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B-anomaly in EWP



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

B-anomalies in EWP

•  and , measured by LHCb, seem to be far less than 1

• a discrepancy (with the SM) in some angular observable 
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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
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Figure 4: Comparison between RK measurements. In addition to the LHCb result, the mea-
surements by the BaBar [113] and Belle [114] collaborations, which combine B+

! K+`+`� and
B0

! K0
S`

+`� decays, are also shown.

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

8

0.7 0.8 0.9 1 1.1
KR

0

2

4

6

8

10

12

14 )
m

in
L

 / L
 ln

( 
−

Pr
of

ile
 o

f 

LHCb
-19 fb

Figure 8: Likelihood function from the fit to the nonresonant B+
! K+`+`� candidates profiled

as a function of RK . The extent of the dark, medium and light blue regions shows the values
allowed for RK at 1�, 3� and 5� levels. The red line indicates the prediction from the SM.

of B+
! K

+
e
+
e
� events. Following the procedure described in Refs. [11, 12], the p-value

is computed by integrating the posterior probability density function for RK , having
folded in the theory uncertainty on the SM prediction, for RK values larger than the SM
expectation. The corresponding significance in terms of standard deviations is computed
using the inverse Gaussian cumulative distribution function for a one-sided conversion.

A test statistic is constructed that is based on the likelihood ratio between two
hypotheses with common (null) or di↵erent (test) RK values for the part of the sample
analysed previously (7, 8 and part of the 13TeV data) and for the new portion of the
13TeV data. Using pseudoexperiments based on the null hypothesis, the data suggest that
the RK value from the new portion of the data is compatible with that from the previous
sample with a p-value of 95%. Further tests give good compatibility for subsamples of the
data corresponding to di↵erent trigger categories and magnet polarities.

The departure of the profile likelihood shown in Fig. 8 from a normal distribution
stems from the definition of RK . In particular, in the RK ratio the denominator is a↵ected
by larger statistical uncertainties than the numerator, owing to the larger number of
nonresonant muonic signal candidates. However, the intervals of the likelihood distribution
are found to be the same when estimated with 1/RK as the fit parameter.

Additional cross-checks

The rJ/ single ratio is used to perform a number of additional cross-checks. The
distribution of this ratio as a function of the angle between the leptons and the minimum
pT of the leptons is shown in Fig. 9, together with the spectra expected for the resonant
and nonresonant decays. No significant trend is observed in either rJ/ distribution.
Assuming the deviations observed are genuine mismodelling of the e�ciencies, rather than
statistical fluctuations, a total shift of RK at a level less than 0.001 would be expected
due to these e↵ects. This estimate takes into account the spectrum of the relevant
variables in the nonresonant decay modes of interest and is compatible with the estimated
systematic uncertainties on RK . Similarly, the variations seen in rJ/ as a function of all

16
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they su↵er from a reduced experimental e�ciency at LHCb due to the presence of a
long-lived K

0
S or ⇡0 meson in the final state. These ratios have previously been measured

by the BaBar [99] and Belle [100, 101] collaborations. The di↵erential branching fractions
of the muon modes, B0

! K
0
Sµ

+
µ
� and B

+
! K

⇤+
µ
+
µ
�, were found to be lower although

still consistent with predictions at low q
2 in a measurement performed by the LHCb

collaboration [21]. No single experiment has unambiguously observed the electron decay
modes to date.

In this Letter, measurements of the ratios RK
0
S
and RK⇤+ and the di↵erential branching

fractions of B0
! K

0
Se

+
e
� and B

+
! K

⇤+
e
+
e
� decays are presented. The measurements

are performed using proton-proton (pp) collision data corresponding to an integrated
luminosity of 9 fb�1 recorded by the LHCb experiment in 2011, 2012 (Run 1) and 2016–2018
(Run 2) at centre-of-mass energies of 7, 8 and 13TeV, respectively. TheK0

S andK
⇤+ mesons

are reconstructed in the ⇡+
⇡
� and K

0
S⇡

+ final states, respectively. The ratio RK
0
S
and the

branching fraction B(B0
! K

0
Se

+
e
�) are measured in the region 1.1 < q

2
< 6.0GeV2

/c
4,

while RK⇤+ and B(B+
! K

⇤+
e
+
e
�) are determined in the range 0.045 < q

2
< 6.0GeV2

/c
4.

A wider range is used in the case of the B+ decay due to the enhancement of its di↵erential
branching fraction at low q

2 by the photon pole. Splitting the q
2 range into two bins at

1.1 GeV2
/c

4, as was done in the RK⇤+ measurement, is not possible due to the limited
data sample.

The analysis is designed to minimise systematic uncertainties, particularly those associ-
ated with di↵erences in the detector response between electrons and muons. The ratios and
di↵erential branching fractions are normalised to the control modes, B0

! J/ (e+e�)K0
S,

B
0
! J/ (µ+

µ
�)K0

S, B
+
! J/ (e+e�)K⇤+, and B

+
! J/ (µ+

µ
�)K⇤+, the branching

fractions of which are known to respect lepton universality to an excellent approxima-
tion [102] and are taken to be equal for the muon and the electron decays of a given B

meson. The parameters R�1
K

0
S
and R

�1
K⇤+ are measured as double ratios

R
�1
K(⇤) =

B(B! K
(⇤)
e
+
e
�)

B(B! J/ (e+e�)K(⇤))

.
B(B! K

(⇤)
µ
+
µ
�)

B(B! J/ (µ+µ�)K(⇤))

=

✓
N

ee

sig

✏
ee

sig

·
✏
ee

con

N ee
con

◆.✓
N

µµ

sig

✏
µµ

sig

·
✏
µµ

con

N
µµ

con

◆
, (2)

where K
(⇤) is either a K

0
S or K

⇤+ meson, N is the measured yield, and ✏ is the total
e�ciency for signal (sig) and control (con) decays. The inverse ratio R

�1
K(⇤) is measured

as its uncertainty better represents a Gaussian distribution due to the low yield of the
electron decay mode. Many sources of systematic bias cancel in the ratio between the
signal and control modes. The di↵erential branching fractions of the signal electron modes
are measured as

dB
�
B! K

(⇤)
e
+
e
��

dq2
=

N
ee

sig

✏
ee

sig

✏
ee

con

N ee
con

B
�
B! J/ (e+e�)K(⇤)�

q2max � q
2
min

. (3)

The LHCb detector is a single-arm forward spectrometer covering the pseudorapidity
range 2 < ⌘ < 5, described in detail in Refs. [103, 104]. The simulated events used in
this analysis are produced with the software described in Refs. [105–109]. In particular,
final-state radiation is simulated using Photos [110].

The candidates used in the analysis must first pass a hardware trigger, which requires
the presence of at least one muon with high transverse momentum, pT, in the case
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Figure 2: Distributions of (top left) K0
Sµ

+µ� and (top right) K0
Se

+e� mass with the fit models
used to determine the B0

! K0
Sµ

+µ� yield and R�1
K

0
S
, and (bottom left) K0

S⇡
+µ+µ� and (bottom

right) K0
S⇡

+e+e� mass with the fit models used to determine the B+
! K⇤+µ+µ� yield and

R�1
K⇤+ .

simulated events, with its yield constrained using the control mode yields, the control
mode and background branching fractions, and the e�ciencies taken from simulation.
Combinatorial background is modelled with an exponential function.

The e�ciencies used in the measurements of the ratios and di↵erential branching
fractions are calculated using simulation, to which various corrections are applied to
improve the agreement with data. The PID e�ciencies for each channel are calculated
from calibration data samples of electrons, muons and pions, and are applied as per-
candidate weights to the simulation. Similarly, the electron tracking e�ciency is corrected
using calibration samples. The pT and pseudorapidity of the B mesons generated by
Pythia 8 [105], and the occupancy of the underlying events are corrected by comparing
their distributions between data and simulation using the muon control modes to calculate
per-candidate weights, which are applied to both electron and muon samples. Similarly,
the trigger e�ciency is corrected by comparing the e�ciency as a function of the pT of
the muons, the transverse energy of the electrons and pions, and the pT of the B meson,
between control mode data and simulation. Further weights are applied to correct any
residual mismodelling of the BDT classifier response. Finally, the simulated q

2 distribution
is corrected using control mode data to account for the larger observed resolution in data.

Multiple sources of systematic uncertainty are evaluated, the largest of which comes
from the statistical uncertainties of the e�ciencies, which a↵ect the R

�1
K(⇤) ratios and the

6

to be

R
�1
K

0
S
= 1.51 +0.40

�0.35 (stat.)
+0.09
�0.04 (syst.) ,

R
�1
K⇤+ = 1.44 +0.32

�0.29 (stat.)
+0.09
�0.06 (syst.) ,

in the q
2 ranges [1.1, 6.0] GeV2

/c
4 and [0.045, 6.0] GeV2

/c
4, respectively. These ratios are

consistent with the SM at 1.5 and 1.4 standard deviations, respectively, evaluated using
Wilks’ theorem [115]. To aid comparison with other lepton-universality ratios, RK

0
S
and

RK⇤+ are calculated by inverting the results above, yielding

RK
0
S
= 0.66 +0.20

�0.14 (stat.)
+0.02
�0.04 (syst.) ,

RK⇤+ = 0.70 +0.18
�0.13 (stat.)

+0.03
�0.04 (syst.) .

The di↵erential branching fractions of the signal electron decays are found to be

dB (B0
! K

0
e
+
e
�)

dq2
= (2.6± 0.6 (stat.)± 0.1 (syst.))⇥ 10�8 GeV�2

c
4
,

dB (B+
! K

⇤+
e
+
e
�)

dq2
=

�
9.2 +1.9

�1.8 (stat.)
+0.8
�0.6 (syst.)

�
⇥ 10�8 GeV�2

c
4
,

in the q2 ranges [1.1, 6.0] GeV2
/c

4 and [0.045, 6.0] GeV2
/c

4 and where the significances of the
B

0
! K

0
Se

+
e
� and B

+
! K

⇤+
e
+
e
� decays evaluated using Wilks’ theorem [115] are 5.3�

and 6.0�, respectively. Since the control mode branching fraction of B0
! J/ K

0 decays
(8.91±0.21)⇥10�4 [102] is used, the di↵erential branching fraction of B0

! K
0
e
+
e
� instead

of B0
! K

0
Se

+
e
� decays is reported. A combination of the R�1

K
0
S
and R

�1
K⇤+ measurements is

performed using the flavio software package [116] to fit for a single muon-specific Wilson
coe�cient C

NP
9 = �C

NP
10 , while fixing all other Wilson coe�cients to their SM values.

This results in C
NP
9 = �C

NP
10 = �0.8+0.4

�0.3 and a significance of 2.0 standard deviations with
respect to the SM under this specific scenario.

These measurements constitute the most precise tests of lepton universality in
B

0
! K

0
S`

+
`
� and B

+
! K

⇤+
`
+
`
� decays to date, the most precise measurements of

their di↵erential branching fractions at low q
2, and the first observations of B0

! K
0
Se

+
e
�

and B
+
! K

⇤+
e
+
e
� decays. While these measurements are individually consistent with

the SM, the central values exhibit the same deficit of muonic decays compared to elec-
tronic decays as seen in the other lepton universality tests performed by the LHCb
collaboration [4–6].
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Only examined results once full procedure was finalised, and all cross-checks
were passed. Then we found...

R
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Figure 4: Comparison between RK measurements. In addition to the LHCb result, the mea-
surements by the BaBar [113] and Belle [114] collaborations, which combine B+

! K+`+`� and
B0

! K0
S`

+`� decays, are also shown.

is compatible with the SM prediction with a p-value of 0.10%. The significance of
this discrepancy is 3.1 standard deviations, giving evidence for the violation of lepton
universality in these decays.
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and RK ⇤+ NEW! - arXiv:2110.09501

Only examined results once full procedure was finalised, and all cross-checks
were passed. Then we found...

R
K

0
S
= 0.66+0.20

�0.14 (stat.)+0.02
�0.04 (syst.) (1.5f SM consistency)

RK ⇤+ = 0.70+0.18
�0.13 (stat.)+0.03

�0.04 (syst.) (1.4f SM consistency)

The most precise measurements of R
K

0
S

and RK ⇤+ to date!
(combined significance of 2.0f compared to SM)

0 1 2 3
(*)KR

 Belle*+KR
4c/2 < 6.0 GeV2q1.1 < 

 Belle*+KR
4c/2 < 1.1 GeV2q0.045 < 

 Belle0
SK

R
4c/2 < 6.0 GeV2q1.0 < 

-1 LHCb 9 fb*+KR
4c/2 < 6.0 GeV2q0.045 < 

-1 LHCb 9 fb0
SK

R
4c/2 < 6.0 GeV2q1.1 < 

27
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R(K ⇤): Fit on Data

Example fit for q2 > 0.045GeV
2
.

103.0+13.4
�12.7 (139.0+16.0

�15.4) events in the electron (muon) modes.
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Search for B ! `⌫� and B ! µ⌫µ and Test of Lepton Universality with R(K⇤) at Belle - Markus Prim 22nd March 2019 21/23• example fit for q2 > 0.045 GeV2

• 103.0+13.4
�12.7 (139.0+16.0

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

 from BelleRK* Use both B0 and B+ modes

• K* modes: K+π−, K+π0, K0
Sπ+

BELLE

PRL 126, 161801 (2021)
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R(K ⇤): (Preliminary) Result

q2
in GeV

2
/c

4
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 measured values are in

accordance with the SM and

other recent measurements.

First measurement of R(K⇤+).

Search for B ! `⌫� and B ! µ⌫µ and Test of Lepton Universality with R(K⇤) at Belle - Markus Prim 22nd March 2019 22/23

RK⇤ (Belle)
<latexit sha1_base64="osfgweYu3LaL6xyIzs46MPpOptY=">AAACEXicdVBJTgJBFK12RJxaWbqpCCbognRjnHYENyZu0MiQAJLq4gMVqodUVZt0OpzCA7jVI7gzbj2BJ/AaFtAmSPQlP3l5789OwJlUlvVpLCwuLa+sptbS6xubW9vmzm5N+qGgUKU+90XDIRI486CqmOLQCAQQ1+FQd4aXY7/+AEIy37tTUQBtl/Q91mOUKC11zEzuthNf38dHo1EO58vAORx2zKxVsCbAM+TEsi9ObWwnShYlqHTMr1bXp6ELnqKcSNm0rUC1YyIUoxxG6VYoISB0SPrQ1NQjLsh2PFl+hA+00sU9X+jwFJ6osxUxcaWMXEdnukQN5Lw3Fv/06EAvAGJuvOqdt2PmBaECj06n90KOlY/H78FdJoAqHmlCqGD6ADzuQ6juJNP6Mz/n4/9JrViwjwvWTTFbKic/SqE9tI/yyEZnqISuUAVVEUURekLP6MV4NF6NN+N9mrpgJDUZ9AvGxzcyDZxu</latexit>

RK⇤ (all)
<latexit sha1_base64="6JSVNCkDfkLdyAIwliK2JfHIWgg=">AAACD3icdVBJTsMwFHXKVMqUwpKNRYtUWFRJWcCygg0Sm4LoILUhclynteo4ke2AqiiH4ABs4QjsEFuOwAm4Bk5bJCjwJctP7/3xeRGjUlnWu5FbWFxaXsmvFtbWNza3zOJ2S4axwKSJQxaKjockYZSTpqKKkU4kCAo8Rtre6CzT27dESBryazWOiBOgAac+xUhpyjWL5Ss3ubhJDtO0DCuIsQPXLFnVmpUF/A3s6uS3SmAWDdf86PVDHAeEK8yQlF3bipSTIKEoZiQt9GJJIoRHaEC6GnIUEOkkk9VTuK+ZPvRDoR9XcMJ+r0hQIOU48HRmgNRQzmsZ+aeGh3oBIubGK//ESSiPYkU4nk73YwZVCDNzYJ8KghUba4CwoPoAmPVBWHeSBe3M1/nwf9CqVe2jqnVZK9VPZx7lwS7YAxVgg2NQB+egAZoAgzvwAB7Bk3FvPBsvxus0NWfManbAjzDePgGzqpuf</latexit>

BELLE

PRL 126, 161801 (2021)

 from BelleRK*
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Use both B0 and B+ modes

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

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

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

– 7 –

• example fit for q2 > 0.1 GeV2

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

• 27.3+6.6
�5.8 (21.8+7.0

�6.1) events in the B0 ! K0
Sµ

+µ� (K0
Se

+e�)
<latexit sha1_base64="o51OEDCXCmxjG9MpdfXYk7noRIw="></latexit>

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

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

B+ → K+μ+μ−

B+ → K+e+e−

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

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

B0

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

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

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

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

−0.20
+0.05
−0.10

+0.22
−0.31

+0.10
−0.20 ±0.002

Total ±2.38 ±2.90 +1.05
−1.07

+1.08
−1.09 ±0.014

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

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

6 Summary

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

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

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

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

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

RK =






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

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

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

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

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

– 15 –
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Results and Prospects of Radiative and Electroweak Penguin Decays at Belle II Yo Sato

where ⇢⇤
beam is the beam-energy in the centre-of-mass (CM) system of 4+4� and ?⇤⌫ is the CM

momentum of reconstructed ⌫ meson. The signal peak on the "bc distribution is expected to be
significant over backgrounds thanks to the e�cient background suppression [12]. The backgrounds
which are able to make a peak on the "bc distribution are estimated with a data-driven method.
The Belle II analysis on ⌫ ! -B✓+✓� is being finalized and first results will be shown in the near
future.
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Figure 1: The beam-constrained mass ("bc) distribution of ⌫ ! -B✓+✓� decay candidates with MC samples.
The red histogram contains the signal process, the blue contains backgrounds from 4+4� ! ⌫⌫ process and
the green contains backgrounds from 4+4� ! @@ processes.

The sensitivity on the branching fraction and the forward-backward asymmetry with an inte-
grated luminosity of 50 ab�1 is estimated to be on a few percent level [13]. The constraint on the
Wilson coe�cients C9 and C10 from these measurements will exclude the SM with 5f if the true
values of them are at the current best fit [14].

Also a fully-inclusive reconstruction method of the ⌫ ! -B✓+✓� decay is currently being
explored with dedicated simulation studies. The Full Event Interpretation (FEI) algorithm [15]
contributes to improve the tagging e�ciency on the other side ⌫ meson.

3. Search for the 1 ! Baa process

The 1 ! Baa processes are cleaner than their 1 ! B✓+✓� counterparts because there are no
photon mediated contribution on the leptonic part of the decay. In the SM, only the left-handed
e�ective operator is relevant for the processes since , bosons couple only to left handed fermions.
New physics might be able to change the Wilson coe�cient of the left-handed operator C! and/or
induce the right-handed contribution and thus make non-zero C'.

3

Exclusive EWP 

• preliminary measurements using 62.8  of Belle II datafb−1

16

Progress in Belle II

Nsig = 9.6+4.3
−3.9 ± 0.4 (2.7σ)

not yet for RK(*)

Inclusive 

• complementary to  w/ different 

hadronic uncertainty

• (fig. MC) sum-of-exclusive method

B → Xsℓ+ℓ−

B → K(*)ℓ+ℓ−

See the Belle II talk by B. Cheon

on Dec.17 of this meeting
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Prospects for  at Belle IIRK,K*,Xs

PTEP 2019, 123C01 E. Kou et al.

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

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

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

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

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

230/654

D
ow

nloaded from
 https://academ

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

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

PTEP 2019, 123C01

with clean  environment

• easier Brems. recovery for  
• wide  range

• inclusive measurements ( )

limited by statistics even at 50 

• major syst. error from lepton ID (~0.4%)

Prospects for discovery

• ~10  for  &  combined

• ~20  for 

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

e+e−

e±

q2

RXs

ab−1

ab−1 RK RK*
ab−1 RXs

RK,K*,Xs

See the Belle II talk by B. Cheon

on Dec.17 of this meeting



Much renewed interests in  for  anomalies and potential 
interpretations in LUV

LUV accompanied by LFV

So, why not search for ?

B → K(*)ℓ+ℓ− RK(*)

B → K(*)ℓ+ℓ′￼− (ℓ′￼ ≠ ℓ)

18

LFV in B → K(*)ℓ+ℓ−

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

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

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

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

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

– 14 –
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ℬ(B+ → K+μ+e−) < 8.5 × 10−8

ℬ(B+ → K+μ−e+) < 3.0 × 10−8

ℬ(B0 → K0
S μ−e+) < 3.8 × 10−8
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Angular analysis of B → K*ℓ+ℓ−
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Angular analysis of B → K*ℓ+ℓ−
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Fit projections for  of P′￼5 B → K*ℓ+ℓ−
PRL 118, 111801 (2017)
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 of P′￼5 B → K*ℓ+ℓ−

5

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

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

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

FIG. 2. P 0
4 and P 0

5 observables for combined, electron and

muon modes. The SM predictions are provided by DHMV

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

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

electron and muon modes are shifted horizontally for better

readability.

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

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

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

Result for P0

5
12

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

5

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

8

FIG. 5. Result for the P 0 observables compared to SM predictions from various sources described in Section X. Results from
LHCb [1, 17] are shown for comparison.
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[22] S. Jäger and J. M. Camalich, JHEP 05, 043 (2013),
arXiv:1212.2263 [hep-ph].
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Perspective

First Look
� The measurements are compatible with the SM

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

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

5 anomaly

Outlook
� Results for the P � observables on arXiv:

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

B+
! K ⇤+`+`�, RK and B+

! K+⌧+⌧�
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• compatible with both SM and
LHCb

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

5 anaomaly’
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tension from SM is in the same 
direction as in LHCb

PRL 118, 111801 (2017)
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models. The pseudoexperiments are generated with signal
yields many times larger than the data, in order to render
statistical fluctuations negligible.
The size of the total systematic uncertainty varies

depending on the angular observable and the q2 bin.
The majority of observables in both the Si and Pð0Þ

i basis
have a total systematic uncertainty between 5% and 25% of
the statistical uncertainty. For FL, the systematic uncer-
tainty tends to be larger, typically between 20% and 50%.
The systematic uncertainties are given in Table 3
of Ref. [70].
The dominant systematic uncertainties arise from the

peaking backgrounds that are neglected in the analysis, the
bias correction, and, for the narrow q2 bins, from the
uncertainty associated with evaluating the acceptance at a
fixed point in q2. For the peaking backgrounds, the
systematic uncertainty is evaluated by injecting additional
candidates, drawn from the angular distributions of the
background modes, into the pseudoexperiment data. The
systematic uncertainty for the bias correction is determined
directly from the pseudoexperiments used to validate the
fit. The systematic uncertainty from the variation of the
acceptance with q2 is determined by moving the point in q2

at which the acceptance is evaluated to halfway between the
bin center and the upper or the lower edge. The largest

deviation is taken as the systematic uncertainty. Examples
of further sources of systematic uncertainty investigated
include the mðKþπ−Þ line shape for the S-wave contribu-
tion, the assumption that the acceptance function is flat
across themðKþπ−Þmass, the effect of the Bþ → Kþμþμ−

veto on the angular distribution of the background and the
order of polynomial used for the background parametriza-
tion. These sources make a negligible contribution to the
total uncertainty. With respect to the analysis of Ref. [1],
the systematic uncertainty from residual differences
between data and simulation is significantly reduced,
owing to an improved decay model for B0 → J=ψK$0

decays [68].
The CP-averaged observables FL, AFB, S5, and P0

5 that
are obtained from the Si and Pð0Þ

i fits are shown together
with their respective SM predictions in Fig. 2. The results
for all observables are given in Figs. 1 and 2 and Tables 1
and 2 of Ref. [70]. In addition, the statistical correlation
between the observables is provided in Tables 4–23. The
SM predictions are based on the prescription of Ref. [44],
which combines light-cone sum rule calculations [43],
valid in the low-q2 region, with lattice determinations at
high q2 [71,72] to yield more precise determinations of the
form factors over the full q2 range. For the Pð0Þ

i observables,
predictions from Ref. [73] are shown using form factors
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FIG. 2. Results for the CP-averaged angular observables FL, AFB, S5, and P0
5 in bins of q2. The data are compared to SM predictions

based on the prescription of Refs. [43,44], with the exception of the P0
5 distribution, which is compared to SM predictions based on

Refs. [73,74].
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for all observables are given in Figs. 1 and 2 and Tables 1
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between the observables is provided in Tables 4–23. The
SM predictions are based on the prescription of Ref. [44],
which combines light-cone sum rule calculations [43],
valid in the low-q2 region, with lattice determinations at
high q2 [71,72] to yield more precise determinations of the
form factors over the full q2 range. For the Pð0Þ

i observables,
predictions from Ref. [73] are shown using form factors
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Measurement of CP-Averaged Observables in the B0 → K!0μ+ μ− Decay

R. Aaij et al.*

(LHCb Collaboration)

(Received 11 March 2020; accepted 28 May 2020; published 2 July 2020)

An angular analysis of the B0 → K!0ð→ Kþπ−Þμþμ− decay is presented using a dataset corresponding
to an integrated luminosity of 4.7 fb−1 of pp collision data collected with the LHCb experiment. The full
set of CP-averaged observables are determined in bins of the invariant mass squared of the dimuon system.
Contamination from decays with the Kþπ− system in an S-wave configuration is taken into account. The
tension seen between the previous LHCb results and the standard model predictions persists with the new
data. The precise value of the significance of this tension depends on the choice of theory nuisance
parameters.

DOI: 10.1103/PhysRevLett.125.011802

Decays mediated by the quark-level transition
b → slþl−, where l represents a lepton, have been the
subject of intense recent study, as angular observables [1–
8], branching fractions [8–11], and ratios of branching
fractions between decays with different flavors of leptons
[12–16] have been measured to be in tension with standard
model (SM) predictions. Such decays are suppressed in the
SM, as they proceed only through amplitudes that involve
electroweak loop diagrams. The decays are sensitive to
virtual contributions from new particles, which could have
masses that are inaccessible to direct searches. The
observed anomalies with respect to SM predictions can
be explained consistently in new physics models that
introduce an additional vector or axial-vector contribution
[17–35]. However, there is still considerable debate about
whether some of the observations might instead be
explained by hadronic uncertainties associated with the
transition form factors, or by other long-distance effects
[36–39].
The LHCb Collaboration presented a measurement of

the angular observables of the B0 → K!0μþμ− decay in
Ref. [1] and found that the data could be explained by
modifying the real part of the vector coupling strength of
the decays, conventionally denoted ReðC9Þ. The analysis
used the nuisance parameters from Ref. [40], implemented
in the EOS software package described in Ref. [41], and
found a 3.4 standard deviation (σ) tension with the SM
value of ReðC9Þ. The tension observed depends on the
values of various SM nuisance parameters, including form-

factor parameters and subleading corrections used to
account for long-distance QCD interference effects with
the charmonium modes. Using the FLAVIO software pack-
age [42], with its default SM nuisance parameters, gives a
tension of 3.0σ with respect to the SM value of ReðC9Þ
when fitting the angular observables from Ref. [1]. The
nuisance parameters include a recent treatment of the
subleading corrections [43,44] that was not available at
the time of the previous analysis.
This Letter presents the most precise measurements of

the complete set of CP-averaged angular observables in
the decay B0 → K!0μþμ−. The dataset corresponds to an
integrated luminosity of 4.7 fb−1 of pp collisions col-
lected with the LHCb experiment. The data were taken in
the years 2011, 2012, and 2016, at center-of-mass
energies of 7, 8, and 13 TeV, respectively. The analysis
uses the same technique as the analysis described in
Ref. [1] but the data sample contains approximately twice
as many B0 decays, owing to the addition of the 2016
data. The bb̄ production cross section increases by
roughly a factor of 2 between the Run 1 and 2016
datasets [45]. The same 2011 and 2012 (Run 1) data as
in Ref. [1] are used in the present analysis. The results
presented in this Letter supersede the previous LHCb
publication. The combination of the Run 1 dataset with
the 2016 dataset requires a simultaneous angular fit to
account for efficiency and reconstruction differences
between years. Throughout this Letter, K!0 is used to
refer to the K!ð892Þ0 resonance and the inclusion of
charge-conjugate processes is implied. The K!0 meson is
reconstructed through the decay K!0 → Kþπ−.
The final state of the B0 → K!0μþμ− decay can be

described by the invariant mass squared of the dimuon
system q2, the invariant mass of the Kþπ− system, and the
three decay angles, Ω⃗ ¼ ðcos θl; cos θK;ϕÞ. The angle
between the μþ (μ−) and the direction opposite to that

*Full author list given at the end of the article.
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in beauty-quark decays
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Abstract

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

R. Aaij et al.*

(LHCb Collaboration)

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

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

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

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

DOI: 10.1103/PhysRevLett.126.161802

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

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

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

Sπ
þ with K0

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

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

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

*Full author list given at end of the Letter.
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precision to guarantee unbiased results for the
P-wave angular observables. Therefore, a two-dimensional
unbinned maximum-likelihood fit to mðK0

Sπ
þμþμ−Þ

and the K$þ candidate mass mðK0
Sπ

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

Sπ
þμþμ−Þ distribution is

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

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

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

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

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

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

Sμ
þμ− veto on the mass distribution of the

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

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

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

(total) uncertainties. The theoretical predictions in blue are based on Ref. [77] with hadronic form factors taken from Refs. [78–80] and
are obtained with the FLAVIO software package [84] (version 2.0.0). The theoretical predictions in orange are based on Refs. [81,82] with
hadronic form factors from Ref. [83]. The gray bands indicate the regions of excluded ϕð1020Þ, J=ψ , and ψð2SÞ resonances.
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• mτ ≫ me, mμ     ∴ B ➔ D* τ ν can be more sensitive 
to NP, e.g. from H+ 

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

R(D(⇤)) ⌘ B(B ! D(⇤)⌧+⌫)

B(B ! D(⇤)`+⌫)
<latexit sha1_base64="1Dj1gXCW0KhkZWaaYdgB7V2JOU4="></latexit>



RðD"−Þ¼0.291%0.019ðstatÞ%0.026ðsystÞ%0.013ðextÞ

is obtained by using BðB0 → D"−μþνμÞ ¼ ð4.88% 0.10Þ ×
10−2 from Ref. [14]. In both results, the third uncertainty is
due to the limited knowledge of the external branching
fractions.
Systematic uncertainties on RðD"−Þ are reported in

Table I. The uncertainty due to the limited size of the
simulated samples is computed by repeatedly sampling
each template with a bootstrap procedure, performing the
fit, and taking the standard deviation of the results obtained.

Empty bins in the templates used in the fit also introduce a
positive bias of 3% in the determination of the signal yield.
This corresponds to a correction of 40 candidates, with an
uncertainty of 1.3%. The limited size of the simulated
samples also contributes to the systematic uncertainty on
the efficiencies for signal and normalization modes.
The systematic uncertainty associated with the signal

decay model derives from the limited knowledge of the
form factors and the τ polarization, from possible contri-
butions from other τ decay modes, and from the relative
branching fractions and selection efficiencies of τþ →
3ππ0ν̄τ and τþ → 3πν̄τ decays. Uncertainties due to the
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FIG. 4. Distributions of (left) tτ and (right) q2 in four different BDT bins, with increasing values of the BDT response from top to
bottom. The various fit components are described in the legend.
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LHCb  with R(D*) τ → 3π(π0)ν
Background suppression

•  by 

•  by BDT

B0 → D*−π+π−π+(X) Δz > 4σΔz
B → D*−D+

s (X)

Signal extraction

• by 3D binned fit to ( )

• fits to  and  modes are 
summed by fixing the relative ratio

q2, tτ, OBDT
τ → 3πν 3ππ0ν
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B-tagging and FEI

e� �! (?) e+
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8 GeV 3.5 GeV

Btag
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Bsig
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FEI 

• the most evolved version of B-tagging S/W
• developed for Belle II; used in several Belle studies
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Features of the analysis
Phys. Rev. D 94, 072007 (2016)improved over the Belle’s old SL-tagged analysis 

✓ R(D*) only ⇒ R(D) and R(D*), simultaneously

✓ for R(D*), B0 only ⇒ B0 and B+

✓ better B-tagging (FEI, a Belle II s/w)


on the tag-side, exploit the observable
✓  = angle between B and  in Υ(4S) framecos θB,D(*)ℓ D(*)ℓ

cos ✓B,D(⇤)` =
2EbeamED(⇤)` �m2

B �m2
D(⇤)`

2|pB ||pD(⇤)`|
<latexit sha1_base64="YLmV4jh6Vmfqi4Jr85YeBERyXYQ="></latexit>

PRL 124, 161803 (2020)

 and  with SL taggingR(D) R(D*)
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• EECL to suppress generic background
• BDT classifier to distinguish Signal from D(*)ℓν 
✓ based on XGBoost package

✓ uses m2(miss), E(vis), cos θ(B,D(*)ℓ) 


• 2D fit to (BDT class, EECL)

EECL = extra energy left in the 
EM calorimeter

PRL 124, 161803 (2020)

 and  with SL taggingR(D) R(D*)
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BDT class > 0.9D+ℓ− D0ℓ−

D*0ℓ−D*+ℓ−

PRL 124, 161803 (2020) and  with SL taggingR(D) R(D*)
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D⇤+`�
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D+`�
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other views of the signal yields

PRL 124, 161803 (2020) and  with SL taggingR(D) R(D*)
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Experiment Tag	method τ	mode R(D) R(D*)

Babar	‘12 Hadronic ℓ	ν	ν 0.440	±	0.058	±	0.042 0.332	±	0.024	±	0.018

Belle	‘15 Hadronic ℓ	ν	ν 0.375	±	0.064	±	0.026 0.293	±	0.038	±	0.015

LHCb	‘15 - ℓ	ν	ν - 0.336	±	0.027	±	0.030

Belle	‘16 Semileptonic ℓ	ν	ν - 0.302	±	0.030	±	0.011

Belle	‘17 Hadronic π	ν,	ρ	ν - 0.270	±	0.035	±	0.027

LHCb	‘18 - π	π	π	ν - 0.291	±	0.019	±	0.029

Belle	’19 Semileptonic ℓ	ν	ν 0.307	±	0.037	±	0.016 0.283	±	0.018	±	0.014

Average

(2018) - - 0.407	±	0.039	±	0.024 0.306	±	0.013	±	0.007

Average

(2019) - - 0.340	±	0.027	±	0.013 0.295	±	0.011	±	0.008

SM 0.299	±	0.003 0.258	±	0.005

B0

B0,	B+

averages from HFLAV
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 and  updatedR(D) R(D*) R(D(⇤)) ⌘ B(B ! D(⇤)⌧+⌫)

B(B ! D(⇤)`+⌫)
<latexit sha1_base64="1Dj1gXCW0KhkZWaaYdgB7V2JOU4="></latexit>



• Most precise R(D), R(D*) to date

• First R(D) with SL-tag

• 1.2σ from SM

• Belle average, now within 2σ from SM

• World average — tension with SM, now 3.1σ 

(was 3.8σ)
34

 and  updatedR(D) R(D*)



The B-anomalies in  (EWP) and in  decays are 
tantalizing, but many questions remain:

• Are they real (NP)? 
• Are they from a single NP source, or two (or more)?

• Can it be also related to ?

LHCb made impressive series of  measurements

• and more b-hadron states are being covered

Belle has also accomplished an excellent series of  measurements 

• Belle’s  are short of statistics, but Belle II is coming

• and Belle (II) can cover whole  region with ~equal significance

b → sℓ+ℓ− b → cτ+ν

(g − 2)μ

RK(*)

R(D(*))
RK(*)

q2

35

Closing remarks

“We shall not cease from exploration”✝
✝ T. S. Eliot


