! ciency of
the O > Omin criterion between data and MC samples
for the control channel B " J/ ! K , J/ ! " "+ "" , and
the corresponding uncertainty is estimated as 1.5%. The
uncertainty due to PDF shapes is evaluated by varying
the Þxed shape parameters by± 1# and repeating the
Þt; the change in the central value ofNsig is taken as
the systematic uncertainty, which ranges from 0.1% to
0.6%. The uncertainty due to the Þxed yield of contin-
uum events is estimated by varying the yield by± 1# in
the Þt; the resulting variation in Nsig is found to be less
than 1%. In the case ofRK , systematic uncertainties
due to charged track reconstruction, hadron identiÞca-
tion, number of B øB events, and the ratio B[$ (4S) "
B + B " ]/ B[$ (4S) " B 0 øB 0] cancel, while for theAI mea-
surement lepton identiÞcation and the number of B øB
events cancel.

In summary, we have measured the branching frac-
tions, their ratios ( RK ) and the CP-averaged isospin
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and this makes it di! cult to independently vary the
yields of both backgrounds. Hence, the continuum yields
are obtained for each mode in eachq2 bin from the o" -
resonance data sample. These yields are consistent with
those of the high-statistics o" -resonance MC sample and
kept Þxed during the Þts. The results of the Þt projected
in a signal-enhanced region [M bc ! (5.27, 5.29) GeV/c 2,
|# E | < 0.05 GeV and O! ! (1.0, 8.0)] for M bc , # E and
O! distributions in the data sample are shown in Figs. 1
and 2.

The Þt is also performed in the aforementioned fourq2

bins including the bin 1 < q 2 < 6 GeV2/c 4, where LHCb
result has deviation, andRK and AI are calculated from
Eqs. (1) and (2), respectively. The results are listed in
Table I. The results for RK and AI are also shown in
Figs. 3 and 4, respectively.
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FIG. 3: RK in bins of q2, for B + ! K + ! + ! ! (top-left), B 0 !
K 0

S ! + ! ! (top-right), and combining both modes (bottom).
The red marker represents the bin of 1 < q 2 < 6 GeV2/c 4,
and the blue markers are for 0.1 < q 2 < 4, 4 < q 2 < 8.12
and q2 > 14.18 GeV2/c 4bins. The green marker denotes the
whole q2 region excluding the charmonium resonances.

Systematic uncertainties in the branching fraction arise
mainly from lepton identiÞcation: about 2% (1.6%) for
muon (electron) identiÞcation for each lepton. Uncer-
tainty due to hadron identiÞcation is about 0.8% for K ±

and 1.6% for K 0
S . The systematic uncertainty due to

charged track reconstruction is 0.35% per track. These
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uncertainties related to detector performance are de-
termined from dedicated control samples. The uncer-
tainty in e ! ciency due to limited MC statistics is about
0.2%, and the uncertainty in the number of B øB events
is 1.4%. Systematic uncertainty in the branching frac-
tion ratio, B[$ (4S) " B + B " ]/ B[$ (4S) " B 0 øB 0] =
1.058± 0.024 [9] is 1.2%. We compare the e! ciency of
the O > Omin criterion between data and MC samples
for the control channel B " J/ ! K , J/ ! " "+ "" , and
the corresponding uncertainty is estimated as 1.5%. The
uncertainty due to PDF shapes is evaluated by varying
the Þxed shape parameters by± 1# and repeating the
Þt; the change in the central value ofNsig is taken as
the systematic uncertainty, which ranges from 0.1% to
0.6%. The uncertainty due to the Þxed yield of contin-
uum events is estimated by varying the yield by± 1# in
the Þt; the resulting variation in Nsig is found to be less
than 1%. In the case ofRK , systematic uncertainties
due to charged track reconstruction, hadron identiÞca-
tion, number of B øB events, and the ratio B[$ (4S) "
B + B " ]/ B[$ (4S) " B 0 øB 0] cancel, while for theAI mea-
surement lepton identiÞcation and the number of B øB
events cancel.

In summary, we have measured the branching frac-
tions, their ratios ( RK ) and the CP-averaged isospin

RK , RK + and RK 0 results from Belle[New]

RK + , RK 0 and RK are measured for[0.1 , 4.0], [4.0 , 8.12], [1.0 , 6.0], > 14.18 and > 0.1 q2 bins.

RK is taken as weighted average ofRK + and RK 0 .
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The measurements are found to be consistent with SM prediction as well as LHCb result.
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B!K*ll Analysis at Belle

¥ Similar electron and muon performance 

¥ limited statistics 

¥ Neural network based reconstruction in 
order to maximise efficiency 

Belle Analysis

2.4. Background Suppression Strategy

Figure 2.2.: Veto regions for charmonium background for the di-electron (right) and di-
muon (left) channels.

! E of around zero. Candidates are selected satisfying5.22 < M bc < 5.3 GeV/c 2 and 182

! 0.10 (! 0.05) < ! E < 0.05 GeV for ! = e (! = µ). 183

Large contributions of irreducible background arises from charmonium decaysB " K (! )J/ " 184

and B " K (! ) " (2S), where thecøc state decays into two leptons. These decays own the same185

signature as the desired signal and are vetoed with cuts on the invariant mass of the lepton186

pair 187

! 0.25 GeV/c 2 < M ee(! ) ! M J/ " < 0.08 GeV/c 2, (2.3)

! 0.15 GeV/c 2 < M µµ ! M J/ " < 0.08 GeV/c 2, (2.4)

! 0.20 GeV/c 2 < M ee(! ) ! M " (2S) < 0.08 GeV/c 2 and (2.5)

! 0.10 GeV/c 2 < M µµ ! M " (2S) < 0.08 GeV/c 2. (2.6)

These veto regions are displayed in Þg. 2.2. In the electron case, additionally photon energies188

of detected photons from the bremsstrahlung recovery process are added. 189

Di-electron background can also arise from photon conversion# " e+ e" and$0 Dalitz decays190

($0 " e+ e" #). In order to eliminate this source of background the constraintM e(! )e(! ) > 191

0.14 GeV/c 2 is required. 192

For the B meson candidates, a vertex Þt is performed, from which the%2 probability is used193

for background suppression and also to deÞne the distance between the two leptons along the194

beam direction! z##. 195

All cuts and vetoes are listed in table 2.5. 196

2.4. Background Suppression Strategy 197

Multivariate data analysis techniques are used to combine all available information of aB 198

meson candidate in order to separate signal from background. 199

A hierarchical framework of neural networks is used in the reconstruction, starting in the Þrst200

stage with the primary particles from tracks (e, µ, K ± , and $± ) and the neutral particles201

(K S, $0 and #). In the second step combinations toK ! particles are performed and in the202

last stage the ÞnalB meson candidates are constructed. 203

In each stage, all particle candidates are analyzed with a neural network (NeuroBayes [11]) and204

an output NB out is assigned. This output is chosen to correspond to a Bayesian probability205

in the range[0, 1] where 1 corresponds to the candidate being true signal. In this manner a206

7 Draft from March 5, 2019

2. Reconstruction of B ! K (" ) ! + ! #
90

This analysis covers the muon and electron modes ofb ! s! + ! ! with the reconstruction 91

of B ! K (" ) ! + ! ! . In total 8 decay modes are exclusively reconstructed in 12 Þnal state92

conÞgurations. This chapter details the reconstruction procedures and background suppression93

methods. The Þnal analysis is performed only on the data of theK " modes. The pseudoscalar94

meson modes are reconstructed and can later used for branching ratio measurements and are95

needed for evaluation of cross-feed backgrounds. 96

In a Þrst stage we apply particle selection criteria based on kinematic observables and particle97

identiÞcation variables. In the event selection loose cuts are applied on masses and energies98

to exclude unphysical regions forB ! K (" ) ! + ! ! and vetoes are applied to remove irreducible99

sources of background. Finally, the candidates are selected based on neural network selection100

including a variety of information from tracks to event shape observables. 101

2.1. Analysis Overview 102

The decayB ! K (" ) ! + ! ! is reconstructed exclusively in 12 Þnal states, where! = e, µ. An 103

overview of the used decay channels is given in table 2.1. The charged conjugated (cc.) mode104

is always implied if not explicitly stated otherwise. In the analysis the quality of all constituents105

of the ÞnalB candidate are gathered as a multivariate probability at the Þnal stage of the106

reconstruction. The procedures and data analysis tools used are explained in section 2.4. In107

case of multiple candidates per event, the decay channel with the highest probability is selected.108

Table 2.1.: Decay channels of the exclusive reconstruction ofB ! K (" ) ! + ! ! , wherel = e, µ
and cc. is implied.

B + B 0

B + ! K " + (K + " 0)! + ! ! B 0 ! K " 0(K S" 0)! + ! !

B + ! K " + (K S" + )! + ! ! B 0 ! K " 0(K + " ! )! + ! !

B + ! K + ! + ! ! B 0 ! K S! + ! !

2.1.1. Data 109

This analysis is performed on the full Belle dataset corresponding to711 fb! 1. Beforehand110

the analysis is performed on simulated data where both the o! cial Belle generic MC is used,111

which does not contain the signal modes, and dedicated sets of signal MC are generated.112
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FIG. 1. Results of the signal yield Þt to the M bc distributions
for the electron (left) and muon (right) channel for q2 > 0.045
GeV2/c 4. Combinatorial (dashed blue), signal (red Þlled),
charmonium leakage (dashed green), peaking (purple dotted)
and total (solid) Þt distributions are superimposed on data
(points with error bars).

is measured to be 1.015± 0.025± 0.038, where the Þrst
error is statistical and the second due to uncertainty on
data-MC corrections for lepton identiÞcation. This cross
check neglects contributions from theB ! K ! !! channel
in the J/ " control region. The input distributions used
by the top-level neural network classiÞers in data and MC
are compared, and no statistically signiÞcant di! erences
are found. In order to estimate uncertainty due to the
classiÞer response, theB ! J/ " K ! branching fraction is
obtained in bins of the classiÞer output and compared to
the nominal result. The obtained di! erences are propa-
gated as weights to data in all Þts toM bc distributions,
and changes in the resulting signal yields are taken as sys-
tematic uncertainties. Further uncertainties arise from
tracking e" ciency and limited MC statistics. E! ects due
to migration of events between di! erent q2 regions are
studied using MC events and found to be negligible. In
case of results for the full region ofq2 > 0.045 GeV2/c 4,
di! erent veto regions for the electron and muon channels
need to be accounted for in the determination of recon-
struction e" ciency. This introduces model dependence
to our signal simulation, which uses form factors from
Ref. [20]. All systematic uncertainties described above
are listed in Table I.

In the range q2 > 0.045 GeV2/c 4 we Þnd 103.0+13 .4
" 12.7

(139.9+16 .0
" 15.4) events in the electron (muon) channels. Ex-

ample Þts are presented in Figure1. Using the Þtted
signal yields we construct the lepton ßavour universality
ratio RK ! in all signal channels, combined and separately,
for the B 0 and B + decays,RK ! 0 and RK ! + . Our mea-
surement of RK ! + is the Þrst ever. Results are shown in
Table II and Figure 2. All measured values are consistent
with the SM expectation [21, 22]. In light of past mea-
surements ofb ! s! + ! " mediated decays, predictions for
RK ! suggest values smaller than unity in the presence
of new physics [22]. The upcoming Belle II experiment
[23, 24] is expected to record a 50 times larger data sam-

ple than Belle, which will help clarify the role of physics
beyond the SM in b ! s! + ! " transitions.
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Systematic Uncertainties 

5. Systematic Study 489

5.1. Systematic uncertainties of R K ! 490

Systematic uncertainties are considered if they a! ect either the number of observed signal491

candidates or the determination of the signal e" ciency: 492

R!
K !

B(B " K ! µ+ µ" )(q2)
B(B " K ! e+ e" )(q2)

=
Nobs,µµ # ! ee

Nobs,ee# ! µµ
, (5.1)

Lepton identiÞcation 493

We estimate and correct for the lepton identiÞcation e" ciency di! erences between data and MC494

based on BN954. In BN954, di! erences between data and MC are studied in low multiplicity495

2" " ee ee/µµ and J/ # events in bins of the lepton lab momentum andcos$. A track based496

reweighing for data is provided and a systematic uncertainty for the procedure, also dependent497

on the tracks, is provided. The neural network selection introduces a slight bias towards better498

values of the LID compared to the standard method where the selection is purely done by499

LID cuts. In Þg. 5.1, one can see, that data and MC behaves similarly in theJ/ # sideband500

with and without Þnal NN selection. However, one can also see in the bottom plots that the501

shape of the LID distribution gets biased towards better values of PID with the Þnal NN cut.502

Since the LID distribution is not exactly the same with the Þnal NN cut as it would be using503

only LID cuts, which should be for the method based on BN954, we additionally add the total504

correction to RK ! as uncertainty. This increases this uncertainty by about 5-15% compared505

to the BN954 method. In table 5.1 the regular estimation is shown and our more conservative506

uncertainty, considering the absolute correction. 507

E! ciency determination and neural network selection 508

Due to limited size of MC, we propagate the statistical error on the e" ciency as systematic509

uncertainty. The result is shown in in table 5.2. 510

Additional uncertainties for the determination of e" ciency arises from the neural network.511

Di! erences between data and MC in the input for the classiÞers may lead to under or overesti-512

mation of the actual reconstruction e" ciency. The e" ciency is validated in theq2 side-bands513

in section 3.2, where no systematic deviation is observed between data and expectations from514

MC. 515

35

7

TABLE I. Systematic uncertainties on RK ! for di ! erent q2 regions.

q2 in GeV 2 /c 4 e, µ e! . MC size ClassiÞer Sig. shape Tracking Peaking bkg. cøc bkg. Total
all modes
[0.045, None] 0.061 0.004 0.013 0.008 0.016 0.031 0.023 0.075
[0.1, 8] 0.058 0.005 0.029 0.002 0.016 0.054 0.051 0.100
[15, 19] 0.090 0.012 0.012 0.014 0.020 0.003 0.003 0.095
[0.045, 1.1] 0.027 0.006 0.008 0.025 0.009 0.026 0.001 0.047
[1.1, 6] 0.065 0.008 0.048 0.033 0.017 0.070 0.013 0.114
B 0 modes
[0.045, None] 0.073 0.006 0.030 0.018 0.022 0.031 0.021 0.092
[0.1, 8] 0.058 0.006 0.040 0.019 0.017 0.033 0.018 0.084
[15, 19] 0.091 0.013 0.007 0.012 0.022 0.007 0.001 0.096
[0.045, 1.1] 0.024 0.007 0.044 0.005 0.009 0.049 0.001 0.071
[1.1, 6] 0.082 0.010 0.040 0.062 0.021 0.070 0.012 0.133
B + modes
[0.045, None] 0.044 0.005 0.032 0.018 0.010 0.025 0.023 0.068
[0.1, 8] 0.060 0.010 0.039 0.040 0.014 0.048 0.107 0.144
[15, 19] 0.089 0.028 0.016 0.041 0.021 0.008 0.002 0.106
[0.045, 1.1] 0.033 0.013 0.067 0.060 0.009 0.006 0.000 0.097
[1.1, 6] 0.045 0.010 0.137 0.060 0.011 0.086 0.009 0.179

(a) (b)

(c)

FIG. 2. Results for RK ! compared to SM predictions from Refs. [21, 22]. The separate vertical error bars indicate the statistical
and total uncertainty.
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Most simple approach: Ratio of Branching Ratios

¥ Separate results B0 and B+

The new Belle result

arXiv:1904.02440

10.1007/JHEP10(2016)075SM prediction by:

https://doi.org/10.1007/JHEP10(2016)075
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Most simple approach: Ratio of Branching Ratios

¥ Measurements in accordance with 
the SM 

¥ First measurement of RK*+

After Moriond

arXiv:1904.02440

8

TABLE II. Result for RK⇤ , RK⇤0 and RK⇤+ . The first un-
certainty is statistical and the second is systematic.

q2 in 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
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Angular Analysis of B ! K*ll

Theory A Angular Analysis B+ ! K + ! + ! ! Tools Disputation Simon Wehle I

Differential Decay Rate

d4(! + ø! )
d cos ! ! d cos ! K d" dq2

=
9

32#

9!

i= 1

(Ii + øIi )fi (cos ! ! , cos ! K , " ), (5)

S
(a)
i =

I
(a)
i + øI(a)

i

d
"
! + ø!

#
/ dq2

(6)

A
(a)
i =

I
(a)
i ! øI(a)

i

d
"
! + ø!

#
/ dq2

. (7)

Simon Wehle (Deutsches Elektronen-Synchrotron) 8

Introduction Lepton Flavor Universality Discussion and Outlook Lepton Flavor Universality & Rare B Decays

Angular Analysis of B ! K ⇤``

The observables are depended on q
2 = M

2
`+`�

The differential decay rate for B ! K
⇤`+`� can be written as

1
d�/dq2

d4�

d cos ✓L d cos ✓K d� dq2 =
9

32⇡


3
4
(1 � FL) sin2 ✓K + FL cos2 ✓K

+
1
4
(1 � FL) sin2 ✓K cos 2✓L

� FL cos2 ✓K cos 2✓L + S3 sin2 ✓K sin2 ✓L cos 2�

+ S4 sin 2✓K sin 2✓L cos�+ S5 sin 2✓K sin ✓L cos�

+ S6 sin2 ✓K cos ✓L + S7 sin 2✓K sin ✓L sin�

+ S8 sin 2✓K sin 2✓L sin�+ S9 sin2 ✓K sin2 ✓L sin 2�

�
,

Simon Wehle (Deutsches Elektronen-Synchrotron) 16

q2 = Mll2
3 decay angles: #, 𝜃l, 𝜃K

" P#!5
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Introduction Flavor Anomalies Lepton Flavor Universality Discussion and Outlook Lepton Flavor Universality & Rare B Decays

Result - Separate Lepton Flavor!

! The Largest deviation in the muon mode with 2.6!
! Electron mode is deviating with 1.1!
! Test on Lepton ßavor universality

Simon Wehle (Deutsches Elektronen-Synchrotron) 29

"12

Testing for lepton flavour universality in angular observables

¥ Performing the angular analysis separately for electron an muon modes 

¥ Largest discrepancy in muons mode with 2.6$ while 1.1$ in the electron mode

Smoking gun to overcome theory uncertainties
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Introduction Lepton Flavor Universality Discussion and Outlook Lepton Flavor Universality & Rare B Decays

Lepton Flavor Universality in Angular Observables

! Test lepton ßavor universality
! Observables Qi = Pµ

i ! Pe
i , JHEP 10, 075 (2016)

! Deviation from zero very sensitive to NP

! Published recently in Phys. Rev. Lett. 118, 111801 (2017)

Simon Wehle (Deutsches Elektronen-Synchrotron) 18
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Testing for lepton flavour universality in angular observables

¥ Testing for LFU can overcome this with 
very clean observables

Smoking gun to overcome theory uncertainties

Qi = P#!i
! $ P#!i

e

Introduction Flavor Anomalies Lepton Flavor Universality Discussion and Outlook Lepton Flavor Universality & Rare B Decays

Lepton Flavor Universality in Angular Observables

! Test lepton ßavor universality
! Observables Qi = Pµ

i ! Pe
i , JHEP 10, 075 (2016)

! Deviation from zero very sensitive to NP

! Published recently in Phys. Rev. Lett. 118, 111801 (2017)

Simon Wehle (Deutsches Elektronen-Synchrotron) 30

B ! K ! ! B ! K ! " + " " B ! h(! ) ## Rare decays at Belle

Result - Separate Lepton Flavor!

! Test lepton ßavor universality
! Observables Qi = Pµ

i ! Pe
i , JHEP 10, 075 (2016)

! Deviation from zero very sensitive to NP

! Published recently in (Phys. Rev. Lett. 118, 111801 (2017) )

Simon Wehle (Deutsches Elektronen-Synchrotron) 22
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How to explore the full LFU information?

One of the interesting features of the anomalous pattern seen in FCNC transitions 
is the connection between Pæ5 and RK* 

Currently, this link is only visualised                                                                    
in global fit analyses

First steps towards an experimental direct 
connection, or combining both angular and 
branching ratio information 

2

Belle-II and LHCb data sets in section IV, before we con-
clude in section V.

II. MEASURES OF LFU BREAKING

The angular PDF for B ! K ! (! K ! )"+ "" decays is
well known in the literature, and we use the conventions
speciÞed in [9]. There, the CP-averaged and normalized
angular observables are

Si (q2) "
4
3

Ji (q2) + J i (q2)

d! / dq2 + d ! / dq2
, (4)

where unbarred quantities stem from the decay øB !
øK ! "+ "" , and the bar indicates CP conjugation. For the
deÞnitions of the Ji , see [6, 9Ð11].2 Here and through-
out the rest of this letter, we will refer to S(! )

i and ! ( ! )

as one of the angular observables or the decay width for
the " Þnal state, respectively.

All spin-averaged observables can be expressed in
terms of sesquilinear combinations of up to 14 transver-
sity amplitudes when working in the full basis of
dimension-six semileptonic operators [6]. For the dis-
cussions at hand, however, we restrict our study to the
operators O9,10. In this case, all observables can be ex-
pressed in terms of only 7 transversity amplitudes,

AL (R )
0

N
#

#!
= $

! "
Ce! ,( ! )

9,0 %C10

#
FV,0+

2mb

M B
Ce!

7,0FT,0

$
(5)

AL (R )
#

N
#

#!
= $

! "
Ce! ,( ! )

9,# %C10

#
FV,# +

2mbM B

q2 Ce!
7,#FT,#

$

AL (R )
$

N
#

#!
=

! "
Ce! ,( ! )

9,$ %C10

#
FV,$ +

2mbM B

q2 Ce!
7,$ FT,$

$

as well asAt . The latter is not relevant to the discussions
at hand. Note that our convention for the normalization
constant N

N " GF $eVtb V !
ts

%
q2

#
%

3á210! 5M 3
B

, (6)

di" ers from, e.g., the normalization N [6] as used in
reference [6]:N [6] =

#
#! N . Our choice ensures that the

normalization is universal for all lepton ßavours.

We propose to measure weighted di" erences of angular
observables,

Di (q2) "
dB(e)

dq2 S(e)
i (q2) $

dB(µ )

dq2 S(µ )
i (q2) . (7)

2 Note that the deÞnition of the angular observables does not ac-
count for purely QED-induced modiÞcations to the overall an-
gular distribution; see [12, 13] for recent discussions.
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FIG. 1. The q2 dependence of the suppression terms! ( k )
! for

k = 2 (lower blue curve) and k = 3 (upper orange curve),
respectively, on a log scale. The windows in which either
QCD-improved factorization or the operator product expan-
sion at low recoil can be applied are indicated by the shaded
area on the left and right, respectively.

Assuming LFU breaking only3 in the Wilson coe# cient
C9, we obtain for the indices i = 4 , 5, 6s the expressions

$ D4(q2)
#

2N 2 &B
= Re

&
$ (3)

92

'
FV,#FV,0

$ Re
&
$ (3)

9 . . .
'

+ O
"

$ (3)
"

#
,

D5(q2)

4
#

2N 2 &B
= Re

(
$ (2)

9 C10

)
FV,$ FV,0

+ O
"

$ (2)
"

#

D6s(q2)
8N 2 &B

= Re
(

$ (2)
9 C10

)
FV,#FV,$

+ O
"

$ (2)
"

#

(8)

where &B is the lifetime of the B mesons, and the dots
indicate an unsuppressed expression linear in the non-
local contributions h9,0(q2) and h9,#(q2). Moreover, we
introduce

$ (k )
9l " #k

e

&
C(e)

9

' l
$ #k

µ

&
C(µ )

9

' l
,

$ (k )
" " #k

e $ #k
µ .

(9)

We Þnd that eq. (8) holds up to corrections of order
#3

e $ #3
µ (for D4) and #2

e $ #2
µ (for D5,6s). Note that

D4 is free of hadronic contributions in the term & $ (3)
92 ,

but not free of them in the linear term $ (3)
9 . For

the full results, see eqs. (A1)Ð(A3). The expressions
eq. (8) hold in the entire q2 spectrum, since no explicit
expression for the hadronic two-point correlation func-
tions, h9,# (q2) " Ce! ,( ! )

9,# (q2) $ C(! )
9 , have been used. We

emphasize that this also holds in between the two vetoes

3 Note that lepton-universal NP e ! ects are not precluded here.

[PRD 95, 035029 (2017)]

Still limited to the individual µ/e 
analyses (e.g. cannot share FL observable) 

Provide set of independent observables, 
e.g. related to Pæ5 and AFB, that can be 
combined and provide higher sensitivity

R. Silva Coutinho (UZH) -TUPIFP Workshop

Future
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Motivation

¥ A lot of hints for new physics in b!sll 
decays 

¥ Deviations occur dominantly in muon 
modes 

¥ NP couples to mass? 

¥ tau modes could be dominant

Motivation for B!K+ %%

10.1103/PhysRevLett.120.181802

Prediction of the b!s %%  branching fraction

Introduction Angular Analysis Search for B+ ! K + ! + ! ! Resume Disputation Simon Wehle

Motivation for b ! s! ! at Belle

Motivation

! New Physics may couple to mass of the !
! enhance sensitivity by |m! / mµ|2 " 286

The B+ ! K + ! + ! ! Decay

! B(B+ ! K + ! ! )SM < 1.44(15) # 10! 7

! Some models may lead to a strong enhancement
! B(B ! K ! ! ! + )MLFV < 2 # 10! 4

! Only experimental constraints by BaBar with
B(B+ ! K + ! + ! ! ) < 2.25 # 10! 3 at 90% C.L..

Simon Wehle (Deutsches Elektronen-Synchrotron) 25

https://doi.org/10.1103/PhysRevLett.120.181802
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Introduction Angular Analysis Search for B+ ! K+⌧+⌧� Resume Disputation Simon Wehle

Reconstruction of B+ ! K+⌧+⌧�

tag side signal side

The tag side is reconstructed in more than 1000 exclusive hadronic decay channels using more than 70
neural networks

Pe+ + Pe� = Ptag-side + Psignal-side.

Simon Wehle (Deutsches Elektronen-Synchrotron) 27
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B ! K +&+&- at Belle 

Signal selection: 
Btag + good kaon and two tracks
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Result on MC:

I All systematic uncertainties are calculated
I Data Monte Carlo comparison is performed in EECL sideband
I Control channel B+

! K+⌧⌧(KS) is evaluated on Data ! very good Data/MC agreement X
I Expected upper limit: B(B+

! K+⌧+⌧�) < 3.17 ⇥ 10�4 at 90% C.L. on MC
I Alternatively: Bayesian MCMC calculator: B(B+

! K+⌧+⌧�) < 4.61 ⇥ 10�4 at 95% C.L.
I Result on data with the click on a button...

Simon Wehle (Deutsches Elektronen-Synchrotron) 31
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Belle MC Sensitivity Study
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Simulation!
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RK and AI

Table: RK + , RK 0 and RK for di! erent q2 bins.

Bin RK + RK 0 RK

0.1 < q2 < 4 0.92+ 0. 27
! 0. 24 ± 0.05 1.5+ 1. 2

! 1. 0 ± 0.1 0.95+ 0. 27
! 0. 24 ± 0.06

4 < q2 < 8.12 1.22+ 0. 42
! 0. 37 ± 0.07 0.50+ 0. 39

! 0. 30 ± 0.03 0.81+ 0. 28
! 0. 23 ± 0.05

1 < q2 < 6 1.31+ 0. 34
! 0. 31 ± 0.07 0.53+ 0. 44

! 0. 33 ± 0.03 0.98+ 0. 27
! 0. 23 ± 0.06

q2 > 14.18 1.08+ 0. 30
! 0. 27 ± 0.06 1.52+ 1. 23

! 0. 97 ± 0.10 1.11+ 0. 29
! 0. 26 ± 0.07

whole q2 1.04+ 0. 16
! 0. 15 ± 0.06 1.25+ 0. 50

! 0. 44 ± 0.08 1.06+ 0. 15
! 0. 14 ± 0.07

Table: AI (B æ K µµ), AI (B æ Kee) and AI (B æ K ¸¸) for di! erent q2 bins.

Bin AI (B æ K µµ ) AI (B æ Kee) AI (B æ K ¸¸)
0.1 < q2 < 4 ≠0.10+ 0. 20

! 0. 17 ± 0.01 ≠0.35+ 0. 21
! 0. 17 ± 0.01 ≠0.22+ 0. 14

! 0. 12 ± 0.01
4 < q2 < 8.12 ≠0.33+ 0. 23

! 0. 19 ± 0.01 0.11+ 0. 19
! 0. 16 ± 0.01 ≠0.08+ 0. 15

! 0. 12 ± 0.01
1 < q2 < 6 ≠0.52+ 0. 20

! 0. 17 ± 0.02 ≠0.12+ 0. 18
! 0. 15 ± 0.01 ≠0.30+ 0. 13

! 0. 11 ± 0.01
q2 > 14.18 ≠0.07+ 0. 17

! 0. 15 ± 0.01 ≠0.24+ 0. 23
! 0. 19 ± 0.01 ≠0.13+ 0. 14

! 0. 12 ± 0.01
whole q2

≠0.15+ 0. 09
! 0. 08 ± 0.01 ≠0.24 ± 0.11 ± 0.01 ≠0.19+ 0. 07

! 0. 06 ± 0.01

S. Choudhury (IIT Hyderabad, India) Measurement of Lepton Flavor Universality in B decays at Belle July 12 2019 18 / 17
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9
TABLE I: Results from the Þts. The columns correspond to the q2 bin size, decay modes, reconstruction e! ciency, signal yield, branching fraction, lepton-ßavor-
separated and combinedAI and RK .

q2 Mode ! Nsig B AI AI RK RK

( GeV2/c 4) (%) (10 ! 7) (individual) (combined) (individual) (combined)

(0.1,4.0)

B + ! K + µ+ µ! 20.8 28.4+6 .6
! 5.9 1.72+0 .4

! 0.4 ± 0.08 AI (µµ ) =

" 0.22+0 .14
! 0.12 ± 0.01

RK + =

0.95+0 .27
! 0.24 ± 0.06

B 0 ! K 0
S µ+ µ! 14.7 6.8+3 .3

! 2.6 0.62+0 .30
! 0.23 ± 0.03 " 0.10+0 .20

! 0.17 ± 0.01 0.92+0 .27
! 0.24 ± 0.05

B + ! K + e+ e! 27.8 41.5+7 .7
! 7.0 1.88+0 .35

! 0.31 ± 0.08 AI (ee) = RK 0
S

=

B 0 ! K 0
S e+ e! 18.4 5.5+3 .6

! 2.7 0.40+0 .26
! 0.21 ± 0.02 " 0.35+0 .21

! 0.17 ± 0.01 1.5+1 .2
! 1.0 ± 0.1

(4.0,8.12)

B + ! K + µ+ µ! 29.2 28.4+6 .4
! 5.7 1.2+0 .3

! 0.2 ± 0.06 AI (µµ ) =

" 0.08+0 .15
! 0.12 ± 0.01

RK + =

0.81+0 .28
! 0.23 ± 0.05

B 0 ! K 0
S µ+ µ! 20.8 4.2+4 .2

! 3.5 0.27+0 .18
! 0.13 ± 0.02 " 0.33+0 .23

! 0.19 ± 0.01 1.22+0 .42
! 0.37 ± 0.07

B + ! K + e+ e! 33.9 26.9+6 .9
! 6.1 1.00+0 .26

! 0.23 ± 0.04 AI (ee) = RK 0
S

=

B 0 ! K 0
S e+ e! 22.8 9.3+3 .7

! 3.0 0.54+0 .22
! 0.18 ± 0.03 0.11+0 .19

! 0.16 ± 0.01 0.50+0 .39
! 0.30 ± 0.03

(1.0,6.0)

B + ! K + µ+ µ! 23.5 42.3+7 .6
! 6.9 2.3+0 .4

! 0.4 ± 0.1 AI (µµ ) =

" 0.30+0 .13
! 0.11 ± 0.01

RK + =

0.98+0 .27
! 0.23 ± 0.06

B 0 ! K 0
S µ+ µ! 16.7 3.9+2 .7

! 2.0 0.31+0 .22
! 0.16 ± 0.02 " 0.52+0 .20

! 0.17 ± 0.02 1.31+0 .34
! 0.31 ± 0.07

B + ! K + e+ e! 30.4 41.7+8 .0
! 7.2 1.74+0 .33

! 0.30 ± 0.08 AI (ee) = RK 0
S

=

B 0 ! K 0
S e+ e! 20.1 8.9+4 .0

! 3.2 0.59+0 .27
! 0.21 ± 0.03 " 0.12+0 .18

! 0.15 ± 0.01 0.53+0 .44
! 0.33 ± 0.03

> 14.18

B + ! K + µ+ µ! 45.3 47.9+8 .6
! 7.8 1.34+0 .24

! 0.22 ± 0.06 AI (µµ ) =

" 0.13+0 .14
! 0.12 ± 0.01

RK + =

1.11+0 .29
! 0.26 ± 0.07

B 0 ! K 0
S µ+ µ! 25.3 9.6+4 .2

! 3.5 0.51+0 .22
! 0.18 ± 0.03 " 0.07+0 .17

! 0.15 ± 0.01 1.08+0 .30
! 0.27 ± 0.06

B + ! K + e+ e! 44.2 43.2+9 .1
! 8.3 1.24+0 .26

! 0.24 ± 0.05 AI (ee) = RK 0
S

=

B 0 ! K 0
S e+ e! 23.6 5.9+4 .0

! 3.1 0.33+0 .23
! 0.18 ± 0.02 " 0.24+0 .23

! 0.19 ± 0.01 1.52+1 .23
! 0.97 ± 0.10

whole q2

B + ! K + µ+ µ! 27.8 137.0+14 .2
! 13.5 6.24+0 .65

! 0.61 ± 0.31 AI (µµ ) =

" 0.19+0 .07
! 0.06 ± 0.01

RK + =

1.06+0 .15
! 0.14 ± 0.07

B 0 ! K 0
S µ+ µ! 18.2 27.3+6 .6

! 5.9 2.0+0 .5
! 0.4 ± 0.1 " 0.15+0 .09

! 0.08 ± 0.01 1.04+0 .16
! 0.15 ± 0.06

B + ! K + e+ e! 29.1 138.0+15 .5
! 14.7 6.00+0 .7

! 0.6 ± 0.3 AI (ee) = RK 0
S

=

B 0 ! K 0
S e+ e! 18.2 21.8+7 .0

! 6.1 1.60+0 .52
! 0.45 ± 0.08 " 0.24 ± 0.11 ± 0.01 1.25+0 .50

! 0.44 ± 0.08
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Experimental Setup for Belle II 
Advantages at e +e- colliders
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Experimental data on LFU 

Credit: A. Glazow

Experimental data on LFU and LFV

-µ+µ !* "Z/
fid# / -e+ e!* "Z/
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 = 7 TeVsATLAS W, Z 
 Z! -e+ LEP+SLD eZR
-

W+ W! -e+ LEP eWR
 decays% from WR

 from K decaysWR
 decays& from WR

Standard Model

ATLAS EPJC 77 (2017) 367;

LEP+SLD, PR 427 (2006) 257;

HFAG arXiv:1412.7515;

KTEV PRD70 (2004) 092007;

NA62 PLB 719 (2013) 326;

PIENU PRL 115 (2015) 071801.

¥ Lepton ßavour violation probed to10! 12 level inµ decays.

¥ Lepton universality forZ " !! probed to per mille accuracy at LEP,
including! Z" "" / ! Z" !! = 1.0019± 0.0032.

¥ Lepton universality forW " e# andW " µ# decays measured directly,
controlled with high precision using$, K and" decays. Some tension
for W " "# from LEP: (! ("#)/ ! (e#) = 1.063± 0.027,
! ("#)/ ! (µ#) = 1.070± 0.026).

2
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Upper Limit Optimisation 

Introduction Angular Analysis Search for B+ ! K + ! + ! ! Resume Disputation Simon Wehle

Upper Limit optimization

B(B± ! K ± ! + ! " ) <
NUL

"s á2 áfB+ áNBøB

! I determine the best upper limit in

dependence of two cuts:

! cE , signal window in EECL
! cBDT , cut on the BDT

! A Frequentist ProÞle Likelihood
approach is chosen

! No signal events are expected
(Poisson likelihood)

! The error on the background and
the signal efÞciency"s is treated
with a Gaussian likelihood as
nuisance parameters

Simon Wehle (Deutsches Elektronen-Synchrotron) 30

Introduction Angular Analysis Search for B+ ! K + ! + ! ! Resume Disputation Simon Wehle

Upper Limit optimization

B(B± ! K ± ! + ! " ) <
NUL

"s á2 áfB+ áNBøB

! I determine the best upper limit in

dependence of two cuts:

! cE , signal window in EECL
! cBDT , cut on the BDT

! A Frequentist ProÞle Likelihood
approach is chosen

! No signal events are expected
(Poisson likelihood)

! The error on the background and
the signal efÞciency"s is treated
with a Gaussian likelihood as
nuisance parameters

Simon Wehle (Deutsches Elektronen-Synchrotron) 30



Belle 1 Analysis of B!K +%% | Simon Wehle | 15.05.2019 "25

Systematic uncertainties

12.1 Data MC Comparison

Figure 12.2: EECL sideband for all di! erent types of MC (left) and the comparison
with data (right) after the Monte Carlo e " ciency correction for the Btag

candidate is applied.

12.1.2 E ECL Sideband

A comparison between generic MC and data is performed on a sideband inEECL ,
whereEECL > 0.5 GeV/c 2. The sideband region is displayed in Þg. 12.2. A systematic
discrepancy in EECL (Þg. 12.2(b)) is observed, which has to be analyzed on the full
range for determining systematic e! ects.

The agreement of data and MC for all variables which are suited for background
suppression are compared in appendix B.2. In order to assign an uncertainty to
the agreement between data and Monte Carlo, the mean of the classiÞer output for
data and MC on the sideband of EECL is compared. The observed di! erence is
0.067± 5.734%, dominated by statistical ßuctuations. The BDT cut cBDT is varied
within this error and systematic uncertainties are applied for observed di! erences
in the limit. For the signal e " ciency 6% and for the expected background10%
uncertainty is applied (corresponding to 2 events).

12.1.3 E ECL Distribution

Before looking into data in the signal region ofEECL region, one can only extrapolate
the observed di! erence in the EECL distribution into the signal region, Þg. 12.2,
and estimate a yield di! erence. A preliminary uncertainty of 10% is applied to the
candidates in the signal region. When opening the box in the signal region, the
distribution with increasing cut on the classiÞer can be monitored. It is possible, that
some backgrounds are not modeled correctly on MC and soft cuts on the BDT output
can make the distribution more similar.

12.1.4 Control Channel on Data

The distribution of EECL can also be studied with the control processB + !
K + ! + ! ! (K S), where the K S daughters are removed from the event. The con-
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12 Systematic Uncertainties

Table 12.1: List of covered systematic uncertainties.

Source Error [%]

Nexp Tracking 1.05
PID 5.54
Btag correction 4.60
EECL distribution 10.00
Data - Monte Carlo discrepancy 10.00

Statistical error 33.64

Total 37.21

! s NB + B ! 1.80
Tracking 1.05
PID 5.54
Btag correction 4.60
Data - Monte Carlo discrepancy 6.00
Generator 8.66

Statistical error 6.18

Total 14.33
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Control Mode

12 Systematic Uncertainties

Figure 12.3: EECL distribution for B + ! K + ! + ! ! (K S), where the K S daughters
are removed from the event with the Þnal cutcBDT = 0 .553 (right) and
cBDT > 0.1(left) for comparison.

trol process is reconstructed on the full range ofEECL and the BDT output is applied
to the events. The result is shown in Þg. 12.3.

With the Þnal selection of cBDT = 0 .553 in total 9 events are observed while ex-
pecting 9.11 events from simulations. The distributions are displayed in Þg. 12.3(b).
Excellent agreement between data and MC can be observed. This result leads to the
conclusion that the used methods work as expected. Trained expertise from MC can
be successfully applied to real data.

12.2 Other Uncertainties

12.2.1 Number of B + B ! Pairs

The number of observed candidates can be estimated byN = 2 áf B + áNB øB , where

NB øB = 771 á106 ± 1.4% is the B meson pairs in the Belle dataset andf B + =
0.516± 0.006 [4] is the fraction for the decay ! (4S) ! B + B ! . Combining both
uncertainties, 1.8% error for the normalization of the signal is assigned.

12.2.2 Particle IdentiÞcation

For the charged kaon track, a particle identiÞcation value ofR K > 0.6 is required. A
conservative systematic error of2.2% is applied for this selection. For the remaining
two charged tracks the mass hypothesis (e, µ or " ± ) based on the probability output
of trained neural networks is applied. Randomly switching the hypothesizes to the
second best option, changes the mean of the output of the main classiÞer by3.6%.
This results in 5.09% uncertainty for the tau daughters. Combined with the kaon
identiÞcation 5.54% uncertainty for the total particle identiÞcation is taken into
account.
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Result on MC

Introduction Angular Analysis Search for B+ ! K + ! + ! ! Resume Disputation Simon Wehle

Result on MC:

! All systematic uncertainties are calculated
! Data Monte Carlo comparison is performed in EECL sideband
! Control channel B+ ! K + ! ! (KS) is evaluated on Data ! very good Data/MC agreement "
! Expected upper limit: B(B+ ! K + ! + ! " ) < 3.17 " 10" 4 at 90% C.L. on MC
! Alternatively: Bayesian MCMC calculator: B(B+ ! K + ! + ! " ) < 4.61 " 10" 4 at 95% C.L.
! Result on data with the click on a button...

Simon Wehle (Deutsches Elektronen-Synchrotron) 31

Introduction Angular Analysis Search for B+ ! K+⌧+⌧� Resume Disputation Simon Wehle

Result on MC:

I All systematic uncertainties are calculated
I Data Monte Carlo comparison is performed in EECL sideband
I Control channel B+

! K+⌧⌧(KS) is evaluated on Data ! very good Data/MC agreement X
I Expected upper limit: B(B+

! K+⌧+⌧�) < 3.17 ⇥ 10�4 at 90% C.L. on MC
I Alternatively: Bayesian MCMC calculator: B(B+

! K+⌧+⌧�) < 4.61 ⇥ 10�4 at 95% C.L.
I Result on data with the click on a button...

Simon Wehle (Deutsches Elektronen-Synchrotron) 31


